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Preface

Impedance spectroscopy is a widely used and powerful measurement method applied
in many fields of science and technology such as electrochemistry, material science,
biology and medicine. In spite of the apparently different scientific and application
background in these fields, applications share the same measurement method in
a system identification approach and profit from the possibility to use complex
impedance over a wide frequency range and giving interesting opportunities for
separating effects, for accurate measurements and for simultaneous measurements
of different and even non-accessible quantities.

For electrochemical impedance spectroscopy (EIS) competency from several
fields of science and technology is indispensable. Understanding electrochemical
and physical phenomena is necessary for developing suitable models. Suitable
measurement procedures should be developed taking specific requirements of the
considered application into account. Signal processing methods are very important
for extracting target information by suitable mathematical methods and algorithms.
New trends are emerging rapidly involving special techniques for realizing fully
automatic embedded solutions at low costs and requiring a deep overview of modern
information technology.

The scientific dialogue between specialists of impedance spectroscopy, dealing
with different fields of science, technology and application, is therefore particularly
important to promote the adequate use of this powerful measurement method in both
laboratory and in embedded solutions.

Since 2008, the International Workshop on Impedance Spectroscopy (IWIS) has
been launched as a platform for promoting experience exchange and networking
in the scientific and industrial field. Its aim is to serve for encouraging the sharing
of experiences between scientists and to support new comers aiming to specialize
in impedance spectroscopy. Since many years, the workshop has been gaining
increasingly more acceptance in both scientific and industrial fields and addressing
increasingly more fundamentals, but also diverse application fields of impedance
spectroscopy. Many renowned scientists are contributing yearly to it and sharing their
experience with scientists all around the world. By means of tutorials and special
sessions, young scientists get a good overview of different fundamental sciences and
technologies helping them to get expertise even in fields, which are still not in the
focus of their background.

In 2013 the Circle of Experts of Impedance Spectroscopy (CEIS) was founded to
promote exchange between experts and together with industry as interest group for
promoting impedance spectroscopy all over the subfields related to fundamental and
applications of impedance spectroscopy. The CEIS is the steering committee of the
IWIS workshop supporting it and deciding about the yearly best paper and best poster
award to recognize best contributions.
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VI —— Preface

This peer reviewed book is the first edition in the series Progress Reports on
Impedance Spectroscopy which has the aims to widen knowledge of scientists in
this field by presenting selected and extended contributions from the International
Workshop on Impedance Spectroscopy (IWIS’14 and IWIS’15). The series reports about
new advances and different approaches in dealing with impedance spectroscopy,
including theory, methods and applications. The book is therefore interesting for
researcher and developers in the field of impedance spectroscopy.

I thank all contributors for the interesting contributions and the reviewers who
supported by the decision about publication with their valuable comments.

Prof. Dr.-Ing. Olfa Kanoun
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Florina Cuibus, Svetlozar Ivanov, Ulf Schwalbe, Marco Schilling and
Andreas Bund

State-of-Charge and State-of-Health
Estimation of Commercial LiFePO, Batteries by
means of Impedance Spectroscopy

Abstract: Commercial LiFePO,-type cells were characterized by electrochemical
impedance spectroscopy to identify sensitive and reliable parameters suitable to
diagnose the state of charge and state of health. On the basis of the proposed
equivalent circuit, electrochemical parameters were extracted, and physical and
chemical ageing phenomena were categorized and selected. It was observed that, after
2,000 cycles the charge transfer resistance increased approximately with 50% from
the initial value, which indicates a decreasing of the exchange current density. The
Warburg element showed a decrease of diffusion coefficient and lithium concentration
due to the formation of solid electrolyte interface layer. The charge transfer resistance
demonstrates more significant trend with ageing cycles and the results are consistent
with experiment-based observations from the literature, which seems to be indicating
the potential of the proposed model for battery age estimation.

Keywords: LiFePO, batteries, state of charge, state of health, electrochemical
impedance spectroscopy

1 Introduction

The improvement of the storage system is one of the primary challenges for the
development of modern electric vehicles. To fulfil the requirements for extended driv-
ing range, the storage systems need reliable high-energy batteries and an advanced
battery management system (BMS) for efficient energy consumption optimization. The
implementation of an efficient battery state-of-charge (SoC) and state-of-health (SoH)
estimation is a central aspect for the development of BMS.

Battery ageing responsible for the cell impedance increase and power decay and
energy decay origins from multiple and complex mechanisms [1]. Material properties,
as well as storage and cycling conditions, have an impact on battery lifetime per-
formance SoC and SoH. Therefore, prompt and reliable SoC and SoH determination,
independent on the cycling current and operational history, is highly favourable. The
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Ilmenau University of Technology, 98693 llmenau, Germany

Ulf Schwalbe and Marco Schilling, Industrial Electronics Group, Ilmenau University of Technology,
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SoC, battery instability and ageing phenomena can be investigated non-destructively
by means of electrochemical impedance spectroscopy (EIS) [2-4]. EIS is an established
method for analysis of electrochemical systems and is considered a valuable tool
to detect changes in mass transport properties, double-layer capacitance, ohmic
resistance and reaction kinetics during battery operation and ageing. Furthermore,
to the extensive use of this method add the properties of the cell (capacity, voltage),
although the advantages of EIS method, the determination of electrical parameters of
the individual electrode materials in commercial batteries, remain challenging. The
implementation of EIS method (quick and online) or the determination of SoC and
SoH for the BMS becomes as well challenging. The advantages of the EIS technique
are that, the method does not have a pre-history and is sensitive enough for electrical
parameter extraction. Therefore, an efficient estimation of SoC and SoH will improve
the performance of the battery, developing better BMS. However, the SoC and SoH
estimation is generally limited, as for example by other conventional methods like
coulomb counting, which is not able to give the resistance, a crucial parameter for
ageing diagnosis. In order to have an online and broad diagnosis, the resistance of
material and electrolyte can be determined via EIS by an appropriate model extracted.
Furthermore, EIS remains the most promising non-destructive method even if less
practical application for battery characterization was employed. The capability of EIS
measurements was already studied by Mingant et al. [5] by developing a diagnosis
tool for SoC and SoH characterization. A lifetime model proposed by Omar et al. [6]
provides a clear view regarding the change of the internal resistance and capacity fade
at different conditions. On the basis of the parameters’ evolution, a cycle life model
was developed, which was proposed for the development of an accurate estimation of
SoH. A series of EIS measurements performed in galvanostatic mode showed that the
SoC and SoH have an influence on EIS. Good reviews of the available methods for SoC
estimation are presented in [7, 8]. A large number of different types of Li-ion batteries
(LiBs) existing on the market have advantages and disadvantages related to cost,
performance, safety and cycle life. Considering safety and production cost, one of
the suitable cell types is the LiFePQ,/graphite cell [9, 10]. The LiFePO, (LFP) cathode
material received attention because of its long cycle and calendar life, low price and
good thermal stability. Further advantages like fast kinetics (high power), low thermal
heat exchange, stable structure, low price and non-toxicity, used for electrical cars, are
the reasons why the LFP battery was chosen for this study.

The primary aim of this study is to characterize commercial LFP-type cells using
EIS. Key aspects are SoH and SoC analysis by interpretation of the EIS spectral data,
targeting identification of sensitive and reliable parameters, suitable for expressing
SoC and SoH battery diagnostics. To perform specific ageing tests, physical and
chemical ageing phenomena were categorized and selected. Further aim is to find
appropriate scalable electrical parameters for simultaneous evaluation of SoC and
SoH.
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2 Experimental Set-up

Commercial 18650 cells (A123 Systems cylindrical) with a nominal capacity of 1.1 Ah
and an LFP-based positive electrode were employed for all the measurements. The
nominal voltage is 3.3 V and voltage limits are 3.6 and 2 V. The measurements were
carried out using a BioLogic Potentiostat/Galvanostat (type VSP, France). To test the
influence of various factors on the ageing of a commercial LFP cell, a test procedure
shown in Fig. 1 was chosen. Concomitantly the SoC and SoH parameters based on
EIS measurements were extracted and further modelled to predict the ageing of the
battery.

15 min Discharge to

after|50/100/200 cycles
Charge/Discharge with 15 min
current profile to desired rest

DOD

Fig. 1. Test procedure employed for SoC and SoH determination by means of EIS.

The first row describes the experimental procedure for SoC data acquisition by means
of EIS. The procedure consists of EIS measurements, resting time, charge—discharge
cycling current and discharge profile. The resting time of 15 minutes was experi-
mentally determined. Experiments have shown that a resting time of 15 minutes is
sufficient to have minimal influence on the capacity and parameter determination in
the SoC range of interest. A charging current of 1.5 A and a discharging current of 1 A
were chosen and represent the recommended charging—discharging current profile
from the data sheet of the cells [11]. The cells were charged and discharged with 100%
depth of discharge (DoD), which represents 3.6 V, the end-of-charge voltage, and 2 V,
the cut-off voltage. EIS was measured at different SoC and SoH at OCP (I = 0 A) and
a current amplitude of 50 mA. The EIS spectra were recorded between the frequency
range 100 kHz and 10 mHz. The EIS test procedure is in Fig. 2 described.

EIS was performed for each cell at successive discharge intervals until a 2-V
cut-off voltage was reached. The SoC of each cell was calculated on the basis of
nominal voltage of the cell. In this study, the galvanostatic charge—discharge cycling
of cells was conducted using a BioLogic Potentiostat/Galvanostat (type VSP, France)
at room temperature (about 25°). The settings of voltage range and current density
were chosen in correlation with the desired DoD.
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Fig. 2. EIS test procedure for different SoCs.

3 Results and Discussion

The goal of the electrochemical impedance tests is to verify the capability of EIS
measurements and to propose an electrical circuit based model which will reveal the
ageing effects of an LFP commercial cell.

3.1 SoC Measurements

EIS measurements were performed on A123 cylindrical (APR18650) LFP batteries at
SoC ranging from 90% to 10% within the frequency range 10 mHz to 100 kHz. The EIS
spectra were recorded after each 10% SoC, and the changes of these parameters for
each battery type were observed. A typical Nyquist plot of the experimental impedance
data is presented in Fig. 3.

As can be seen in Fig. 3 impedance curves in the region of less than 30% SoC
are apparently different from others. At small SoC the ageing is not following a linear
degradation, and this is seen by the recorded EIS. During practical use the battery does
not perform in a low SoC range and therefore the extreme regions of SoC will not be
taken in consideration for modelling. Moreover, the modelling of the extreme regions
will increase the model complexity and calculation time; thus it is better to find model
parameters in the middle of the SoC region and to include the model error in the
extreme SoC region. Regarding Bode plot, very small impedance changes (<1 mQ)
were observed (Fig. 4). It can be seen that an accurate model needs to be developed
to predict the changes of the parameters in a precisely manner. The model should be
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accurate enough to record the very small impedance changes that are taking place at
different SoCs in the battery.

20
154 /
10 Rt
54 SOC %
€ —90
: 0 —80
o 70
E 5 —60
! 50
-10 — 40
30
-15 4 -—20
—10
_20 T T T T T
110 120 130 140 150 160 170

Re(Z) / mQ

Fig. 3. EIS spectra of the APR18650 LFP 1.1 Ah battery at different SoCs.
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Fig. 4. Typical Bode plot of a 1.1-Ah LFP battery at different SoCs.
Interesting frequency range for SoC estimation represents 0 Hz to 60 kHz, and will be
further used for SoC implementation in the BMS. Furthermore, for different SoC levels,

behaviour should be checked if one developed model will fit the data from batteries of
other geometries and configurations. In accordance to our idea it was confirmed that,
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different EIS spectra could be modelled with the same equivalent circuit and slight
differences in the electrode resistance components were observed [12].

A correlation between the cells’ imaginary impedance component and the SoC
at three different frequencies was performed. The imaginary component of the cell
impedance at 32.5 mHz, 1.1 Hz and 125.2 Hz versus SoC is displayed in Fig. 5. At all
the three frequencies and the lowest SoC (20% and 10%) the imaginary component
of the impedance varies independently with SoC. For the higher SoC (30%-90%)
the imaginary impedance component remains constant, showing a linear behaviour.
For a better explanation of our results, the literature presents different approaches.
One approach is fuzzy logic modelling, which shows that, over the investigated
SoC range the impedance data vary linearly describing the possibility of further
mathematical analysis. The prediction of SoC and SoH for different battery systems
with implementation of the prototype into the commercial hardware was aimed [13].
Another approach which describes the results and was developed to avoid ambiguous
results was presented by Schénleber et al. [14]. By using the Kramers—Kronig test
form, it was shown that by choosing wrong number of RC elements the simulation
can fail delivering wrong results. A strategy was proposed to serve to a quick test,
revealing the defectiveness of the measured impedance spectra. The correlations of
the above-presented approaches with our results show that the behaviour of the
impedance data parameters can be further investigated by mathematical analysis.

0,18

1 m at 32,5 mHz
0164 = e at1,1Hz
0.14 . at125,2 Hz

0,12 ~
0,10 «
0,08 -
0,06 - u

-lm (Z) / Ohm

0,04 o

0,02 -
1 L B ] m ]
0,00 - ¢ ¢ o o

0 10 20 30 40 50 60 70 80 90 100
S0C/ %

Fig. 5. Imaginary impedance component at different frequencies versus SoC for 1.1 Ah LFP battery.
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3.2 SoH Measurements

The best indicator for decreasing the state of health (SoH) is the capacity monitoring.
A capacity decrease with about 18% from initial capacity value over the 1,000 cycles
was observed for the 1.1 Ah battery (Fig. 6). The decrease of capacity with cycle
number was attributed to different ageing effects that are taking place in the battery.
Furthermore, the capacity fade mechanism is predominantly attributed to the loss of
lithium quantity and active material. These results were confirmed by the works of
Dubarry et al. [15, 16]. Different measurements were conducted to quantify capacity
loss and peak power capability degradation with cycle number to the end-of-life of
the battery. They observed that the main cause of capacity fade is the loss of lithium
inventory and active material. Moreover, when the capacity fade is controlled by the
loss of active materials, the anode needs to be charged to a higher SoC and this
outpaces the loss of lithium inventory in the system. Thus, the remaining active carbon
material in the anode needs to be charged to a higher SoC to accommodate the lithium
ions transferred from the cathode [17].

DoD 100%

3.6
3.4

L

3.2

3.0

2.8

E/V

1000 cycles

2.6
241 before to start
2.21b after 500 cycles
— after 1000 cycles 500 cycles
2.0}
1.8 " 1 " 1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Capacity / Ah

Fig. 6. Evolution of voltage versus capacity during cycling for 1.1 Ah LFP battery.

EIS measurements performed for 1.1 Ah LFP battery showed evolution of the
impedance frequency behaviour upon change of SoH (Fig. 7A). For a better overview
on the impedance changes versus frequency, typical Bode diagrams at different SoHs
are presented in Fig. 7B.

Significant variations of imaginary impedance component, total impedance (|Z|),
were observed over the entire frequency range. The impedance of the cell increases
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with increasing the cycle number, while the phase remains constant with changing
the cycle number. It was concluded that the ageing influences the impedance spectra
in the frequency range between 0.01 and 100 Hz. During cycling of an LFP battery,
a volume change of approximately 6.77% was reported [18, 19]. With the insertion
and extraction of lithium ions the cathode material gradually transforms from FePO,
into LiFePO, corresponding to a phase transformation region of the cathode. This
phase transition change brings cracks and loss of lithium, which at the end are as
ageing effects counted. To clarify the ageing effects, the impedance data have been
interpreted by a simplified equivalent circuit model, taking into account the effects of
the charge transfer, double-layer capacitance and transport phenomena.
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Fig. 7. Typical Nyquist (A) and Bode (B) plot at different SoHs for 1.1 Ah LFP battery.
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3.3 Data Modelling

The information provided by the impedance spectroscopy experiments represents the
key role for data modelling. To achieve this aim, suitable models are developed, which
in the case of LiBs several mechanisms need to be considered. Therefore a classical
Randles equivalent circuit was chosen for data interpretation (Fig. 8).

CPE

Ret

Fig. 8. Proposed equivalent circuit for EIS data modelling.

The proposed model contains inductance, electrolyte and contact resistance (Rs),
charge transfer resistance (R.¢), constant phase element (CPE), restricted linear dif-
fusion (M) and Warburg element (W). Differential equations describing the electrode
behaviour can be derived from the equivalent circuit. The equivalent circuit was
chosen based on the very good correlation of the EIS experimental data with the fitting
model (Fig. 9).
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Fig. 9. Correlation of the EIS experimental data with the fitting model. Experimental data are
obtained from A123 1.1 Ah LFP battery.
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To evaluate the ageing effects it is important to know the expected influence of
the equivalent circuit parameters on the shape of impedance spectra. Therefore the
parameters are associated with specific frequency ranges, an entire description of the
impedance spectra behaviour being obtained. At high-frequency ranges the ohmic,
active materials contact and electrolyte resistance is represented by Rs, while R
describes the charge transfer reaction combined with double-layer capacitance. The
Warburg element is responsible for the diffusion reaction of the Li ions into the
electrodes and characterizes the impedance spectra at low-frequency ranges. The
reason why CPE is used here instead of a capacitance is that the intercalation and
de-intercalation of lithium processes are not uniform throughout the surface of the
electrodes. Because of the electrode geometry and the connections inside the cell,
an inductance was added to the equivalent circuit to take into account the inductive
behaviour at high frequencies.

A restricted or blocking diffusion was used due to the complex geometry and
morphology of the battery electrode material. The restricted diffusion condition is
considered either in a thin film of host material deposited on a substrate impermeable
to the diffusing species or in a material foil or in platelet particles. Due to the fact that,
the interpretation of the transport phenomena in batteries is in many cases limited
by the complex geometry of the electrode and morphology of the material particles,
diffusion control (very fast insertion reaction kinetics), linear diffusion and restricted
diffusion conditions were assumed.

The parameters of the equivalent circuit were estimated by a non-linear
curve-fitting based on a Simplex method for each impedance spectra. The results
show that the equivalent circuit parameters vary with the SoC and SoH.

3.3.1 SoC modelling

The inductive distribution of the impedance on the lithium ion battery was attributed
to the connectors of the electrode. Therefore, the value of the inductance is considered
irrelevant to the battery characteristics and this parameter was omitted during
subsequent discussion. Our explanation was supported by previous research results
[20, 21], showing that, the inductive behaviour is attributed to the geometrical nature
of conductors and not to the faradaic processes in the battery. The EIS spectra were
modelled to determine the influence of the impedance parameters as a function of
SoC. Fig. 10 shows the evolution of Rs and R.; with the SoC.

Because of the electrolyte resistance and pH decrease upon battery discharge,
the bulk series resistance Rs is increasing as the battery becomes progressively
more discharged. Regarding the electrolyte concentration, it reaches a conductivity
maximum for 100% SoC and therefore increases with discharge. Thus, the change
of the electrolyte concentration combined with the contact resistances increases its
electric resistance. Furthermore, an increase of charge transfer resistance is observed
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with decrease of the SoC. This behaviour is attributed to a decrease of exchange
current density with decrease of SoC, which reduces the charge transfer reaction at
the electrode—electrolyte interface. During discharge or charge the charge transfer
reaction takes place from the electrode/electrolyte interface to the interior of the
electrode or vice versa. According to these considerations, the R.; increases slightly
with the decrease of charge of the battery. Our results are supported by literature
data, showing that Rs decreases slowly upon charge and re-increases as SoC reaches
80%. They explain that, the positive reaction products formed upon discharge and
the gas dissolution in the electrolyte produced in the overcharge conditions are
responsible for the increase of Rs at low and high SoC values [22]. On the other hand,
Zhang et al. [23] concluded that, the charge transfer resistance is independent of its
SoC, since this electrode does not undergo any significant structural modification
during charge—discharge reactions, as these involve only absorption and desorption
of hydrogen atoms in the alloy lattice. As conclusion, the small differences measured
do not allow accurate determination of SoC from these parameters. The evolution of
Warburg element and restricted linear diffusion element with the SoC is presented
in Fig. 11.
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Fig. 10. Evolution of Rs and R.; with the SoC. Experimental data are obtained from A123 1.1 Ah LFP
battery.

The Warburg element shows that, the diffusion coefficient (obtained from Warburg)
of less-charged batteries is higher than that of fully charged batteries. The higher
Warburg values at the lower SoC of the cell would only indicate that longer time
periods for the reactants to diffuse through the Nernst diffusion layer would be
required. [12]. Another explanation is that the particle radius is kept constant at

printed on 2/14/2023 6:18 AMvia . All use subject to https://ww.ebsco. confterms-of-use



14 =— Florina Cuibus et al.

different SoC levels and any changes are being related to the diffusion coefficient.
Thus, the diffusion coefficient of half-charged batteries is higher than of fully charged
ones [24]. Moreover the diffusion of ions is limited because of the increased or
reduced ion concentration at a specific state of charge. Therefore it is difficult to
describe the mass transport effects from electrical circuits having complex equations,
many parameters and limited accuracy [2]. Furthermore, because of the separation
impossibility of impedance spectra from the anode and cathode, the increase of
charge transfer and Warburg element could be probably mainly ascribed to the anode
due to the formation of solid electrolyte interface (SEI) layer and decrease of lithium
concentration. On the other hand, very low values of the restricted linear diffusion
element were observed (Fig. 11). Under restricted diffusion conditions, the current
transient caused by a small potential step is not modified, due to the presence of
the differential (double-layer) capacitance for times longer than the time constant.
Because of the blocking conditions, the provided diffusion element takes on a very
low value with respect to the insertion capacitance of the host material.
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Fig. 11. Warburg element and restricted linear diffusion evolution with the SoC. Experimental data
are obtained from A123 1.1 Ah LFP battery.

3.3.2 SoH modelling
As already indicated above (Fig. 7) the impedance spectra change with ageing and

represent a good SoH indicator. The dependence of Rs, R and W with the cycle
number is in Fig. 12 displayed. All the parameters were evaluated for an SoC of 50%.
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Fig. 12. R(A), R.+(B) and W(C) evolution with the SoH. Experimental data are obtained from A123 1.1
Ah LFP battery, SoC 50%.
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Rs remains constant within the studied cycle number, showing no ageing of the
electrolyte. In particular, after 2,000 cycles of the cell the R.; increases about 50%
from the initial value. This result is related to degradation processes taking place
in the battery materials and represents an indicator for a decreasing exchange
current density resulting from the decreasing lithium concentration and the surface
film growth. Another explanation for this obvious increase is that the SEI film
growth reduces charge transfer reaction rate at the electrode/electrolyte interface [12].
Because of the instability of electrolyte, the Fe ions are dissolved, resulting in loss
of the cathode active material. Furthermore, the Fe ions can reduce on the surface of
the graphite anode and catalyze the SEI formation, leading to increase in resistance
and loss of Li ions. A notable change was also observed in the Warburg parameter
(W) where the 45 angle at the lower frequencies of the graphs would correspond
to a semi-infinite diffusion. Deviation from this slope would be due to the effect of
porous structure and particle size distribution on the diffusion-related impedance
in the active particles [25]. The increasing Warburg element points to a decrease of
diffusion coefficient and a decrease of lithium concentration. Moreover, it might be a
result of surface film growth. The surface film growth irreversibly consumes lithium
and inhibits diffusion [4, 12]. A coarsening effect of the particles was observed by
Nagpure et al. [26]. This leads to a decrease in the effective surface area of the particles,
which further affects the rate of the reaction. The change in the particle size would also
influence the diffusion kinetics of the lithium ions during charging and discharging
cycles. Using a classic Randles approach the electrical parameters obtained from
impedance data were presented by Tréltzsch et al. [4]. Combining fast ageing tests with
the Levenberg—Marquardt method for a better modelling of the impedance spectra,
the change of the capacity fade (—14% over 250 cycles), R (+62% over 250 cycles)
and Warburg element (+72% over 250 cycles) versus cycle number was determined.
Finally, the two-electrode cell adopted in this study gives a limitation in differentiating
the reaction steps caused by the anode and the cathode. For a better differentiation of
the anode and cathode contribution, a three-electrode system will be used and in the
future work explained.

4 Conclusions and Outlook

The SoC and SoH of an LFP battery were characterized by EIS and represent the
basis for the estimation of a battery capacity. The observed very high sensitivity
of model parameters to resistance changes proves that impedance spectroscopy is
suitable for characterization of ageing effects. A simplified physical model was chosen
to investigate the impedance increase of the cell. It was observed that, the increase
is due to the increase of the anode and cathode surface resistances. After 2,000
cycles R increases approximately with 50% from the initial value, which indicates a
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decreasing of the exchange current density. The Warburg element showed a decrease
of diffusion coefficient and lithium concentration due to the formation of SEI layer.
The charge transfer resistance demonstrates more significant trend with ageing cycles
and the results are consistent with experiment-based observations from the literature,
which seems to be indicating the potential of the proposed model for battery age
estimation. However, the applicability of the proposed model needs to be further
investigated. To prove these assumptions and because of the high sensitivity of several
model parameters to ageing effects, further investigations such as battery variety,
temperature, charge and discharge rate need to be considered. Furthermore, the
obtained experimental impedance data will be subjected to simulation to find a
suitable and accurate model for describing the SoC and SoH of the battery. For a better
understanding of the ageing mechanism EIS data acquisition and modelling of the
battery under dynamic conditions (constant current) are as well aimed.
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Ageing Investigation of Lithium lon LiFePO,
Batteries with a Combination of EIS and
Structural Analysis

Abstract: Electrochemical impedance spectroscopy (EIS) measurements and post-
mortem analyses are used on commercial LiFePO, cells to identify the ageing mecha-
nisms and their representation in the impedance spectrum. The cells were cycled up
to 1,667 cycles and measured with EIS. At different ageing states two cells were opened
and analyzed with X-ray diffraction (XRD) and scanning electron microscope (SEM),
one at 0% state of charge (SoC) and one at 100% SoC. First results show slight changes
both in the EIS spectra and in the micro-structure with cycling.

Keywords: LiFePO,, ageing, impedance spectroscopy, post-mortem analysis

1 Introduction

Within the scope of energy supply, energy storage applications become more and more
important. Since 25 years rechargeable Li ion batteries have been applied successfully
in portable electric devices. The understanding of the degradation behaviour of single
components and the entire cell is crucial for high-power applications — be mobile or
non-mobile - in terms of economic and safety aspects. Despite of the growing interest
and the continuous increasing of publications in this field of research, there remain
unanswered questions.

One important attribute of a battery is its ageing, which is highly governed by
degradation processes. Ageing determines the lifetime of the battery and is caused
by both cycling and storage. Among other influences, ambient temperature (as well
as electrode potential, depth of discharge (DOD) and cycling rate [1]) affects ageing.
The structural changes in the active material (oxidation, corrosion, disordering,
micro-cracking), SEI formation, chemical decomposition or dissolution and loss of
contact are some of the main reasons for ageing [2, 3]. They lead to loss of accessible
capacity and increasing cell impedance. It was found that ageing is more related to
the cathode than to the anode. So the cathode is to a high degree responsible for
capacity fade [4, 5] and to a certain degree also for an increase of impedance, caused
by particle size reduction [5]. The different approaches in literature to model ageing are
dealing with the influence of temperature, state of charge (SoC), ADOD, U or I(t) and
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cell capacity C [6, 7]. Very few publications deal with the physical causes - outlined
above - for ageing models be it the SEI formation [8] or the evolution of electrode
porosity [9]. One attempt was done by Zavalis et al. [5] developing a model that
describes the electric property resistances and double-layer capacities in respect to
surface area of active material and current collector. Diffusion coefficient in active
material was considered, too.

The aim of this study is the correlation of the structural parameter with the
impedance data from cycled cells (at different cycle numbers) at different ambient
temperatures. The structural changes are analyzed by post-mortem analyses of the
cycled cells. The cathode and anode are investigated with XRD, SEM as well as
impedance spectroscopy with respect to phase changes, particle size and morphology,
defect evolution, chemical decomposition and precipitates. Simultaneous impedance
measurements give information about the resistances (current collector, electrodes,
electrolyte) and double-layer capacitances. The observed ageing phenomena: particle
size distribution, phase composition and stresses of the electrodes can be correlated
with the results of the EIS measurements in terms of cycle number and ambient
temperature.

The results of this study shall contribute to a physical chemical ageing model,
which will be implemented in a lifetime prediction model. With the parameterization
of the non-destructive EIS technique to the electrode’s micro-structure, it is intended
to use EIS as diagnostic tool for cells in application and resolve the degradation of the
cell components. Supplementary with the capacity fade determined from the cycle
curve it is aimed to make predictions to future performances.

2 Experimental

For the study, commercial 1.1 Ah 18650 graphite/LiFePO, (LFP) cells (manufacturer
A123) were used. The test matrix is shown in Fig. 1. The cells were cycled with a
Cadex battery testing system at ambient temperature 24 °C between 2 and 3.6 V with
2C. EIS measurements were done in fully discharged and charged states at cycle #1,
#112, #333, #667, #1000 and #1333 with a Zahner ZENNIUM Impedance measurement
unit under galvanostatic mode with 5 mA amplitude between 10 mHz and 100 kHz.
For basic statistics four cells were measured and averaged at each cycle number. The
data were fitted with the “Nelder-Mead simplex direct search” algorithm with MATLAB
(the used equivalent circuits for the refinement are shown in Fig. 2). After 1,333 and
1,000 cycles two cells were opened, one at 0% SoC and one at 100% SoC. The cathode
was separated from anode and separator and washed in dimethyl carbonate (DMC) to
remove electrolyte residues. The sample with a diameter of 16 mm was punched out
at the centre position both in longitudinal and transversal dimensions of the cathode
strip. For micro-structure characterization scanning electron microscopy (SEM) and
X-ray diffraction (XRD) were used. The SEM pictures were made from cathodes with
a Zeiss Gemini Leo 1540 in topography mode at an acceleration voltage of 3 kV and a
magnification of 50.000.
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The XRD measurements were done solely on the cathodes with Bruker D8 Advance
in Bragg Brentano geometry with copper radiation (A K a 1: 1.78897A) between 15 and
120°C 2 0 (step width 0.02 2 0). The X-ray data were analyzed with Rietveld method
with TOPAS software.

Test matrix
10
28
g s
26 * * Q
o L 2 L 4
24 L 4 L 4 L 4 L 4
= L 4 L 4 L 4 L 4
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T T T r’ T T T ’. T T ? T T r’ T 1
0 500 1000 1500
Cycles

Fig. 1. Test matrix. The gray bars describe the cycling while the diamonds symbolize the EIS
measurements at 0% and 100% SoC and the black circles samples taken for the post-mortem
analysis at 0% SoC (empty circle) and at 100% SoC (filled circle).

3 Results

3.1 Electrochemical Impedance Spectroscopy

To find the best fit of an equivalent circuit model with the measured data for 0%
and 100% SoC, different models were used. At the beginning the physical meaning of
the impedance response is not requested. Fig. 2 shows as an example of two Nyquist
plots of a cell measured (+) after 300 cycles with fit (o) at 100% SoC (A) and 0% SoC
(B). Both curves differ from each other. At 100% SoC the EIS curve consists of an
inductive part at higher frequencies described by an inductance L element in series
with an ohmic resistance R, describing the shift of 17 mQ on real impedance axis.
Towards lower frequencies there is a flattened semicircle, described with a parallel
connection of an ohmic resistance and a constant phase element (CPE). The flattened
semicircle can be interpreted as a composition of several semicircles (RC elements).
The resistance contributes to the charge transfer reaction and the capacity to the
double-layer properties. Each of the two electrodes has a characteristic charge transfer
resistance and double-layer capacity. At low frequencies the data describe a tail, which
in turn is described with a CPE in series. The equivalent circuit and the influenced
curve section is shown in Fig. 2A. This tail represents the contribution of the solid
state diffusion in the electrodes to the impedance response. Even if a diffusion element
would be more appropriate to explain the physical effect, we found a CPE element as
appropriate for an adequate fit.
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The inlets are zooms from the framed region. The influence of the single elements of the equivalent
circuit (inlet at the bottom) on the plot is marked (coloured bubbles) in the inlets

At 0% SoC (Fig. 2B) a second distinguishable semicircle is visible, which is described
by a second parallel connected ohmic resistance with CPE. It could be deduced that
the charge transfer and double-layer capacity of one electrode is dependent from
SoC. There are ongoing investigations for a clarification of the development of the
semicircles over SoC aimed to find one appropriate model over the entire SoC range.
The equivalent circuit is also shown. As it can be seen in Fig. 2 the chosen model fits
the measured data quite well.

One important indicator for ageing is fade of capacity. Fig. 3 shows the de-
velopment of the charge capacity over cycling. After 1,333 cycles, the capacity has
decreased up to 5%. The fitted parameters for R1, QCPE2 and aCPE2 are shown in
Fig. 4 (colour code see Fig. 2). Because of the existence of an additional RC element at
0% SoC, there are three more parameters to fit. The other elements, whether charged
(filled symbols) or discharged (empty symbols), are in same range. After 1,333 cycles
the parameters show only slight trends. With continued cycling, larger changes are
expected.

Parameter R1 increases at 0 and 100% SoC with cycling. This could be related to
the growing SEI layer. With increasing layer thickness it becomes harder for lithium
ions to pass through the layer and consequently the resistance increases. A closer look
at CPE2 shows contrary tendencies. While at 0% SoC Q is increasing with cycling, the
opposite is true at 100% SoC. The exponent a is decreasing at 0% SoC and increasing
at 100% SoC. The bigger errors at 100% SoC result from difficulty of getting smooth
EIS spectra. The data at 100% SoC were scattering stronger. The change of the CPE
parameter at 0% SoC could be explained with a surface roughening of both electrodes.
At 100% SoC the low start value and the following increase of a could be related to the
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chosen model of only one R-CPE element as discussed above. The contribution of two
RC elements fitted with one R-CPE element leads to the flattened semicircle explaining
the low value of 0.4.

Charged Capacity
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Fig. 3. Averaged charge capacity over cycle number. For averaging four cells were used. Error bars
show deviation within the four samples. The averaged capacity value at one cycle was normalized
t0 100%.

3.2 Post-mortem Analysis

The SEM images of the anodes at 100% SoC (Fig. 5A-C) show an amorphous film,
blurring the contours. Because of the electronic conductivity of the carbon matrix in
both electrodes, there was no additional carbon coating for the SEM measurements.
The bright blurs at 100% SoC indicate an electrostatic charge of the surface, that is the
layer has insulating properties. This film could be the SEI layer. At one cycle there is
a haze over the entire image leading to poor contrast, while with increasing cycling
number the contrast is increasing and the electrostatic charges are locally distributed
and more severe, leading to the assumptions of a thicker film growth. Cracks are
visible in the film at all ageing states at 100% SoC, which could be explained rather
with uncoiling the battery for preparing it for post-mortem analysis than for ageing. At
0% SoC (Fig. 5D-F) where no Lithium is in the anode, no such film is visible. It is not
clarified yet if it is the result of preparing the SEM samples under air atmosphere or an
inherent battery characteristic. For the SEM images of the cathodes (Fig. 5G-I) there
are no visible changes in morphology after 1,000 cycles. For a quantified analysis of
the electrode roughening, laser-microscopic investigations and measurements after
Brunauer-Emmett-Teller (BET) are remaining. To clarify the chemical composition
and identify the different particles in the images, energy-dispersive X-ray spectroscopy
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Fig. 4. Refined resistance R1 (top) and QCPE2 (middle) and a CPE2 (bottom) over cycles from charged

(filled) and discharged state (empty). The coloured symbols correspond to the elements in the
equivalent circuits in Fig. 2.
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(EDX) measurements and inductively coupled plasma optical emission spectrometry
(ICP-OES) have still to be done.

Fig. 5. SEM images of (A) to (C): anodes at 100% SoC; (D) to (F): anode at 0% SoC and (G) to (I):
cathode at 0% SoC over cycle #1 (left). #333 (middle) and #1,000 (right). The images of the cathodes
at 100% SoC were also made but are skipped here because of no significant differences to 0% SoC.

X-ray diffraction is a suitable technique for the investigation of phase changes
during de-/lithiation in the electrodes, especially in LiFePO, with its two phases and
structure-related ageing effects like strain, crystallite size and lattice occupancies.
Fig. 6 shows the diffraction patterns of a cell at 0% SoC and one at 100% SoC after
333 cycles. The ageing state was arbitrarily chosen only for demonstration purpose.
The analysis of the XRD data of the cathodes shows two phases: a lithium-poor phase
Li0.05FePO, and a lithium-rich phase Li0.89FePO, (after Yamada et al. 10), depending
on the SoC. At 0% SoC Li0.89FePOQ, is the predominant phase, while at 100% SoC
it is Li0.05FePO,. For the Rietveld refinement these two phases were used as model
structures plus aluminium because of the penetration of the X-rays into the current
collector. The weighted reliability factor (Rwp) and the goodness of fit (GoF) of the
refinement were 16 and 1.16, respectively. The focus here is on the refined parameters
of crystallite size and occupancy of Fe atoms on the Fe lattice position. For the charged
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and discharged states only the predominant phase with its characteristics is shown:
Li0.89FePO, at 0% SoC and Li0.05FePO4 at 100% SoC. In Fig. 7A the development of
the crystallite size of both LiFePO, phases over the ageing state is shown. For both
SoCs and so for both phases the crystallite size is increasing with increasing ageing.
The bigger the crystallites are the longer time need the lithium ions to diffuse into the
entire volume. If this longer time is not given due to high c-rate cycling, not all lithium
ions participate to the cycling process leading to lower capacity. This corresponds
to the slight capacity decrease in Fig. 3. Another aspect of higher crystallite sizes is
grain coarsening. This observation corresponds with the EIS results, especially with
the CPE2 correlation at 0% SoC. The development of the Fe occupancy over the cycling
number is shown in Fig. 7B. For both phases a decrease of Fe on the Fe lattice positions
is visible. Since the Fe ions work as redox center, missing iron leads to less consumable
Lithium in the LiFePO, structure and this in turn causes capacity fade. Where the
missing iron is located could not be clarified at this stage. For clarification reasons
ICP-OES and EDX measurements on the anode are planned. Micro-structure changes
in the cathode due to ageing could be found, although there is no visible change in
the particle morphology indicated with SEM.
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Fig. 6. Two exemplary XRD patterns of two cells after 333 cycles; at 0% SoC (gray line) and at 100%
SoC (black line). The triangles mark the positions of atomic planes of Li0.05FePO, phase (filled)

and of the Li0.89FePO, phase (empty triangles). The shown patterns are only a section. The full
measurement range was between 15 and 120 26, which is necessary for the Rietveld analysis (gray
line). For the refinement the two LiFePO, phases were used plus an aluminum phase, which appears
at higher angles, is caused by the interaction of the X-rays with the current collector.
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Fig. 7. Results of the Rietveld analysis. The crystallite size (A) and the Fe occupancy on Fe lattice
positions (B) at 0% SoC (empty circle) and at 100% SoC (filled circles) over cycle number. The
parameters at 0% SoC correspond to the Li0.89FePO, phase because of its dominance at this SoC,
while at 100% SoC Li0.05FePO, is dominating and that is why its parameters are shown here.

4 Summary and outlook

Commercial LiFePO, cells were cycle aged. After 1,333 cycles the capacity decreased
up to 5%. First EIS measurements show slight changes in the impedance parameter.
Further tests with up to 2,000 cycles are still remaining. Parallel to the EIS
measurements the cells will be opened and analyzed post-mortem with respect to
surface morphology, phase composition, crystallite size and Fe occupancy with XRD
and SEM. First results could be correlated to the SEI layer, grain coarsening and active
material loss.

5 References

[1] ). Veter, P. Novak, M. Wagner, et al., “Ageing mechanisms in lithium-ion batteries,” Journal of
Power Sources, vol. 147, pp. 269-281, 2005.

[2] P.Arora, R. White, and M. Doyle, “Capacity fade mechanisms and side reactions in lithium-ion
batteries,” Journal of the Electrochemical Society, vol. 145, pp. 3647-3667, 1998.

[3] ). Fergus, “Recent developments in cathode materials for lithium ion batteries,” Journal of
Power Sources, vol. 195, pp. 939-954, 2010.

[4] ).Zhou and P. Notten, “Studies on the degradation of Li-ion batteries by the use of
microreference electrodes,” Journal of Power Sources, vol. 177, pp. 553-560, 2008.

[5] T.G. Zavalis, M. Klett, M. H. Kjell, et al., “Aging in lithium-ion batteries: model and
experimental investigation of harvested LiFePO, and mesocarbon microbead graphite
electrodes,” Electrochimica Acta, vol. 110, pp. 335-348, 2013.

[6] M. Safari and C. Delacourt, “Simulation-based analysis of aging phenomena in a commercial
graphite/LiFePO, cell,” Journal of the Electrochemical Society, vol. 158, pp. A1436—A1447,
2011.

EBSCChost - printed on 2/14/2023 6:18 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



28 —— DelfKober, Oliver Gérke and Julia Kowal

[71 M. Safariand C. Delacourt, “Modeling of a commercial graphite/LiFePO, cell,” Journal of the
Electrochemical Society, vol. 158, pp. A562-A571, 2011.

[8] M. Broussely, S. Herreyre, P. Biensan, et al., “Aging mechanism in Li ion cells and calendar life
predictions,” Journal of Power Sources, vol. 97-98, pp. 13-21, 2001.

[9] G.Sikha, B. Popov, and R. White, “Effect of porosity on the capacity fade of a lithium-ion
battery — Theory,” Journal of the Electrochemical Society, vol. 151, pp. A1104—-A1114, 2004.

[10] A.Yamada, H. Koizumi, S. Nishimura, et al., “Room-temperature miscibility gap in LiFePO,,”
Nature Materials, vol. 5, pp. 357-360, 2006.

EBSCChost - printed on 2/14/2023 6:18 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Paul Biischel, Thomas Giinther and Olfa Kanoun
Streamlining Calculation of the Distribution of
Relaxation Times from Time Domain Data

Abstract: For the identification of the linear transfer behaviour of lithium ion batteries,
impedance spectroscopy is widely used. The data evaluation using models however
requires some knowledge for the model building and fitting. One method to support
this evaluation is the calculation of the distribution of relaxation times based on
the transformation of impedance data. This calculation can be difficult because of
the limited number of data points and noise in the data. In this chapter a novel
method is presented, which uses the time-domain data directly without calculating
the impedance first. Additionally, the method features an iterative scheme with very
little computational effort. With no need to store the whole data set, it is attractive
for embedded solutions. The algorithm is explained and the results obtained are
compared with impedance measurements.

Keywords: Impedance, distribution of relaxation times, time domain, streamlining

1 Introduction

The identification of the linear behaviour of lithium ion batteries is usually done by
impedance spectroscopy. Often the impedance is evaluated using models formed by
electrical equivalent circuits. To build such a model a-priori knowledge on the ongoing
mechanisms is needed.

One way to support the model building and subsequent parameterization is to use
the concept of distribution of relaxation times (DRT) [1]. Here the capacitive part of the
impedance is represented by a Voigt model, which consists of a series connection of RC
elements, each characterized by a time constant 7 and a weight y(7). The impedance
of such a circuit can be described by an integral equation combining the polarization
resistance R,,,; with the density y(7):

oo

Z((U) =Ry +Rp01/
0

L

1+jwt y(ndr. @

Separation into real and imaginary part and subsequent discretization of the above
integral equation leads to a linear system of equations:

y=Ax )
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with y € R™! being the measurements at m frequency points, A € R™" is the
coefficient matrix and x € R™! the desired DRT at n support points in the time
constant domain. Solving for x is an ill-posed inverse problem for ratios ! < 4 [2].
The solution process for this linear system must be stabilized against amplification
of noise in the solution. This is usually done by incorporation of direct regularization
[3] or by implementing relaxed iterative solution algorithms, which also implement
regularization [4-6]. The choice of a suitable regularization itself is an optimization
problem, which is hard to solve. This is the major drawback in this impedance data
analysis approach. In the resulting DRT spectrum (y(7) vs. 7) one can separate effects
by their corresponding peaks. This can be used for model building: the number of
mechanisms can be identified and their corresponding time constants can be fixed
during the complex non-linear least squares fitting. Additionally the DRT allows for
simplified visual inspection of impedance measurement data as well as for further
automated analysis of the DRT peaks.

2 Novel Algorithm

The DRT can be used to perform a time domain simulation of the voltage response
of a battery to an applied current signal. In [7] the goal is to minimize the number
of RC elements needed for simulation. The novel algorithm will make use of the
simulation approach to perform a streamlining calculation of the DRT based on
time domain data. For the simulation a set of RC elements is described in the
time domain by z-transform of their transfer function. Additional separation of the
weighting y(7) from the temporal behaviour leads to a recursive formulation for low
pass filtering the current signal with time constants defined by the DRT support
points 7 and a subsequent dot product for the weighting step to obtain the voltage
response:

Vi = axp+(1-a)yy_q (3)

with x being the current at time step k, a is the filter coefficient for time constant T
and the voltage response is defined by u; = (yy, y(tau)). The digital filters for the time
constants of the DRT form a filter bank. No computational burden results from this as
it requires only the last output to be stored for the next step. The weighting forms the
second step to obtain the dynamic voltage response. If the open circuit potential and
the iR voltage drop are added, one obtains the overall response of the battery. Writing
the above for subsequent time steps results in a linear system:
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Uo
: Ro
Usim k| = |1 dsimk Yri,k -+ Yoo k|® y(t1)
y(Tn)
y=AX. (4)

This linear system has virtually unlimited rows. The calculation can be done for an
infinite duration as long as the system state does not change.

For the calculation of x, the DRT, this needs to be inverted. Under the requirement
of persistence of excitation, two possible ways exist. First one can store current and
voltage of the battery for a certain amount of time, calculate the coefficient matrix and
directly solve for the unknowns:

x=(ATA) ATy, 5)

This imposes computational burden because of the wide frequency range that needs
to be observed. Typically in the range of 1 kHz down-to 10 mHz, sampling frequencies
of at least 5 kHz and a signal duration of around 300 s for three periods of the lowest
signal frequency are required. This leads to 1.5x10° samples. Together with a suitable
number of time constants to be identified, the inversion of the resulting matrix A is
computationally very expensive. The second approach for solving the linear system is
an iterative calculation of the unknowns. Best known for this is the recursive least
squares (RLS) algorithm [8]. It updates the solution of x; at time step k based on
the current row a; of the matrix A and the previous solution of x;_;. To reduce the
computational cost and the influence of the inverted information matrix incorporated
in the RLS algorithm, the Kaczmarz algorithm is used [6]. By combining the iterative
calculation of the matrix row a; by use of a filter bank and the solution update, the
algorithm is reduced to an iterative calculation scheme using only voltage and current
at time step k as well as the last solution x;_1:

Umeas — (A, X) (6)

Xk = Xk-1 +A ag.
llal? :

Instead of using the simulated, the measured voltage is now used together with the
corresponding rows of A to update the solution. A relaxation parameter A < 1 ensures
a stable solution. The overall algorithm is shown in Fig. 1. It is a two-step iteration of
updating the filter bank with a subsequent Kaczmarz update step of the solution. The
streamlining nature of the algorithm is clearly visible.
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Fig. 1. Novel algorithm for the DRT calculation from time domain data.
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3 Experimental

The algorithm was tested with data obtained for battery measurements. The same
current/voltage data set was used in all calculations. A multi-spectral excitation was
chosen consisting of 101 logarithmically spaced frequencies in the range of 1 kHz
down-to 10 mHz with random phase in [0, 277]. The overall excitation signal was
normalized to have an RMS value of 0.5 A. Sampling frequency was 5 KHz. This signal
was applied to a 5-Ah Lithium polymer cell that was used for testing. Measurements
were performed using a NI PCI4461 Dynamic Signal Analyzer card together with a
Servowatt DCP 520/30-based current source. For comparison the measured impedance
was compared with the impedance calculated from the DRT, which was obtained with
the new algorithm described above. This way it was avoided to compare two solutions
of two ill-posed problems (DRT calculated from time-domain and from impedance
data). In contrast the calculation of the impedance from time-domain data as well
as from the DRT is well posed. Fig. 2 shows the impedance measured at 10% state
of charge (SoC) steps. The change in the impedance semicircle can be identified on
a visual basis, but it is hard to identify the number of mechanisms that lead to the
impedance, which is necessary for further model-based data evaluation. To be able to
investigate the impedance semicircle more in detail, the DRT was calculated from the
same data using the algorithm described above. The result is given in Fig. 3. One can
see that multiple processes are present in the frequency range covered by the electrode

Im(2) in mQ
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5 50

Re(Z) in mQ 10 15 o SoCin%

Fig. 2. IS spectra measured with multisine signal.
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Fig. 3. DRT obtained by the novel algorithm. Frequency f is used instead of t for better comparison
to the impedance data.

semicircle. The size and position of the peaks slightly change with SoC. Additionally
the open circuit voltage and the internal resistance are shown. As comparison, Fig.
4 shows the impedance spectra calculated from the DRT as well as the one obtained
via Fourier transform as overlay. Both spectra are in good agreement, especially in the
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Fig. 4. Comparison of IS spectra obtained the classical way (solid) and via DRT (dashed).
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semicircle range. The low-frequency part of the spectra shows some disturbance for
the DRT-based calculation. This is due to the short measurement time of only three
periods for the lowest frequency.

4 Conclusion and Outlook

A new algorithm for the calculation of the DRT from time domain data was presented.
The results indicate a good performance. The DRT is calculated with high accuracy,
especially in the frequency range characteristic for electrode processes. The use of
time domain data for the calculation of the DRT creates a highly over-determined
system of equations which, together with the iterative solution update strategy,
converges to the true solution. This way of calculating the DRT requires no optimiza-
tion of a regularization parameter, which, in contrast, is necessary for the classic
impedance-based calculation approach. The algorithm itself is of streamlining nature
and of low complexity. It has low-memory requirements and is thus highly suitable to
be implemented in an embedded measurement system.
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Influence of the Anode Graphite Particle Size
on the SEI Film Formation in Lithium-lon Cells

Abstract: Electrochemical impedance spectroscopy (EIS) is used as a tool to investi-
gate the formation process of a lithium-ion cell. The usability of EIS was demonstrated
for two anode active materials with different particle sizes. The initial charging of the
cell was interrupted when a defined anode-half cell potential (vs. Li/Li+) was reached,
in order to measure an impedance spectrum. This was fitted with a common equivalent
circuit model and the SEI film resistance (RSEI) was extracted. Results show that
for both active materials RSEI initially increases until an anode half-cell potential of
approximately 0.2 V is reached. Subsequently the RSEI shows a sharp decline for both
active materials. The SEI film resistance is significantly higher for smaller particles,
indicating that a less conductive SEI is built on smaller particles during formation.

Keywords: Lithium-ion cells, electrochemical impedance spectroscopy, SEI formation

1 Introduction

Expanding life time as well as lowering production costs of lithium-ion cells are
two important subjects, which are addressed in the current research of lithium-ion
batteries. The first charge/discharge cycles (referred to as the formation) have a major
contribution to the production costs, since high investments are required to provide a
sufficient amount of formation equipment. Furthermore, since the process takes up to
3 weeks with different aging and charging steps [1], a lot of stock capacity is necessary.

During the formation process a so-called solid—electrolyte interface (SEI) film
is built on the active sites of graphite anodes. This film consists of solid decompo-
sition products of the electrolyte, which is unstable in the working potential of a
graphite-based anode (below 1.2 V vs. Li/Li+). The SEI film is present on any active
graphite sites in contact with the electrolyte [2]. The anode half-cell potential of a fresh
assembled lithium-ion cell is about 3.0 V versus Li/Li+ and decreases when the cell
formation process is initiated. In the voltage range >1.2 V the surface groups of the
graphite are reduced. In between 1.2 and 0.2 V most of the SEI film is built, mainly by
reducing the electrolyte solvents and lithium is not significantly intercalated into the
graphite particles yet. Finally, below 0.2 V, lithium is intercalating into the graphite
particles besides some charge losses due to further SEI film formation [3, 4].
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Since the SEI film is an electrical insulator (but a lithium-ion conductor), the
electrolyte is protected from further decomposition. The SEI film formation process is
crucial in terms of aging, performance and safety [5-7], when using a graphite anode
in lithium-ion cells. Therefore the formation is mostly executed under controlled
conditions by the cell manufacturer. The SEI film consists of several organic (e.g.
CH,0CO,Li),) and inorganic (e.g. LiCO3) components. To understand the building
mechanism, investigations on the formation process are mostly done by analyses of
the SEI film using extensive (in terms of experimental effort) and destructive methods,
which give direct information about the composition and quality of the SEI film
(Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), scanning electron microscope (SEM)) [2]. In most of these studies the SEI film
was analyzed after several cycles and not during the actual formation process.

Electrochemical impedance spectroscopy (EIS) is a widely used tool in lithium-ion
battery research for non-destructive studies during operation. For example EIS has
successfully been used to investigate the aging behaviour of lithium-ion cells [7, 8] and
was implemented in battery management systems (BMSs) to determine the state (e.g.
state of charge, state of health, internal temperature) of lithium-ion cells [9-11]. EIS
has furthermore been used as a non-destructive method to evaluate the SEI formation
behaviour [4, 12-14].

Regarding the formation process, little is known about the interaction between
anode material properties and process parameters of electrode manufacturing on one
side, and the formation process and cell performance on the other side. Focus of
this study is to investigate the influence of different particle sizes of the anode active
materials on the SEI film formation in lithium-ion cells. To characterize this influence
during operation, EIS is used.

2 Experimental

All the electrodes used for this study were produced on a pilot plant for electrode
fabrication. Two commercially available anode active materials with different particle
sizes were used (see Tab. 1). Anodes were produced by casting an aqueous solution of
graphite as active material, CMC/SBR binder and carbon black as conductive additive
on a copper foil. For the cathodes, Li(Nig.33C09.33Mng 33)0, (Toda NM3100) was used
as active material, PVDF as binder and carbon black as conductive additive. The
NMP-based cathode slurry was casted on an aluminium foil. The electrodes were
calendared to a porosity of 30%. For all measurements a 1-M solution of LiPF¢ in
EC:DEC (1:1) (LP40, BASF) with 1% vinylen carbonate (Sigma—Aldrich) as additive was
used as electrolyte. A polyolefin separator (PP-PE-PP trilayer 2325, Celgard) was used.

The three-electrode pouch cells (see Fig. 1) were prepared as described elsewhere
[15, 16].
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Tab. 1. Properties of the investigated anodes

Anode ID Al A2
Graphite manufacturer, product name  Timcal, Timrex SLP6  Timcal, Timrex SLP10
doo 6.5um 12 ym
ABeT 14 m?g 9.5 m2g™!
Weight ratio, binder 4.5 % CMC 2 % SBR
Weight ratio, conductive additive 2 % carbon black
Mass loading 5.3 mgcm2 5.4mgcm?
Lithium Cathode

 — Nickeltab

Separator—[: ] <
I
¥~ Anode

Fig. 1. Schematic cross section of the three-electrode pouch-bag cell configuration used in this
study.

As reference electrode a piece of lithium foil was attached to a nickel tab. A
uniform thickness of the lithium reference electrode was realized by roll pressing.
The reference electrode was sandwiched between two separators. Subsequently, the
components were sealed with an aluminium laminate film package. After sealing,
leaving one side open, the pouch cells were dried at 60° for 16 h under vacuum
and transferred into an argon-filled glove box. Inside the glove box, they were
filled with electrolyte. The last sealed seam was done under vacuum. The anode
area of the cell was 21.15 cm?, while the cathode area was 25 cm?. Furthermore,
capacity tests were done in coin cells with an active area of 1.3 cm? and a non-woven
polypropylene separator (Viledon FS 2190, Freudenberg) to determine the irreversible
charge losses during formation. Therefore both anodes were cycled with lithium as
counter electrode. Capacity tests were executed with C/10 between 1.2 V and 10 mV.

The three-electrode pouch cells were charged with C/10 until a defined anode
half-cell potential was reached (0.8, 0.4, 0.2, 0.1 and 0.025 V vs. Li/Li+). After
applying an open-circuit voltage (OCV) period of 30 min, an impedance spectrum
was measured. Subsequently the constant current phase was continued until the next
anode half-cell potential was reached (see Fig. 2).

The cell impedance was measured by applying an AC bias of 0.7 mA amplitude
over the frequency range of 100 kHz to 100 mHz. The impedance spectra were mod-
elled with an equivalent circuit containing a resistor in series with two RC circuits and
a Warburg impedance element (see Fig. 3) [17]. Constant phase elements (CPEs) were
used instead of ideal capacitors due to the fractal nature of the electrode/electrolyte
interface [18].
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Fig. 2. Anode half-cell potential and c-rate vs. time. Experimental set-up for EIS investigations (EIS
was executed at *).
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Fig. 3. Measured and fitted Nyquist plot for the A2 electrodes at 0.5 V anode half-cell potential vs.
Li/Li+. For data fitting the shown equivalent circuit was used.

The SEI film properties correspond to the high-frequency RC circuit, where the resis-
tance RSEI is due to the lithium ion diffusion through the SEI film (ionic resistance)
and the capacitance CPESEI is accorded to the dielectric nature of the SEI film [19].
Modelling was executed with the software Gamry Echem Analyst.

All experiments were carried out in a climate chamber (CTS GmbH) at 30° with
a multi-channel potentiostat/galvanostat (BaSyTec GmbH) in combination with a
frequency response analyzer (Interface 1000, Gamry).
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3 Results

The charge that is consumed until an anode half-cell potential of 0.2 V during the
initial half-cycle is generally attributed to the SEI film formation. The intercalation of
lithium ions in the graphite is initiated at an anode half-cell of 0.2 V. Therefore the
irreversible capacity was divided in two regions (see Fig. 4):

— above 0.2 V: Qy,»0.2v) is defined as the charge that is consumed until an anode
half-cell potential of 0.2 V vs. Li/Li+ is reached during the initial charging.
Approximately all charge is used to build the SEI film

—  below 0.2 V: beside intercalation of lithium in graphite, some charge is still used
for SEI film formation (Q(yy50.2v))

Fig. 5 shows the irreversible capacity for both anodes separated for the two regions
(above 0.2 V and below, respectively). The irreversible capacity is higher for smaller
particles in both regions (A1l in Fig. 5). This higher irreversible capacity is due to
the fact that smaller particles have an higher active surface area in contact with
the electrolyte and therefore more charge is required for SEI film formation. The
irreversible capacity seems to be a linear function of the BET surface area [20, 21].
About 2/3 of the irreversible capacity is consumed above and 1/3 below 0.2 V, which
is similar to literature findings for different material systems [4]. In summary, it was
shown in agreement with literature that a smaller graphite particle size leads to

2.0 T T T T T T T T
Qirr.
-—

1.6 'Qirr. >0.2V§ E
SEI film formation

. ,}«Qirr. <0.2V
-—-{1—-:

=
N

I
®

Evs.Li/Li*/V

0.4

"i_'i't'ﬁih'm'"_' ..................................................
0.0 lintercalation ) |

0 100 200 300 400
Qcom./mAh g_l

Fig. 4. Anode half-cell potential vs. the cumulated specific capacity (intercalation denoted as
positive and deintercalation as negative. Qis¢int. and Qys¢qeint- are the capacities of the initial
charging step and the initial discharging step, respectively.
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significantly higher irreversible capacity during initial charging, due to the higher
active surface area of the particles.

Al
60 A 1
T
bn
= 401
E
it
d_ 20 -
0
Qirr. >0.2V Qirr. <0.2V

(above 0.2V) (below 0.2V)

Fig. 5. Irreversible capacity in the first intercalation half cycle above and below 0.2 V anode half-cell
potential vs. Li/Li+.

To obtain information not only about the quantity of the SEI film (indicated by
the irreversible capacity) but also about the quality of the SEI film, RSEI has been
extracted from the measured impedance spectra as described in the experimental
part. The obtained values for RSEI are normalized to the active surface (see ABET
in Tab. 1) and plotted as function of the voltage at the end of each OCV period (see
Fig. 6). For both anodes, RSEI initially increases with decreasing voltage and reaches
a maximum of 78 kQ cm? at about 0.3 V for Al and of 16 kQ cm? at 0.5 V for A2,
respectively. RSEI for A1 (smaller particles) is about 4.8 times higher in the voltage
range above 0.2 V compared with A2. In the lithium-intercalation region (0.2-0.025 V)
A1l shows a sharper decline compared with A2. However, after full intercalation of
lithium into the graphite particles, the SEI film resistance is still 3.2 times higher for
the smaller particles.

It is proposed in literature that the SEI film formed above 0.2 V is loose and highly
resistive [4]. When the lithium intercalation in the graphite particles is initiated (in
other words, when the anode half-cell potential drops below 0.2 V), lithium ions
migrate through this loose SEI film and are used for restructuring reactions to build
a compact and conductive SEI film [4, 12, 22]. This is supported by the quantitative
analysis of the charge measurements, since there is still a significant amount of
irreversible charge losses in the potential range below 0.2 V (see Fig. 5).

When assuming that the properties of the SEI film are similar on both graphite
types, one would expect that RSEI is equal for both particle sizes during the SEI
film formation process, when normalizing it to the active surface area. However, the
results of this study show that, especially above an anode half-cell potential of 0.2 V,
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significantly different normalized SEI film resistances are measured. This means that
the SEI films must differ in composition, thickness and/or structure. This could be
due to the slower SEI film growth rate (in terms of thickness increase per time unit)
on smaller particles when using a constant current. As a consequence a different
composition and/or structure would be formed, which would lead to a different ionic
resistance of the SEI film. Furthermore, transport properties in the electrolyte could be
influenced by the higher particle density (in terms of particles per volume unit) when
using smaller particles. This would lead to a lack of educts for the SEI film formation
reaction, which would also lead to a different SEI film quality in structure and/or
composition. During the intercalation of lithium into the graphite, the RSEI declines
for both graphite types, which must be due to restructuring of the SEI film. As can be
seen in Fig. 6, the decline is significantly higher for smaller particles, indicating that
the restructuring reactions must differ for both graphite types.

80

T T
I —m— Al
70 —@—A2

I/-

60 B

401
SEI film formation

Rgg / kQ cm?

30

Lithium intercalation

m
20 I .\.
10} /

. @ [

1.2 1.0 0.8 0.6 0.4 0.2 0.0

Fig. 6. SEI film resistance as a function of anode half-cell potential vs. Li/Li+ for the first
intercalation half-cycle for both anode materials.

4 Conclusion

To optimize the formation process it is essential to understand how active material
properties as well as electrode manufacturing parameters influence the SEI film
formation and, eventually, the cell performance. In this study EIS was used as a
non-destructive tool to investigate the formation process. Therefore the RSEI was
extracted from anode half-cell impedance spectra obtained from a three-electrode cell
configuration by fitting it to an adequate equivalent circuit model. This RSEI can be
interpreted in terms of SEI film formation progress and morphological changes of the
SEI film.
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In this study two anode active materials with different particle sizes were inves-
tigated. The results show that for the anode active material with smaller particle size
the SEI film resistance is significantly higher than for larger particles. This effect is
pronounced, especially in the region where only SEI film formation (and no lithium
intercalation into graphite) occurs. In the potential range below 0.2 V, the decline in
RSEI is sharper, indicating that the SEI film restructuring reactions, which take place
when lithium is migrating through the SEI film are different for both active materials.

To clarify if the proposed mechanisms influence the SEI film morphology as
assumed, further experiments will be performed in which the influence of the current
profile and the temperature on the SEI film resistance are studied. Additionally,
information of the development of the SEI film composition and thickness during
formation would be useful.
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Thomas Giinther and Olfa Kanoun
Frequency-Dependent Phase Correction for
Impedance Measurements

Abstract: Impedance spectroscopy is a widely used method for characterization of
materials and devices in R&D. The integration of this method into portable appli-
cations like battery management systems is challenging because of the limitations
arising from target applications. Here the measurement time, computational load
and the required memory are highly critical aspects. In this chapter it is shown how
synchronous sampling can reduce the complexity of the measurement process in
multi-channel measurement systems in terms of hardware complexity, total number
of measurements and thereby the computational load and memory consumption.

Keywords: Impedance spectroscopy, embedded system, digital signal processing

1 Introduction

Impedance Spectroscopy is widely used for system identification [1, 2]. Therefore
measurement techniques such as gain-phase detectors or a ‘simple’ sampling of the
perturbation and reaction in the time domain is commonly used [3]. For embedded
systems the hardware complexity is a critical aspect in the design process. The mea-
surement method should get along with as less as possible peripheral components
and computational power. Sampling of data in the time domain together with a
successive transformation in the frequency domain using Goertzel-Filters [4] is a
simple and flexible approach [3].

In Fig. 1 the generalized timing for the sampling-based measurement process in
multi-channel impedance measurement systems is depicted. fs is the sampling rate
and A represents a delay between the samples of the different measurement channels.
The alignment of the measurement with respect to the cycle time of the sampling
process is represented by ty. For simultaneous sampling A = 0, for A # 0 the sampling
is synchronous. Anyhow the Nyquist criterion needs to be fulfilled to avoid artefacts
caused by aliasing in the measurement results.

Following it will be shown why synchronous sampling can be beneficial compared
with simultaneous sampling, especially in the case of multi-channel measurement
systems.

Thomas Giinther and Olfa Kanoun, Chair for Measurement and Sensor Technology, Technische
Universitat Chemnitz, Chemnitz, Germany
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Fig. 1. Alignment of AD conversion during continuous sampling at a sampling rate of fs =1/ Ts.

2 Method

2.1 Measurement Model

For impedance measurement, that is on batteries using the sampling technique,
the perturbation as the current flow as well as the reaction as a voltage drop is
measured. Whether the current or the voltage is the perturbation usually depends
on the characteristics of the device under test. For low ohmic devices a current
perturbation is preferred, for high ohmic devices a voltage perturbation in most cases.
In Fig. 2 the time-dependent current-flow i and voltage-drop u are depicted as two
different measurement channels. The voltage drop has a second dependency besides
the time caused by the shift A of sampling points between both measurement channels
(compare with Fig. 1). The device under test (DUT) itself is assumed to be linear,
frequency dependent and constant in its characteristics during the measurement.

Z(jw) i®
V\_/:l
u(t; A)

Fig. 2. Measurement model of complex impedance Z with the current i and voltage u.

The current applied to the DUT and the resulting voltage drop are formulated as in
the equations 1 and 2. ¢; and ¢y indicate an absolute phase shift with respect to a
reference mark in time, see ¢t; in Fig. 1. The phase angles ¢, ; , indicate a correction
term caused by uncertainties in the timing like jitter.

i(t) = In(w) - el @t+eitoe) )
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A correction term ¢, for the delay between the measurement of voltage and current is
introduced for the voltage channel.

u(t,A) = Up(w) - el @t Put@eu+@a) )
From the previous equations the impedance Z is represented by the expression 3

u(t,A)
i(t)
After reformulation of expression 3 using the equations 1 and 2 and grouping-related

parts the following equation is obtained.

Z(t,A) = 3

Z(w,A) = Uo(w) L@l @u=9) | i9a | (i(@eu=¢e) %)
Io(w)

This equation contains four parts from left to right:

— Magnitude of the DUTs impedance, for the frequency w

— Phase angle of the DUTs impedance, as from measurements using simultaneous
sampling of perturbation and reaction

— Phase error caused by the delay A between the samples in the measurement
channels from synchronous sampling

— Phase noise, that is due to clock jitter

Errors due to phase noise will be assumed to be negligible as the sampling rate (5 kHz)
is magnitudes smaller compared with the clock of some megahertz being used for
triggering of ADCs.

2.2 Phase Correction

In the continuous sampling process the delay between perturbation and reaction is
constant, compared with Fig. 1. According to the shift property of the Fourier trans-
form, this results in a frequency-dependent phase shift of the Fourier coefficient X [5].

Fx(t-4)) = X(w)exp 14 (5)

Thereby compensation of the phase error in the impedance Z can be done using the
correction term in equation 6.

Pp=wA (6)
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3 Experimental Validation

A lithium battery perturbed using a multi-sine sequence was used for verification
of the described approach. The multi-sine signals contained equally distributed
spectral components on a logarithmic frequency axis from 1 kHz down to 10 mHz at a
sampling rate of 5 kHz. The impedance spectrum of the three scenarios, simultaneous
measurement with A = 0 (Z,¢), synchronous measurement with A # 0 (Zgp;ifieq) and the
compensated impedance spectrum Zcomp using the described approach, is depicted
in Fig. 3.

The compensated impedance as well as the reference impedance show a good
match. In Figs 4 and 5 the magnitude and phase errors after compensation compared
with reference method using simultaneous sampling are shown.

The deviation for both the relative error of phase and magnitude after phase
compensation is about 0.1% or less. Consequentially synchronous sampled data
instead of simultaneous sampled data can be used for the measurement of impedance
spectra.

5 _ i ; x
AT Ziet —*~ Zshifted * Zcomp ‘
c 0 ]
z ] ¥ ., Vat
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f\‘ | '....,_,“..._-_'f:?./
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Fig. 3. Impedance Z, using classical measurement with simultaneous sampling, synchronous
sampling and phase-corrected impedance from synchronous sampled data.
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Fig. 4. Magnitude error of the impedance Zcomp with respect to the impedance Z,¢ after error
compensation induced by the delay 4 in the measurement.
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Fig. 5. Phase error of the impedance Zcomp With respect to the impedance Z, after error
compensation induced by the delay 4 in the measurement.

4

Conclusion

By using synchronous instead of simultaneous sampled data the following degrees of
freedom get available.

(1]

[2]

13

[4]

(5]

Reduction of hardware complexity by using one ADC for multiple measurement
channels with successive sampled data within one cycle

Reduction of the amount of data to be measured and processed in multi-channel
measurement systems measuring the perturbation once and the reaction of
multiple channels

The method applies for all types of perturbation commonly used in measurements
for IS like single- and multi-sines, chirps, steps, ...
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On-line State Estimation of Automotive
Batteries using In-situ Impedance
Spectroscopy

Abstract: Safe operation of Li-ion traction batteries in electric cars is one of the main
requirements for a broad acceptance of this technology. Safety critical factors such as
over-temperature conditions must be reliably monitored and captured. Increasingly
strict safety regulations in the automotive sector imply rising challenges to both
car manufacturers and battery system suppliers and hence resilient, reliable yet
inexpensive tools for battery state diagnosis are necessary to address these topics.
The approach presented here is a battery diagnosis tool based on in-situ galvanostatic
electrochemical impedance spectroscopy, which can be integrated into a standard
battery management system. The algorithms, which are used to convert the impedance
measurements into valuable battery temperature estimations, are based on numeric
correlations between the impedance and these state variables. It is shown that the
method can be used even in non-equilibrium state of the battery, thus improving the
functional safety in electric cars during the usage of a battery pack by redundant
monitoring of the battery temperature.

Keywords: Electric cars, battery temperature, battery safety, impedance spectroscopy

1 Introduction

State-of-the-art battery monitoring in electric vehicles mainly consists of battery
voltage, direct current and temperature measurements [1]. The interpretation of the
measured data depends on the algorithms, which are implemented in the battery
management system. There exists a variety of algorithms, which differ in their kind
of data analysis, accuracy and required computational power.

In recent years efforts have been made to determine battery states like temper-
ature, state of health or state of charge by means of electrochemical impedance
spectroscopy. Numerous solutions for battery temperature estimation were pre-
sented using correlations between cell temperature and single-frequency impedance
measurement data [2, 3] or broad-frequency band impedance measurement data
[4-6]. Similar methods were also used for state-of-health estimation [7, 8] and
state-of-charge estimation [9]. It could be shown that these techniques lead to
reasonable results on laboratory scale. However, the implementation of hardware
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and appropriate algorithms into automotive battery management systems, which are
needed for impedance measurements, is still a challenge due to the ambitious func-
tional safety requirements of automotive industry. Furthermore, the cited approaches
are all based on impedance measurements performed while the batteries were in
equilibrium state meaning that no direct current (DC) was applied during or before
the impedance measurements, but especially a temperature estimation is useful just
during current loads to monitor the increase of the battery temperature.

The approach presented here is a battery diagnosis tool based on in-situ gal-
vanostatic electrochemical impedance spectroscopy, which can be embedded into
a standard battery management system. It is designed for on-line battery state esti-
mation. In this study, it is shown that impedance measurements can be successfully
applied for battery temperature estimation during charge and discharge processes as
well as dynamic current loads.

2 Experimental Details

In this study the impedance of 21 Ah Li(NMC)O, automotive-grade pouch cells were
characterized. Regarding the data sheet these cells can be charged with up to 3 °C
between 0 °C and 55 °C and discharged with up to 5 C between —-20 °C and 55 °C.
Impedance measurements were performed in galvanostatic mode with an excitation
amplitude of 200 mA in a frequency range from 10 kHz to 10 mHz using a Gamry
IF1000 galvanostat. To investigate the influence of a DC-offset on the impedance
measurements a DC-offset of 0.5 A was superimposed on the AC-excitation in charge
as well as in discharge direction. The ambient temperature was adjusted from 0 °C to
50 °C using a Binder MK53 temperature chamber.

3 Results and Discussion

Estimating the battery temperature via in-situ impedance measurements requires a
correlation between both values being unique for each cell. Getting this numerical
correlation out of impedance measurements in equilibrium state of the respective
battery can be achieved easily (see Chapter 1). For practical applications detailed infor-
mation about the dependence of this correlation from the DC-load and the DC-profile
is necessary to monitor the temperature also during these non-equilibrium states.

3.1 Impedance Measurements

Fig. 1 shows the experimental sequence of the impedance measurements. The ref-
erence measurement (1) was carried out over the full frequency range and under
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Fig. 1. Experimental procedure for battery characterization: (1) /Inc = 0 A; (2) Inc = 0.5A; (3) Ipc =
—-0.5A; (4) Ipc = 0 A after 1A pulse and (5) Ipc = 0 A after -1 A pulse.

electrochemical and thermal equilibrium conditions meaning that the DC-offset was
Ipc = 0 A. Non-equilibrium measurements were performed over the full frequency
range with a DC-offset of Inc = 0.5 A (2) and Ipc = -0.5 A (3). Each measurement
took about 35 min. The state-of-charge variation between the beginning and the
end of both measurements was about 1.5% meaning that the expected change in
the impedance spectra between the equilibrium and non-equilibrium measurements
could rather be attributed to the DC-offset than to the state of charge dependency
of the impedance itself. Measurements (4) and (5) are single-frequency impedance
measurements determining the impedance of the cells right after a current pulse of
1 A and -1 A for 10 s, respectively. After each measurement the cells were stored for
3 h to achieve electrochemical and thermal equilibrium again.

Fig. 2 shows some Bode plots of equilibrium and their corresponding non-
equilibrium impedance measurements. The absolute value of Z at the frequency
where the phase angle is zero represents the total ohmic resistance of the cell mainly
determined by the resistance of the electrolyte. Following Ohm’s law the electrolyte
resistance decreases from about 1.6 mQ at 10 °C to 1.2 mQ at 50 °C. The structure
of the inductive part of the spectra in the high-frequency range (¢ > 0°) is basically
independent of the temperature. The mid-frequency ranges from about 1 Hz to 1 kHz
represents the charge transfer kinetics at the electrode/electrolyte interface and shows
a strong temperature dependence, which can be expressed by the Butler-Volmer
equation.
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Fig. 2. Bode plot of impedance measurements with /pc = 0 Aand /pc = -0.5 A at 10, 30 and 50 °C,
respectively.

Below 1 Hz diffusion is the dominating process. The qualitative behaviour of the
impedance is almost equal in the equilibrium and non-equilibrium spectra, respec-
tively. This indicates that the measurements were performed under reproducible
conditions. The qualitative behaviour of the impedance as a function of the frequency
and the temperature is comparable to the results of other impedance studies on
lithium-ion cells [2-6]. Applying a DC-offset during the impedance measurements
leads to changing impedances indicating that the direct current influences the
diffusion kinetics.

3.2 In-situ Impedance Measurements

The precise quantification of the correlation between the battery temperature and
its impedance is the most important requirement for an accurate temperature esti-
mation. Besides a quantification of this correlation for electrochemical and thermal
equilibrium state, a massive amount of characterization effort as well as increased
model complexity would arise if the correlation has to be quantified separately for
all non-equilibrium states. Thus, the excitation frequencies at which the correla-
tion is quantified should be carefully chosen in a way that the influence of the
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non-equilibrium states is minimized. This would only lead to the necessity of the
numerical correlation gathered during equilibrium state. Using this correlation in
non-equilibrium conditions leads to an error of the temperature estimation depending
on the deviation of the battery impedance between equilibrium and non-equilibrium
states, which will be discussed below.

Fig. 3A shows the temperature dependence of the impedance Z measured at
a chosen frequency under the different load conditions described in Section 3.1.
The relations between the impedance and the temperature can be accurately fitted
by polynomial functions, whereas Zeq(T) is the correlation function obtained in
equilibrium state and Zpeq(T, Ipc,...) are the correlation functions for different
non-equilibrium conditions. The deviations between the impedances obtained at
equilibrium and non-equilibrium states are shown in Fig. 3B. It can be seen that the
current load, which was superimposed to the impedance measurement, leads to a
deviation of less than 4% in a temperature range from 10 °C to 50 °C and about 7% at
0 °C. Applying a current pulse right before an impedance measurement with Inc =0 A
leads to a deviation of less than 4% with respect to the equilibrium impedance in the
full temperature range.

1,04 sl
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o] _‘,,_r—.-c""‘.-#
S 0,84 aeasd
3 e
£ 0,6 L —=— Ipc=0A
e il i = Ipc=05A
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Fig. 3. (A) Measured impedance as a function of battery temperature for different current loads; (B)
deviation of the measured impedances with respect to the reference measurement with /pc = 0 A at
different temperatures.
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An estimation of the battery temperature via impedance measurements can be
performed using the inverse correlation function Teq(Z) even for impedance values
obtained under non-equilibrium conditions. As a consequence thereof the error AT of
this estimation is given by the difference between Teq(Z(Ipc #0)) and Teq(Z(Ipc = 0))
for the measured value of the impedance. Because of the small deviation between
Zeq(T) and Zneq(T, Ipc, . ..) as shown in Fig. 3, this procedure seems suitable for an
accurate in-situ temperature estimation.

4 Conclusions

In this chapter an impedance measurement study on automotive-grade Li(NMC)O,
batteries was presented. Impedance measurements in equilibrium and non-
equilibrium states were performed at different temperatures. It could be shown
that a numerical correlation between the impedance and the battery temperature
exists for the examined cell type. The impedance values at chosen frequencies
measured at non-equilibrium states showed only a small deviation from those
measured at equilibrium state. However, the behaviour of the impedance at higher
DC-offsets has to be further investigated to fit application-related circumstances.
Thus, temperature estimation with impedance values measured at non-equilibrium
conditions can be made using the numerical correlation between the impedance
measured in equilibrium state and the battery temperature. This correlation can
be generated experimentally in a short period of time saving lots of experimental
efforts. This procedure allows to determine the battery temperature by an impedance
measurement during dynamic charge and discharge processes, which occurs for
example in electric cars. The presented approach can be used in such applications as
a redundant method for battery temperature estimation, which has the potential to
increase the functional safety of the whole battery pack.

Acknowledgements: The authors acknowledge the financial support by the European
Union within the project FP7-22013-ICT-GC/608756.
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Christian Weber, Markus Tahedl and Olfa Kanoun
Capacitive Measurements for Characterizing
Thin Layers of Aqueous Solutions

Abstract: In many industrial applications, non-contacting capacitive sensors are used
to detect conductive fluids. In some applications, online determination of material
properties is needed to ensure safe and reliable operation of the sensor. Impedance
spectroscopy is an interesting method to characterize the electrode impedance over
frequency, conductivity and layer thickness of the fluid. In this contribution, a
measurement set-up to generate thin layers of aqueous solutions is described and
evaluated. Impedance spectra for different conductivities and layer thicknesses were
recorded. The measured data were checked for consistency using a Kramers-Kronig
fitting algorithm. Data are consistent in a frequency range from 20 kHz up to 30 MHz.
Measured data are interpreted using an electrical equivalent circuit. The proposed
circuit fits well to experimental data.

Keywords: Impedance sensors, capacitive sensors, electrical equivalent circuit,
modeling, consistency check

1 Introduction

Capacitive sensors are often used for contact-less detection of liquid, conductive me-
dia. In some applications, the sensors are mounted on the outside of a non-conductive
container to detect whether the fluid has exceeded a certain fill level threshold.
Conductive films on the inside of the container might influence the sensors operation
and produce a false-positive signal. To distinguish a thin conductive film from
the actual fill level, one possible approach is to extract material thickness and
conductivity from the measured data.

Many approaches to determine material properties from measured impedances
have been proposed. An overview of techniques for contact-less measurement of
mostly non-conductive fluids is given in [1]. These methods include electronic ca-
pacitance tomography, which is used to determine the permittivity distribution from
measured data obtained from a system of electrodes for gas/water/oil flow measure-
ment [2]. Other methods include the determination of fill levels using contacting
electrode arrays [3] or non-contacting electrode pairs [4]. In this contribution, a
measurement set-up for producing thin layers of aqueous solutions is developed.
To identify systematic deviations and inconsistencies in the measured data, data
validation using Kramers—Kronig relations is carried out. Impedance measurements
for different conductivities and layer thicknesses are made and results are evaluated

Christian Weber and Markus Tahedl, ifm efector gmbh, 88069 Tettnang, Germany
Olfa Kanoun, Technische Universitdt Chemnitz, 09126 Chemnitz, Germany
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using an electrical equivalent circuit (EEC) representing the physical properties of the
measurement set-up.

2 Measurement Set-up

Capacitive sensors are often used to detect conductive fluids in large containers.
These sensors are compactly built using only a single sensing electrode and a
shielding electrode. Capacitance is measured between the sensing electrode and
its environment. These sensors may be influenced by thin conductive layers in the
vicinity of the sensing electrode. The measurement set-up needs to emulate these
conditions as closely as possible.

M12x0.5 scew — dial gauge
copper ring
RG178 cable
plastic frame —
aqueous solution
air /copper ring % Z Instrument
— \ | :
\ | M30 plastic screw
B plastic| =
metal socket sensing
92mm (ground) electrode
high potental
62mm ) n top side
AAAAAAAAAA 12mm low potential L]
T ground (shield) N\ _
-~ o’ bottom side
90mm
) (®

Fig. 1. Measurement set-up concept drawings. (A) The basic concept of the set-up consisting of an
inner and an outer cylinder. (B) Final set-up including the sensing electrode on a printed circuit
board connecting it to the instrument. The ground potential of the instrument is used as shield
potential.

To characterize aqueous films in terms of layer thickness and conductivity, the
measurement set-up needs to reliably produce a film of the solution with a defined
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thickness. Influence of the measurement set-up needs to be negligible. Also, the set-up
must be easily connectable to an impedance measurement instrument.

Fig. 2. Photos of the measurement set-up. (A) An overview of the set-up. (B) PCB electrode connected
to the instrument via short wires using 16047E adapter.

The measurement set-up shown in Fig. 1 consists of an outer and an inner cylin-
der fabricated from polyoxymethylene (POM) and polyethylenterephthalate (PET),
respectively. The measurement set-up is rotationally symmetric, because it is easier
to model with either an analytical model [5] or the finite element method. Fig. 2 shows
two photographs of the measurement set-up. The diameter of the outer cylinder was
chosen to be much larger than the electrode diameter to emulate a large container. The
inner cylinder is hollow to emulate the free space behind the liquid layer. The outer
cylinder contains the solution to be measured and a copper ring, used for grounding
the solution, which is connected to the low-port of an Agilent 4294A Impedance
Analyser via a RG178 coaxial cable. To adjust the layer thickness at the bottom of the
set-up, the inner cylinder is connected to a M12 x 0.5 screw, while its vertical position
is measured with a dial gauge.

The sensing electrode is circular consisting of an inner and an outer electrode
with a radius of 9.5 and 11 mm, respectively. The high potential port is connected to
the inner sensing electrode, while the low port is connected to the copper ring and
the outer sensing electrode. The metal socket is connected to the ground terminal of
the instrument to shield the backside of the electrode. Connection to the instrument is
established by two printed circuit board (PCB) tracks. A third track between the low-
and high-potential track is connected to ground to shield their stray capacitance. A
large shielding electrode on the topside of the PCB prevents additional stray effects
caused by the tracks.
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Tap water and potassium chloride solutions of varying concentration are used
as material under test (MUT). Potassium chloride is used because its conductivity is
well defined [6]. The measurement set-up containing the MUT is connected to the
instrument via an Agilent 16047E adapter. In this chapter, the measurement set-up
containing the liquid will be referred to as device under test (DUT).

To eliminate stray parameters of the adapter, an OPEN/SHORT/LOAD calibration
scheme provided by the instrument has been employed. A 100Q resistor was used
as LOAD-standard. Its series resistance was measured at 40 Hz, while its series
inductance was measured at 2 MHz. Both values were used as parameters for the
instrument’s built-in calibration procedure. Calibration was done at the adapter
without the connected measurement set-up, because stray effects of the PCB tracks
are sufficiently small. The stray capacitance and loss factor of the PCB tracks were
measured by fabricating a variant of the PCB without an electrode. At 2 MHz the stray
capacitance between tracks is 0.27 pF with a loss factor of 8%. The series resistance
is measured by shorting the two PCB tracks at their end. Their resistance at 40 Hz is
0.12Q and their inductance at 2 MHz is 0.11 uH. The cable capacitance of the RG178
coaxial cable connecting the copper ring to the instruments low port is compensated
by connecting the outer conductor to instrument ground. Its stray inductance Ls may
be calculated by using the known formula for the impedance of a lossless transmission
line Z; and the stray capacitance Cs:

Li=27;%-Cs 6)

Values for Cs and Z; were taken from [7]. The stray inductance of an RG178 cable is
therefore 0.24 42

3 Data Validation

When interpreting data using EECs, two different causes for systematic deviations
between measured and fitted data can be distinguished. Either the chosen equivalent
circuit is not suitable for a particular data set, or the data set itself contains systematic
errors. To check the data set for systematic errors, data validation may be employed.
The real and imaginary part of impedance data are related by the Kramers—Kronig
relations. If a system fulfills these relations, it is causal, linear and time-invariant.
To check the consistency of the measurement, data are validated using a linear
Kramers—Kronig fitting algorithm proposed in [8] and improved in [9]. As described
in [8], the measured admittance spectrum Ymess is fitted to the circuit in Fig. 3. It
consists of M RC-elements with logarithmically distributed time constants. Typical
values range from three to seven time constants per decade [9]. The real part of the
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Fig. 3. EEC used for data validation.

model admittance Y,,,q depends on the angular frequency w and can be expressed as

M 22
_ 1 w Ci Ri
#¥mod) = 5+ ZH 1+w2C?R? @
while the imaginary part is
M
1 wC;

& = - W
S(Ymoa) = wCp o, + E [+ wlCIR? 3)

i=1

The EEC is linear, causal and time-invariant if its parameters are constant. Also, its
poles have to be at fixed frequencies and have to be negative. The parameters Ly, Cp,
Ro., C; and R; may be extracted by a linear fit. However, the EEC shown in Fig. 3is a
purely behavioural model and does not represent physical processes. The fitted values
might even be negative [8]. Therefore, this model is only used for data validation. If
the relative difference between measured and fitted data is small, the data set fulfils
Kramers—Kronig transformation rules and is therefore valid. The relative difference
between fitted and measured data may be computed as follows:

B ’%(Ymeas) - 8%(Ymod)‘

Au. = -100% )
Re ‘%(Ymeas)|
’3( Ymeas) - S(Ymod) ‘
A _ -100% )
Im |%(Ymeas)| ’

Fig. 4 shows an example of data validation using Kramers—Kronig relations. All
measured data points with a relative difference greater than the error threshold Ag,
or Ay, may be excluded from the spectrum. The error threshold was determined by
experiment. Typical values range from 1% to 4%.
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Fig. 4. Example for data validation using Kramers—Kronig relations. The marked data points are
excluded for the measured data.

4 Experimental Investigations

Complex Impedance spectra were measured at room temperature for four different
layer thicknesses between 0.25 and 1 mm and two conductivities ¢ in a frequency
range from 20 kHz to 30 MHz. At frequencies greater than 30 MHz measured data
are no longer consistent. Cause for this effect might be the measurement inaccuracy
of the 16047E adapter. It is specified in a frequency range up to 110 MHz but causes
a significant measurement error at frequencies greater than 15 MHz [10]. Below 20
kHz the absolute impedance value of the device under test is too large for accurate
measurements of $(Z). The upper plots of figures 5 and 6 show Nyquist graphs of
measured and validated data. At low frequencies, the effect of the lossy dielectric
materials used in the measurement set-up and the effect of the PCB is dominant
because the electric field cannot penetrate the conductive MUT. Because of this, the
coupling capacitance has a much larger impedance than the rest of the components of
the DUT. To extract the physical parameters of the system, measured data are fitted to
an EEC using [11]. Theoretical considerations [5] suggest a second-order EEC shown in
Fig. 7b. The constant phase element (CPE) is used to model lossy dielectric media (e.g.
plastic components) used in the measurement set-up. Its complex impedance may be
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Fig. 5. Nyquist plots for tap water o = 0.59%, T = 21.9°C. The top plot shows the measured and
validated data. The bottom plot shows the same data set minus the constant phase element.

calculated by
1,. =
Zcpg = a(lw) " (6)

with parameters Q, n and j = v/~1 [12]. The sensor electrode capacitively drives the
MUT, which is represented by the contact resistance R;. The bulk characteristics of the
MUT are described by R, and C,. Direct capacitive coupling between the measuring
electrode and low potential is modelled by C;. Subtracting Zcpg from the measured
impedance yields the lower plots of Figs 5 and 6. The EEC shown in figure 7b is based
on physical considerations. However, when using a non-linear fit, it may be difficult to
choose initial values for this circuit. Instead, we suggest to first fit the validated data
set to the EEC in Fig. 7A. Initial values for this topology are easier to choose because its
time-constants are represented by a series circuit. After extracting the parameters for
Fig. 7A, parameters for Fig. 7B may be calculated by considering the transfer function
of both EECs. Both circuits have the same number of poles and zeros. If the poles/zeros
are equal, both EECs behave the same way, which leads to a system of equations.
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Fig. 6. Nyquist plots for KCl solution o = 2.17%, T =20.7°C. The top plot shows the measured and
validated data. The bottom plot shows the same data set minus the constant phase element.
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Fig. 7. Equivalent circuit models. The left circuit is used to fit measured data. Fitted parameters are
then converted to the right circuit. (A) Behavioural EEC for measured data; (B) EEC representing
physical processes.
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Solving the equation system yields

_RiR}-(Ci+C3)°

Ry =12 o) @
LRGP ARsCY
* Pk _ *\2
RZZ(C*IR*lz CZ*RZ*)Z (8)
RiC;Z+R3C3
CiCs
C1=1"% ©
C1+C2
2
(RTCT2+R§C§2)
C, = (10)

(C;+C3)- (C{R; - C3R3)*

5 Results

The parameters for the EEC are extracted and shown in Tabs. 1 and 2. Figs 8 and 9 show
the relative difference A of the absolute impedance |Z| and the phase angle ¢ between
fitted curves and the measured data. For all cases, the relative difference is within *
2%. The simple EEC therefore approximates the general behaviour of measured data

Tab. 1. Fitted parameters for tap water

Tap Water 0.59 mS/cm

0.25mm 0.5mm 0.75mm I1mm

Ci/pF 7.3 7.67 7.97  8.03
G2/ pF 1150 1250 1340 1230
R1/kQ 20.6 17.9 15.6  15.3
Ry [ kQ 3.04 2.08 1.63  1.91
Q-102 6.85 6.89 6.92  6.91

n 0.996 0.996 0.995 0.995

Tab. 2. Fitted parameters for potassium chloride

KCl2.17 mS/cm

0.25mm 0.5mm 0.75mm 1mm

Ci/pF 7.58 8.07 8.1 8.2
G2/ pF 915 884 894 903
Ri/kQ 5.53 4.57 431 4.6
Ry [ kQ 1.7 1.73 1.65  1.62
Q-102 7 7 7.01  7.01

n 0.995 0.995 0.995 0.995
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reasonably well. However, there is still a systematic difference between the measured
and fitted curves since the relative difference is not a random distribution around the
0% axis. The deviation is highest in *(Z), where the relative difference between fitted
and measured data is up to 20%. Because the real part of the measured impedance is
much smaller than the imaginary part, the general behaviour of the system can still
be approximated well.

0.25mm
0.5mm

— — 0.75mm

1imm

Fig. 8. Relative difference between fitted and measured data (tap water). (Top plot: Relative
difference for |Z|. Bottom plot: Relative difference for arg(2)).

To check whether the chosen EEC yields enough information about the physical
properties of the system, one has to closely consider the extracted parameters.

The CPE parameters are approximately constant for all layer thicknesses and both
measured conductivities. Also, n is very close to 1, which is to be expected when
employing capacitive coupling, although some losses may arise from plastics and
the PCB. The slight dependence of the CPE parameters on MUT properties may arise
from stray field effects of the measurement electrode through the thin outer wall
of the measurement set-up. Also, for constant layer thicknesses, changing material
conductivity should only affect the fitted resistances, which is not the case here. One
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would also expect (R; +R>) - 0 to be constant for a single-layer thickness [5]. The
extracted capacitances do not always increase monotonously with increasing layer
thickness. A possible cause for this may be frequency-dependent conductivity and
permittivity of the MUT or insufficient sensitivity of the non-linear fit.

0.25mm
0.5mm
— — 0.75mm

imm

Fig. 9. Relative difference between fitted and measured data (potassium chloride). (Top plot:
Relative difference for |Z|. Bottom plot: Relative difference for arg(2)).

To check whether the sensitivity of the non-linear fit is sufficient to extract the desired
parameters, a sensitivity analysis [13] for the EEC in Fig. 7A is carried out. The
sensitivity of an EEC towards a certain parameter may be calculated by considering the
partial derivation of the model function f(x1, x5, ..., xy). The normalized sensitivity
Sy, for a parameter x; is [13]

_of
SXi - TM Xi (11)

The result of the sensitivity analysis for the given EEC in Fig. 7A is shown in Figs 10 and
11. In the low-frequency region, the sensitivity of the CPE parameters is several orders
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Fig. 10. Sensitivity for R}, R}, C; and C5. The top and bottom plots show the sensitivity for real and
imaginary parts, respectively.

of magnitude higher than the sensitivity of all other parameters. Also, the greater of
the two time constants made up by R} and C7 has a much lower sensitivity, than the
time constant made up by R3 and C3. Its sensitivity approaches zero for frequencies
greater than 500 kHz. Thus, to reliably fit R} and C}, more measurement points in the
low-frequency region are needed.

6 Conclusion

A measurement set-up for characterizing the electric impedance of thin layers of
aqueous solutions has been developed and measurements have been carried out.
Data consistency is observed in a frequency range from 20 kHz up to 30 MHz.
Measured data in this frequency range are consistent in terms of linearity, causality
and time invariance. This range may be used to characterize aqueous solutions with a
conductivity of up to 2.17 mS/cm and layer thickness of up to 1 mm. Plastic components
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Fig. 11. Sensitivity for CPE parameters Q and n. The top and bottom plots show the sensitivity for
real and imaginary part, respectively.

of the set-up can be modelled as a CPE and subtracted from the measured spectrum.
The data may be fitted to an EEC with two time constants modelling the conductivity
and layer thickness of the MUT in terms of electrical resistance and capacitance. The
model approximates the behaviour of the system reasonably well. However, there is
still a systematic deviation between modelled and fitted data. Causes for this effect
will be investigated. At frequencies greater than 30 MHz, measured data are no longer
consistent because the relative difference between measured and Kramers—-Kronig
fitted data exceeds the error threshold. Further investigation regarding measurement
artefacts will be performed.
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Low-Frequency Dielectric Spectroscopy
Approach to Water Content in Winter Premium
Diesel Fuel Assessment

Abstract: In this chapter, an attempt was made to evaluate the water content in the
diesel fuel using dielectric constant calculated on the basis of diesel’s impedance.
Measurements were performed with the use of electrochemical impedance spec-
troscopy system in frequency range of 0.1 Hz to 1 kHz and were designed to verify
experimentally that this approach can be used as an in situ, relatively cheap and fast
alternative compared with laboratory method widely used nowadays. Known amounts
of water were added to the diesel samples beyond content allowed by the standard.
Experimental results show that with some limitations, impedance spectroscopy and
dielectric constant calculation can be used to estimate water content in diesel fuel at
least until a solubility limit is reached.

Keywords: Dielectric spectroscopy, diesel fuel, water content

1 Introduction

Many types of vehicles, locomotives, ships and even electricity generation plants are
driven by a very common fuel. Diesel is a result of crude oil’s distillation, and it
consists of several types of hydrocarbons (about 75% saturated, 25% aromatic), as
well as various kinds of additives and enhancers added during production [1]. A few
percent of fatty acid methyl ester are also added in many countries. For example, in
Poland, there are 7% (V/V) of biocomponents in each type of commercially available
fuel.

The precise chemical composition of diesel is never the same. One of the reasons
is that distillation, like any process, is never performed with 100% efficiency. Another
one is the crude oil itself, which is not always the same. At the opposite, there is
an obvious need to maintain the quality of diesel fuel that is being sold. Within
the European Union, the EN 590 standard is valid. It contains ranges of physical
properties’ permissible values and lists the corresponding test methods to verify them.

Improved performance and efficiency of diesel engines imply an increase in their
sensitivity to all kinds of the contaminants in fuel. Very high pressures exceeding
300 MPa are featured by modern direct injection systems (common rail). Such values
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would not be possible to achieve without rigorous fuel parameters that ensure the
absence of aggressive for metal alloys substances, of which engines are composed.
Particularly newer engines’ fuel rails are sensitive to water content in the fuel.
Although serious failures due to water contamination may occur relatively rarely, they
do happen creating considerable and unnecessary expenses.

Water and diesel are immiscible in general, but over a dozen ppm at a production
stage is absolutely normal and difficult to decrease. From a consumer point of view,
higher water amounts can be present in fuel because of either condensation processes
or some kind of failure during fuel transportation or storage. Denser water settles
at the bottom over time, but each movement can pick up some amount again. The
solubility limit of water in diesel is reported to be very low (100 ppm at 40°C [2]), but
various kinds of additives can make it significantly higher. Although such amount
is relatively low, water in diesel can still be treated as a dangerous contamination.
Only 200 mg/kg is allowed by the aforementioned standard, EN 590. Coulometric Karl
Fischer titration method is indicated to be used for this determination, as it allows
obtaining very precise results in the range of 0.003%-0.100% (m/m). However, it
cannot be used in situ as it requires preparation of test samples and needs to be
performed in laboratory. One of the various methods proposed to evaluation of diesel
fuel properties is dielectric spectroscopy [3], but it has not yet been used for water
content assessment.

Approach presented in this chapter focuses on being relatively easy to be imple-
mented on-site in the future. For this a lower frequency range is chosen as it may
be both sufficient in terms of obtained results and less demanding in hardware and
immunity to various types of noise when used in portable measuring system. Reported
measurements should be regarded as preliminary, which were aimed to identify areas
requiring more attention in order to improve received results. Treating diesel fuel as
dielectric may be similar to what is done to transformer oil. In that case, using broad-
band dielectric spectroscopy is not necessary [4]. Determination of water content in
diesel fuel by calculating its dielectric constant may be another method that may be
complementary or replaceable for fitting equivalent circuit elements’ values [5]. In
both cases, impedance spectroscopy may be used to study properties of diesel fuel.

2 Material and Methods

The main objective of the study was to verify experimentally that different known wa-
ter contents in the diesel fuel are identifiable and thus measurable using impedance
spectroscopy and calculated dielectric constant. Winter premium diesel fuel samples
were obtained from a gas station and were examined before and after water addition.
Bought sample was sent for an analysis by the titration method, and the result shows
that there was 40 mg/kg of water content from the moment of fuel’s purchase [6].
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2.1 Diesel Fuel Samples

Premium-type diesel fuels are declared by producers as containing engine cleaning
substances, with a higher cetane number or as sulphur free. Some are advertised as
being capable of protecting engines against corrosion or improving their lubricity.
Diesel studies are difficult because of the lack of full reproducibility of fuel itself
combined with the fact that each additive and enhancer added during or after
production are secrets of the producer. Pure diesel fuel can be treated as dielectric
[7], but each additive makes its dielectric properties more complex.

Fig. 1. (A) Sample with immersed electrodes. (B) Electrodes used in the experiment.

Samples of 500 ml capacity were examined in a glass beakers (shown in Fig. 1A) at
a temperature of 27.5°C. Demineralized water was added to bought fuel to create
separate samples with concentrations of 0.01%, 0.02%, 0.03%, 0.04%, 0.05% and
0.06% (in volume). All samples were stirred with a magnetic stirrer for 30 minutes
before starting and during the experiment at the same velocity to ensure the same
measurement conditions. More efficient methods of mixing immiscible substances
exist, but this mechanic way was supposed to mimic what can be observed in everyday
life, for example, in car fuel tanks.

2.2 Electrodes

Two circular parallel electrodes made of copper with a surface area of 25cm?
each, spaced by 1.95 mm, were immersed in diesel samples. Fig. 1B illustrates both
electrodes and four supports providing the planned distance. As it can be seen,

printed on 2/14/2023 6:18 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

76 —— tukasz Macioszek and Ryszard Rybski

the actual electrodes were in form of copper layer (35 um) on a laminate, the same
that is usually used to build electronic circuits. Although better materials that can
be used as electrodes exist, such as platinum, gold or stainless steel, which are
less chemically reactive, the ones presented in the chapter were good enough for
performing preliminary measurements. After each measurement, electrodes were
washed with water and acetone to clear out all the remains of diesel oil. To maintain
reproducibility of the measurements, electrodes were also polished with water emery
paper to remove any oxides. This process changes micro-scale properties of copper
but in macro-scale had no negative influence on measured impedance. After such
cleaning, electrodes were dried and used again.

2.3 Impedance Spectroscopy

Prepared diesel fuel samples’ impedance was measured in a frequency range of
0.1 Hz to 1 kHz with a 300-mV RMS amplitude. The EG&G/Princeton Applied Research
electrochemical impedance spectroscopy laboratory system was used, consisting of
the 263A potentiostat/galvanostat, 5210 dual-phase lock-in amplifier and PowerSINE
software. The system was calibrated according to the manufacturer’s recommenda-
tions, and self-calibration before each measurement was also performed. Measured
impedance in form of Z*(w) = Z'(w) - jZ"(w) was used to calculate the samples’
complex relative permittivity with the use of electric modulus [7] M*(w) = 1/e*(w) =
jwCoZ*(w), where C, refers to capacitance of the vacuum cell.

3 Results and Discussion

The aforementioned percentage values of water added to diesel fuel samples up
to 0.06% conform to 40 (bought fuel, no added water), 160, 281, 401, 522, 642
and 763 mg/kg, respectively. It means that the amount of water permitted by the
EN 590 standard is exceeded in third and subsequent samples. Complex phenomena
happen when water is added to diesel fuel, as it is not homogeneous substance.
More reactive to water than fuel itself can be additives added during production
to increase its conductivity to above 50 pS/m needed by transportation standard.
Additives used are the secret of producer and can be of various types; thus, it is hard
or impossible to make assumptions of precise electrochemical reactions taking place
in water-contaminated diesel. Diesel’s multifarious composition was the reason to
expect stronger increase in dielectric constant with the increase of water amount than
just result of calculation by adding two different values (34 + 88 for water and about
2 for pure diesel) in the above-mentioned proportions.
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Stray effects can be omitted as several measurement repeats did not reveal
values exceeding measurement error of the system used, and the most obvious factor
affecting value, that is temperature, was maintained nearly constant (+0.1°C). Fig. 2
presents the Nyquist plot with the measured impedance of seven diesel samples. It can
be seen that measured values form single semicircles. The centres of semicircles are
a bit depressed, which suggests that calculated capacitance will vary with frequency.
Although the right ends of semicircles are a bit raised, a further decrease in frequency
did not reveal second semicircles (not shown in Fig. 2). This raise may be associated
with diffusion phenomena occurring in the dielectric when a copper electrode is being
used [8] and was not treated as a primary and dominant phenomenon.

water content (mg/kg)
w40 +160 4281 0401 8522 x 642 -+ 763

Fig. 2. Nyquist plot of examined diesel fuel samples containing listed water concentrations.

Note that there was no apparent difference between diesel fuel samples containing
763 mg/kg and higher amounts of water, which are not presented in this chapter.
It can be seen in Fig. 3, where the real part of calculated dielectric constant (¢') is
displayed that the biggest difference between values happens to samples with 40 and
160 mg/kg of water. Further water addition made the differences between samples less
visible but until then dielectric constant of solution versus water content seems to be
close to linear. Fig. 3 shows also that calculated dielectric constant of above 6 might
be the mark of dangerously contaminated fuel. Water content of about 800 mg/kg
may be water solubility limit in this very examined winter premium diesel. Higher
concentrations (i.e., >2 g/kg) resulted in a visible change in transparency. Complex
electrochemical phenomena occur in non-homogeneous, immiscible liquids that are
studied as an interface between two immiscible electrolyte solutions (ITIES) and were
not within the scope of this chapter. Further increase in frequency up to 100 kHz did
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not reveal visible differences between samples’ measured impedance values. Thus,
it may be stated that in case of water-contaminated diesel, it may be pointless to
increase frequency above kilohertz range, which is also seen in studying dielectric
measurements of transformer oil [4].
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Fig. 3. Frequency spectra of diesel samples’ dielectric constant (&’).

Fig. 4 illustrates the calibration curve with a limit of detection at about 800 mg/kg
of water content in diesel fuel. Although till about 1.5 g/kg of added water samples
was at first sight homogeneous, their measured impedance values and thus dielectric
constants were indistinguishable.
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Fig. 4. Water content dependence of the dielectric constant (¢’) from the studied diesel samples.

EBSCChost - printed on 2/14/2023 6:18 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Low-Frequency Dielectric Spectroscopy Approach weg =——— 79

4 Conclusion

In this chapter, the use of dielectric spectroscopy for water content in winter pre-
mium diesel fuel assessment was discussed. Experimental results were reported and
analysed. Calculated dielectric constant of diesel samples as well as approximated
calibration curve was presented. They together show that with some limitations,
dielectric spectroscopy can be used for the evaluation of water amount in diesel fuel.

The first limitation was assumption within the evaluation that only water ad-
dition can change the impedance and thus dielectric constant of diesel fuel in the
above-presented way. As the exact composition of each fuel commercially available
is a trade secret, it is impossible to define what kind of additional substances and
in what quantities were added as improvers during production and what is their
effect in electrochemical and dielectric studies of diesel. There are substances that
can significantly increase the solubility limit of water in diesel and other that can
decrease its resistivity. Examining fuel with such addition would answer the question
whether dissolved water can still be easily detectable and measurable with the use of
impedance and dielectric spectroscopy.

The second limitation is the cell geometry. Precise capacitance measurements
require the smallest possible gap between plate electrodes. Used distance of 1.95 mm
may be too large to maintain high measure accuracy but was initially chosen to
avoid situation when water droplets would stick to both electrodes and make a short
circuit. The diameter of water drops depends on the quantity of water in diesel. It is
possible that a 1-mm gap would be sufficient to measure water content up to about
800 mg/kg. In addition, the design of electrodes including Kelvin guard ring could
make capacitance measurements even more precise [9].

Another encountered limitation was electrodes made of oxidizing metal.
Although the measuring voltage was relatively low (300 mV root mean square),
it might be sufficient to speed up the oxidation of electrodes if higher water
contents were to be measured. Oxidation effect can cause the lack of measurement
repeatability; thus, the proper electrode materials should be used. Evaluation of the
best possible material was not within the scope of this chapter but is inevitable.
Circular electrodes made of stainless steel were used elsewhere [3] without reports
about their oxidation. However, they were not exposed to water. Still, it would be
worth checking their usability in water content assessment as well as other kinds of
electrodes with gold and platinum that are used widely in electrochemistry.

Given the above limitations, we can still state that dielectric spectroscopy of
water-contaminated diesel fuel is reasonable and comparable favourably with meth-
ods that require preparation of the samples and thus can only be performed in
laboratory. Achieved accuracy of water content assessment may not reach the same
high level but it is not the most important factor in each case. Even though the top
measurable content of water was not established, contents exceeding the amount
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permitted by EN 590 standard were examined. Therefore, we can state that for this
very examined winter premium diesel fuel, calculated dielectric constant above
about 6 may indicate that it may not be safe for engine. Future studies about
other substances added should answer the question whether such value always
corresponds to hazardous diesel, which should attract special attention. Until then,
we believe that sporadic fake alarms would be better than a possible expensive repair
of the modern fuel injection system. The greatest advantage of using impedance
spectroscopy is that examination of matter can be performed without changing its
properties and composition. This ability makes it possible to build a device that could
work in situ. After proper calculations, it could warn a user that contamination was
found, and examined diesel fuel can be potentially dangerous to the engine.
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A Novel Method for Capacitive Determination
of the Overall Resistance of an Aqueous
Solution

Abstract: In industrial applications, non-contacting capacitive sensors are used to
detect conductive fluids in non-conductive containers. During use, layers of the
material to be detected may stick to the inside of the container, leading to measure-
ment deviations. It is therefore important to characterize the electrode impedance in
dependence on frequency, conductivity and layer thickness of the medium. To char-
acterize material properties, data are obtained and analysed over a broad frequency
range. Investigations have shown that in order to characterize highly conductive
media, very high measurement frequencies and bandwidth are required. In this
contribution, we propose to characterize thin layers of aqueous solutions by utilizing
only the low-frequency part of a spectrum. Compared to previously proposed methods,
the new simple approach can characterize solutions with a conductivity of up to 90 ‘c“—nsl
using measurement frequencies from 1-3 MHz. The obtained overall resistance can be
used to differentiate between a conductive build-up and the actual fill level.

Keywords: Impedance sensors, capacitive sensors, fill level, behavioral model

1 Introduction

Limit levels of a non-conductive container filled with a conductive fluid can be
detected using capacitive sensors. In some applications, the sensors are mounted
on the outside of a non-conductive container. Conductive films on the inside of the
container influence the sensors operation and in some cases produce a false positive
signal.

Many attempts to measure the fill level of conductive and non-conductive
fluids have been reported. An overview of measurement techniques for mostly
non-conductive fluids is given in [1] and [2]. In [3], a sensor for measuring the fill
level of a conductive fluid is described. The primary electrode of the sensor is a
non-inductively wound short-circuited coil around a non-conducting pipe. The fluid
acts as a second electrode of a cylindrical capacitor. However, the influence of thin
conductive layers in the vicinity of the primary electrode has not been reported.
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In a previous contribution [4], we proposed to extract material properties by fitting
complex impedance spectra to electrical equivalent circuits (EECs). However, using
EECs requires high measurement bandwidth to identify all unknown parameters [5].
Also, high conductivities cause very small time constants, which in turn require high
measurement frequencies. This leads to limitations regarding maximum conductivity
of the fluid to be characterized. Measurement frequencies up to 30 MHz had to be used
to characterize solutions with a relatively low conductivity of 2.17 rcn—nsl

Other researches [6] have proposed a method for contactless conductivity mea-
surement of droplets in a segmented flow in a frequency range from 1 to 10 MHz.
The proposed measurement setup is optimized in such a way that the coupling
capacitance is much larger than the solution capacitance, which allows for the
solution resistance to be directly calculated from the measured real part of the
impedance spectrum. However, this is not always the case in an industrial application,
where container walls may be much thicker. Containers may also be fabricated using
lossy dielectrics, which introduces an additional influence in the real part of the
impedance spectrum.

In this contribution, instead of using EECs, we propose a method that utilizes
only the low-frequency part of the complex impedance spectrum, where the coupling
constant phase element is dominant. We determine the loss factor and the intersection
point of the complex impedance curve with the real axis using a linear fit to a
first-order polynomial. The intersection point may then be used to characterize a given
aqueous solution with respect to its layer thickness. The method is first tested with
synthetic data using an analytical model [7]. The measurement effect is then validated
by experiments.

2 Proposed Measurement Method

In impedance spectroscopy, one possibility for signal processing is to fit the obtained
complex impedance spectra to a behavioural equivalent circuit model like in Fig.
1. The capacitive coupling into the solution through a lossy dielectric (i.e., poly-
oxymethylene (POM), polyethylene terephthalate (PET), etc.) can be represented by
a constant phase element (CPE) while the medium can be represented by a series of N
RC-elements. The time constant of the i-th RC-element is 7; = R;C; [4, 7].

However, a high conductivity of the solution leads to small values of the re-
sistances, which leads to small time constants and therefore to high measurement
frequency and bandwidth requirements. To sufficiently characterize aqueous solu-
tions with a high conductivity, we propose to only utilize the low-frequency part of
the impedance spectrum Z, which is dominated by the coupling CPE and the sum of
the N resistances.
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Fig. 1. Behavioural equivalent circuit model.

To determine the overall resistance Ry = Zfi 1 R; from that part, we need to fit the
imaginary part of the impedance 3{Z} to the following first-order polynomial:

R{Z} =D-3{Z}+Ry, M

R{Z} is the real part of the complex impedance, D is related to the loss factor and R
is the intercept point of the polynomial and the Nyquist plot real axis. Ry and D are
then determined by linear regression.

3 Impedance Simulation

In this section, synthetic impedance data are generated to test the proposed measure-
ment method for different layer thicknesses and conductivities. Impedance data were
calculated using a rotationally symmetric analytical model shown in Fig. 2. It consists
of three different regions in which the conductivity ¢ and the permittivity € may be

5
= 3 b e d
2
s
2
s 2
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%‘ air gap '
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a

Fig. 2. Geometry of the rotationally symmetric analytical model.
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freely chosen. Typically, region one models the lossy dielectric of the container wall,
region two models the conductive solution and region three is air. The dimensions a,
b, c, d, e and l are variable. Dirichlet boundary conditions are employed to model the
measurement electrode from 0 to c. Impedance is calculated by integrating the current
density across the electrode surface area. A more detailed description is given in [7].
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Fig. 3. Nyquist plot of the modelled impedance for several layer thicknesses. Ry is the intersection
point of the extrapolated low-frequency data with the real axis.
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Fig. 4. Overall resistance Rp versus layer thickness d;. Rp allows for a clear discernibility of layers
thicknesses between 0.1and 5 mm.
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Tab. 1. Fitted values for a constant geometry and two
conductivities

Conductivity [?T:] D Ro [0]
1 0.01223 11260
10 0.012 1139
100 0.012 113.9
1000 0.012 11.39

Rop was determined in a frequency range from 100 to 640 kHz. In this range, the
complex impedance curve can in good approximation be described as a first-order
polynomial for the given geometry. Fig. 3 illustrates the method for determining R,
which depends on the layer thickness for a given conductivity. Fig. 4 shows R versus
several layer thicknesses d; = e — d. Ry is related to the conductivity of the fluid and
the coupling CPE as can be seen in Tab. 1.

If the conductivity is sufficiently high, D approaches a constant value, which
is equal to the dissipation factor of the lossy dielectric in region one of the model,
because a sufficiently conductive layer acts as the second electrode of a parallel plate
capacitor. Once D has reached a constant value, R, is proportional to the conductivity
of the fluid because of the constant geometry. It can be seen from Fig. 4 that R
depends on the layer thickness of an aqueous solution for a given conductivity.
Dynamic range and sensitivity are dependent on the conductivity of the solution.

aqueous solution

copperring

air

Fig. 5. Sketch of the measurement setup.
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Fig. 6. Detailed design of the measurement setup.
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4 Experimental Verification

In this section, the method is verified using an experimental setup shown in Figs. 5
and 6.

This setup can be used to produce thin layers of aqueous solutions and measuring
their impedance in a frequency range from 20 kHz to 30 MHz [7]. The setup consists
of an inner and an outer cylinder fabricated from plastic. The height of the inner
cylinder is adjustable, which leads to a gap with variable thickness. The gap is filled
with an aqueous solution of known conductivity. A copper ring is used to ground
the solution and ensure a defined current path. A commercial impedance analyser
(HP4294A, Keysight Technologies, Santa Rosa, CA) is used to measure the impedance
between the sensing electrode and the instruments low potential port.
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Potassium chloride solution was used in the measurements because its conduc-
tivity is well defined. A more detailed description is available in [7]. Measured data
have been checked for consistency using a modified linear Kramers-Kronig fitting
algorithm [7-9].

Fig. 7 shows measured and consistency-checked data in a frequency range from
1 to 3 MHz for a solution conductivity of 9.53‘C“—ns1 at a temperature of 27.1°C. It can
be seen that the overall resistance decreases monotonously with increasing layer
thickness, as was shown in Section 3.

Tab. 2 shows R values fitted from the measured and consistency-checked data
for two different conductivities. There is sufficient dynamic range to distinguish
different layer thicknesses even for very high conductivities. This is a significant
improvement compared with the methods previously proposed.
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Fig. 7. Measured and consistency-checked data in a frequency range from 1 to 3 MHz for several
layer thicknesses. KCl solution 9.53% at 27.1°C.

Tab. 2. Fitted Ro values for measured
and validated data and two different
conductivities

d; [mm] 9.53m 90.3813
0.25 400 39
1 287 31
3 251 27
6 241 25
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5 Conclusion

A method for characterizing the overall resistance of conductive aqueous solutions
using capacitive coupling utilizing only the low-frequency part of the complex
impedance spectrum has been proposed. It allows for characterization of solutions
with a significantly higher conductivity while maintaining relatively low measurement
frequencies. The method and the measurement effect were described using synthetic
impedance spectra calculated by an analytical model. It was shown in an experimen-
tal investigation that the modelled measurement effect is in qualitative agreement
with the measured effect, even though a quantitative agreement could not be reached.
With the proposed method, it is possible to implement a non-contacting capacitive
sensor for detecting conductive fluids, which is robust against thin conducting layers
in vicinity of the sensing electrode.
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Bernhard Roling and André Schirmeisen

Nanoscale Electrochemical Characterization of
Materials by means of Electrostatic Force and
Current Measurements

Abstract: Atomic force microscopy (AFM) techniques are well suited for measuring
nanoscale electrical and electrochemical properties of materials. By using conductive
AFM tips as nanoelectrodes, different physical quantities can be measured, in par-
ticular electrostatic forces, currents and mechanical strains. The spatial resolution of
these techniques is usually of the order of the tip diameter, that is in a range from 20 to
100 nm. Here, we describe the usage of time-domain electrostatic force spectroscopy
(TD-EFS) and nanoscale impedance spectroscopy for obtaining information about
ion transport processes in heterogeneous materials. We take partially crystallized
glass ceramics as model materials for demonstrating that dynamic processes in
the glassy phase, in crystallites and at interfaces can be distinguished via TD-EFS.
Furthermore, by applying grid-type spectroscopic measurements, maps of the local
TD-EFS relaxation strength were obtained, giving information about the spatial
distribution of the glassy and crystalline phase. Finally, we show that nanoscale
impedance spectroscopy during metal particle formation on solid-ion conductors can
be used for measuring local ionic conductivites.

Keywords: Time-domain electrostatic force spectroscopy, nanoscale impedance spec-
troscopy

1 Introduction

Broadband impedance spectroscopy is one of the key tools for characterizing ion
transport in solids and liquids as well as for characterizing electrochemical processes
[1-3]. In traditional macroscopic impedance set-ups, the electrode area is in the range
of 1 cm? and consequently information averaged over this area is obtained. This is a
major drawback when heterogeneous materials are under study, in which nanoscale
structural features exert a strong influence on ion transport mechanisms [4-7].

To obtain information at the nanoscale, different electrical atomic force mi-
croscopy (AFM) techniques can be used. One technique is based on the measurements
of electrostatic forces between a conductive tip and the sample without contact. Fig. 1
shows the principle set-up of an electrostatic force microscope. In this technique, the
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cantilever (conductive)
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s ST electric 1 - L
(conductive) A — C
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metF;l- "\subvolume
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Y] (8)

Fig. 1. (A) Schematic illustration of the experimental set-up for electrostatic force spectroscopy on
solid electrolytes. (B) Equivalent circuit for modelling the overall capacitance of the system.

tip is located above the sample surface, and an electric potential is applied to the
tip, while the sample is connected to a counter electrode. In this case, the electric
field around the tip decays radially, so that the major part of the potential drop in
the sample occurs within a small sub-volume underneath the tip, the sub-volume
being of the order of the tip diameter cubed. This allows for measuring the electric
sample properties with a local resolution of the order of the tip diameter. In contrast
to conventional force microscopy, which is sensitive to surface properties, here the
signal is sensitive to subsurface and bulk properties. Typical tip radii are of the order
0f10-50 nm, which results in a local resolution of about 100 times better than methods
using micro-electrodes [8].

Electrostatic force measurements as a function of time after applying the potential
to the tip can be used to monitor ion transport processes in solid electrolytes. This
technique is called ’time-domain electrostatic force spectroscopy’ (TD-EFS). The tip
of a conductive cantilever is oscillating with small amplitudes of 1-3 nm above the
surface of the solid ionic conductor. If a negative potential is applied to the tip, the
electrical field emanating from the tip penetrates the sample causing the positively
charged ions to accumulate underneath the tip. In the case of small cantilever
oscillations and long-ranged electrostatic interactions, the frequency shift induced by
the tip bias potential AU is given by [9]:

Af(0) = Jo 2 2°C0

4¢ 0z2 W

where C(t) denotes the overall capacitance between biased tip and ground, c is the
normal spring constant and fy is the free cantilever resonance frequency. C(f) can
be modelled by an equivalent circuit illustrated in Fig. 1B. The probed nanoscopic
sub-volume of the sample is represented by a resistor Rnano in parallel to a capacitor
Cnano-. The resistor Rpano models ionic conduction, while Cnano models the capacitance
because of electronic and vibrational polarization. The gap between tip and probed
sub-volume is represented by a vacuum capacitor CV in series to the RnanoCnano
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element. Additionally, a capacitor CS in parallel to the other elements is introduced,
which represents all stray capacitances between tip and ground. Upon application of
the voltage U, all capacitors are instantaneously charged. Subsequently, the capacitor
Cnano is discharged through the resistor Rnano. This leads to an increase of the overall
capacitance C(t) and thus to a decrease of the resonant frequency . In the framework
of the equivalent circuit, the time dependence of C(t) is given by [10]:

CO)=Cy|1- cncitcv xexp(—t/7)| + Cs @
with T = Rnano % (Cnano + Cy). From a microscopic point of view, the discharge of the
sample capacitor is due to mobile ions moving in the direction of the electric field,
until the field in the probed sub-volume becomes zero. Thus, the time-dependent
drop of the cantilever resonance frequency reflects the time-dependent built-up of an
ionic double layer at the surface of the solid ionic conductor. The second possibility
is the measurement of local ionic currents by coupling the AFM with an impedance
spectrometer. For a tip in contact with a solid sample, O’Hayre et al. [11] proposed a
simple equivalent-circuit model shown in Fig. 2. Rr;, denotes the resistance of the tip,
which is expected to be low. R¢op: and C are the tip/sample contact resistance and the
tip/sample capacitance, respectively. Rgyreqq i the spreading resistance related to the
local dc conductivity of the sample via [8, 12]:

1

Rgpread = hxrxog (3)

Here, r stands for the radius of curvature of the tip.

RSpreal

Sample

Fig. 2. Equivalent circuit for the sample / tip interface according to O’Hayre et al. [11].

In the case of a semiconducting sample, Rcont represents the tip/sample contact
resistance, while the capacitance C is determined by electronic space charge layers
at this interface and possibly by geometrical non-idealities of the tip/sample contact.
If Reont is much smaller than Rgpreqq, the measured current is determined by Rgpreads
and thus information about the local electronic conductivity of the sample can be
obtained. O’Hayre et al. [11] showed that by using high spring-constant cantilevers
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(>10 N/m) and by applying contact forces larger than 0.5 u N, the contact resistances
can be reduced considerably, and local electrical properties of Au/Si3 N, test structures
and of ZnO varistors can be measured.

In the case of solid ion conductors, Rcon: can be identified with the electro-
chemical charge transfer resistance at the tip/sample interface, while C represents
the double-layer capacitance of this interface. When the electrochemical charge
transfer resistance is high and the tip resistance is negligible, the circuit reduces
to a spreading resistance Rgpreaq acting in series to a double-layer capacitance.
Double-layer capacitances per unit area are typically in the range of 10 uF/cm?.
When we assume a tip radius of 50 nm and a double-layer area of 7172, the absolute
double-layer capacitance is as small as Cp; ~ 5.107*8F. In the case of a sample with
alocal conductivity of o4. ~ 107°S/cm, the spreading resistance is Rgpread = 5.10*°0,
and the double-layer charging time is given by:

TpL = Rspread X CpL. = 5.10'°0.5.10 " F = 2.5.107"s (4)

This implies that at frequencies below 1/7p;, ~ 50MHz, the impedance spectra are
governed by double-layer formation (electrode polarization), making it virtually
impossible to obtain information about the spreading resistance and thus about the
local ion conductivity. This is unfavourable, since the typical frequency range of
impedance measurements extends from the sub-Hz regime to a few MHz.

The only way to get rid of this problem is the short-circuiting of the double-layer
capacitance by a low charge transfer resistance. This can be done by applying a dc
bias voltage, thus providing a sufficient over-potential for a Faradaic process. One
example is a study of O’Hayre et al. [13] on dry and hydrated Nafion membranes for
fuel cell applications. They were able to measure the impedance of charge transfer
reactions at the tip/membrane interface, when they applied a cathodic bias to the tip
while supplying hydrogen gas at the counter electrode (anode).

Considering the relevance of nanoscale characterization of ion conducting mate-
rials for modern electrochemical cells, it seems important to carry out comprehensive
studies of processes taking place at the interface between conducting AFM tips and
solid ion conductors. In the framework of such studies, it should be checked under
what experimental conditions nanoscale ion conductivities can be reliably measured.
In the following, we present representative results obtained by TD-EFS and local
impedance measurements.

2 Experimental

For the TD-EFS experiments, we used a variable-temperature AFM operating under
ultrahigh vacuum (UHV) conditions (Omicron VT-AFM). The sample temperature
could be varied in a range from 30 up to 650 K. The force sensor was a single crystalline,
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highly doped silicon cantilever with a resonant frequency of 300 kHz and a spring
constant of 20 N/m, featuring a sharp conducting tip with an apex radius of 10 nm
(non-contact cantilever of type NCHR from Nanosensors). The system was operated in
the frequency modulation-mode (FM-mode), where the cantilever is always oscillating
at the resonant frequency. Conservative tip-sample forces induce a shift in the
resonant frequency, which is used as the feedback parameter for the tip-sample
distance control during surface scanning. During the TD-EFS measurements, we
applied a negative bias voltage to the tip, while the counter electrode was kept at
ground potential, and we measured the time-dependent electrostatic forces between
tip and sample caused by local movements of ions.

Nanoscale impedance spectroscopy was performed under ambient conditions
using a NT-MDT-Solver P47 atomic force microscope with a conductive diamond tip
acting as working electrode. An ion-blocking platinum layer was used as large-area
counter electrode. In this set-up, the main potential drop is concentrated at the AFM
tip, so that a third reference electrode is not needed. To obtain reproducible results,
the usage of cantilevers with high spring constants in the range of 40 N/m was
necessary. We chose conductive diamond-coated cantilevers (Nanosensors GmbH,
CDT-NCHR). The electrochemical measurements were performed in contact mode with
tip/sample forces in the range of 1-2 u N. For the chronoamperometric measurements,
the AFM was connected to a Novocontrol Alpha-AK impedance analyzer equipped
with a POT/GAL 15V/10A electrochemical interface.

3 Results and Discussion

3.1 Time-Domain Electrostatic Force Spectroscopy (TD-EFS)

TD-EFS measurements were carried out on glass ceramics of composition LiAlSiO,
with different degrees of crystallinity. The Li+ ion transport mechanisms in these glass
ceramics depend on the degree of crystallinity, since LiAlSiO, glass is a moderate ion
conductor with an activation energy of Eilass = 0.72 eV, while the crystalline LiAlSiO,4
phase is a poor ion conductor with a high activation energy of Efqrys“ﬂ =1.07 eV [14].
When TD-EFS measurements are carried out on LiAlSiO4 glass ceramics, the
probed sub-volume contains, depending on the position of the tip, different amounts
of glassy phase, crystallites and interfacial areas. At different temperatures, the
contribution from the different phases varies strongly, since their relaxation times 7 =
Rnano-(Cnano + Cy) exhibit different activation energies. The time scale of TD-EFS mea-
surements ranges typically from 1 ms to 10 s. Consequently, the sample temperature
has to be adjusted in a way that the relaxation time of one phase is in this time window,
so that the contribution of this phase dominates the measured signal. For example,
at room temperature, movements of ions in the glassy phase govern the TD-EFS
signal, while the ions in the crystalline phase are immobile on the experimentally
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accessible time scales [15]. On the other hand, at elevated temperatures, the ions in
the crystallites will start to contribute significantly, while the relaxation of the ions in
the glassy phase becomes too fast to be resolved.
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Fig. 3. TD-EFS relaxation curves of an LiAlSiO4 glass ceramic with 13% crystallinity in three different
temperature regimes. The frequency shift axis was normalized to unity for a better comparison

of the relaxation times. The inset compares raw data curves obtained at low temperatures for the
glass ceramic and for a pure glass sample, proving an additional ion transport process in the glass
ceramic.

In Fig. 3, we show TD-EFS relaxation curves of the cantilever resonance frequency for
an LiAlSiO4 glass ceramic with 13% crystallinity. For a better comparison of curves
obtained at different temperatures, the frequency shifts were normalized to unity.
The thermally activated ionic movement in the different phases leads to a decrease
of the relaxation time 1 with increasing temperature T. The curves in Fig. 3A in a
temperature range from 231 to 275 K reflect ionic movements in the glassy phase,
while the curves in Fig. 3B in a temperature range from 545 to 620 K are governed
by movements in the crystalline phase. Fig. 3C shows relaxation curves obtained in a
temperature range from 127 to 162 K. In this temperature range, we detect an additional
relaxation process, which is most likely due to ion transport at the interface between
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crystallites and glassy phase. Similar to the relaxation curves at higher temperatures
we find a systematic shift of the curves to the left with increasing temperature,
indicative of a thermally activated ion hopping process. To exclude possible artefacts
we performed additional test measurements on a homogeneous glass sample without
internal interfaces. The inset in Fig. 3C shows representative relaxation curves of the
pure glass sample and of the glass ceramic with 13% crystallinity in direct comparison
at the same temperature T = 139 K. Only the partially crystallized sample shows a clear
relaxation process at this temperature.
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Fig. 4. Arrhenius plot of the TD-EFS relaxation times for LiAlSiO4 glass ceramic with 13% and 42%
crystallinity, respectively. For both samples, three relaxation processes can be identified. For
comparison, the solid lines denote the macroscopic relaxation times for a pure glass sample and
for a completely crystallized sample, respectively.

In the Arrhenius plot in Fig. 4, we show a compilation of the TD-EFS relaxation times
for two different glass ceramics with 13% and 42% crystallinity, respectively. We can
identify three distinct regimes: around room temperature, a fit with the Arrhenius
law yields an activation energy of 0.58 and 0.61 eV for the samples with 13% and
42% crystallinity, respectively (see grey markers [data] and dashed grey lines [fit] in
Fig. 4). For comparison, the solid black line denotes the corresponding relaxation
times from macroscopic impedance measurements on a pure glass sample with an
activation energy of 0.71 eV. Within the experimental error, which is mainly due
to uncertainties in the sample temperature during the TD-EFS measurements, the
nanoscopic and the macroscopic results are in reasonable agreement. At temperatures
above 500 K, the TD-EFS relaxation processes exhibit activation energies of 1.03 and
1.11 eV for the two samples with 13% and 42% crystallinity, respectively (see blue
markers [data] and dashed blue lines [fit] in Fig. 4). These activation energies are very
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close to the activation energy of 1.07 eV determined from macroscopic conductivity
measurements of a completely crystallized LiAlSiO, ceramic (solid dark blue line in
Fig. 4). Remarkably, the TD-EFS relaxation times of the glass ceramics deviate in a
systematic fashion from the macroscopic electrical relaxation times. In Refs. [15, 16]
we offered a qualitative explanation for this phenomenon.

Below room temperature, the Arrhenius fit yields an activation energy of 0.04
and 0.08 eV for the two investigated samples (see red markers [data] and dashed red
lines [fit] in Fig. 4), which indicate ionic movements at the interfaces with activation
energies of only a few times kT [16]. Since this activation energy is much lower
than the activation energy for macroscopic ion transport (about 0.7 eV), we conclude
that the interfacial areas do not form percolating pathways across the glass ceramic.
Consequently, the higher activation energy for ion transport across the glassy phase
governs the activation energy for macroscopic transport. On the other hand, the
interfacial regions act as local electrical shorts, thus leading to a moderate but
significant increase of the ionic conductivity compared with a pure LiAlISiO, glass.
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Fig. 5. (A) Schematic of TD-EFS grid measurements, where a time-dependent relaxation curve

is obtained at each point of a pre-defined grid on a previously scanned surface topography. (B)
Experimental data from a TD-EFS grid measurement with a color coding of the relaxation strength.
Red areas denote positions with lower relaxation strength, indicating a larger amount of crystalline
phase in the probed subvolume.

In order to directly visualize differences in the ion transport in different phases, we
combine the technique of grid spectroscopy with the TD-EFS method. As shown in the
sketchin Fig. 5A, an equally spaced grid is predefined on the surface of a glass ceramic,
and at each position the time evolution of the frequency shift signal is acquired. In
general, the signal will be a volume-averaged mixture of the two major phases (glassy
and crystalline) within the probed sub-volume (here we neglect the comparably
minute contributions from the interfacial areas). Since at room temperature, the ions
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in the crystalline phase are too slow to contribute to the TD-EFS signal, the relaxation
strength should increase with increasing volume fraction of the glassy phase in the
probed subvolume. A corresponding measurement is shown in Fig. 5B on a glass
ceramic with 42% crystallinity. The 1,000 x 1,000 nm surface area was divided into
a 40 x 40 grid of 1,600 spectroscopy points. At each position of the tip, the relaxation
strength is shown, color-coded from red (lower relaxation strength) to blue (higher
relaxation strength). The positions of lower relaxation strength are coherent red areas,
indicating the presence of a large amount of crystalline phase. The resulting picture
in Fig. 5B suggest that crystallites with diameters in the range from 100 to 200 nm
exist in the glassy matrix, in good agreement with the results of transmission electron
microscopy studies [15]. Thus in the case of nanomaterials, which exhibit a close
relation between structural and dynamic heterogeneities, TD-EFS turns out to be a
valuable technique for obtaining structural information on nanoscopic length scales.

3.2 Nanoscale Impedance Spectroscopy

We have taken silver phosphate glass samples of composition 20 Agl-80 AgPO;
(glass 1-20), 10 AgI-90 AgPO; (glass 1-10) and AgPOs (glass I-0) as model materials
for demonstrating a protocol suitable for measuring local ion conductivities [17, 18].
A Pt electrode (area 0.04 cm?), acting as counter electrode, was sputtered onto
the same face of the sample that was subsequently studied with the AFM tip. The
nanoscopic impedance measurements were performed using a NT-MDT Solver P47
atomic force microscope with a conductive tip acting as working electrode. The
AFM was connected to the Alpha-AK impedance analyzer equipped with a POT/GAL
15V/10A electrochemical interface, see Fig. 6. In order to carry out reproducible current
and impedance measurements, the usage of cantilevers with high spring constants in
the range of 40 N/m were necessary. We chose conductive diamond-coated cantilevers

Working electrode G
Counter electrode |

' AFM-System
POT/GAL 15V 10 A / Sample

Test Interface
’ \ Platinum

| Alpha-A analyzer |

Fig. 6. Schematic illustration of the set-up for measuring local ionic currents by means of nanoscale
impedance spectroscopy. A Pt electrode acting as counter electrode was sputtered onto the same
face of the sample that was investigated by the AFM tip.
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(Nanosensors GmbH, CDT-NCHR). The impedance measurements were performed in
contact mode with tip/sample forces in the range of 1-2 u N. The same set-up was used
to carry out cyclic voltammetry measurements.

In Fig. 7, we show, as an example, a cyclic voltammogram of the 120 glass
obtained at a scan rate of 10 V/s. When scanning the tip potential from 0 V into the
cathodic regime, the following characteristics were observed: (i) A critical potential
was necessary to detect a current response. (ii) Above the critical potential, the current
increases strongly with increasing cathodic potential. These characteristics can be
explained as follows: With increasing cathodic potential, the overpotential for Ag* ion
reduction increases, leading to a strong increase of the Ag* reduction current and the

W)

5,0x10 -

0,0

Current /A

-5,0x107 -

Voltage [V]

Fig. 7. Nanoscopic cyclic voltammogram of the glass I-20 taken with a scan rate of 10 V/s.
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Fig. 8. Topographic image of a silver metal nanoparticle formed on the surface of the glass I-20.
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formation of Ag nanoparticles on the surface of the glass. Fig. 8 shows a topographic
image of a typical Ag nanoparticle on the surface of the glass I-20.

The current/potential characteristics for the backward scan to 0 V are quite
remarkable: (iii) Starting around 1.5 V, the current increases further and shows a
weak maximum around -1.3 V. (iv) At lower cathodic potentials, the current/voltage
relation becomes, to a good approximation, linear. These characteristics can be
rationalized by the following assumptions: In regime (iii), the lateral growth of the
silver particle leads to an increasing current, even though the scan direction has been
reversed. In regime (iv), there is almost no further lateral growth, and the current
is limited by the spreading resistance of the sample. (v) During the anodic scan, an
anodic peak is observed pointing to an oxidation process.

The silver particle growth and the experimental conditions for measuring the
spreading ionic resistance of the samples were further investigated by ac impedance
spectroscopy. The most suitable measurement protocol was the following: We applied
an ac voltage with constant frequency and amplitude and measured the real part of
the nanoscopic admittance Ynano as a function of time. In Fig. 9, results for the I-0 glass
are shown, which were obtained at different tip positions on the surface. In this case,
the chosen frequency and rms ac voltage were 1 Hz and 4 V, respectively. Within the
first minute, the admittance Ynano increased with increasing time indicating lateral
particle growth. In this time regime, the results obtained at different tip positions
were in close agreement. At longer times, the admittance levelled off into a plateau
regime indicating no further lateral particle growth. For comparison, the sizes of the
Ag particles were studied by topographic imaging (as shown in Fig. 8). The lateral
radius of the particles, r, was determined and used for normalizing the admittance
Ynano according to the spreading resistance relation (1).

— = — Particle 1
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— 4 —Particle 3
— * — Particle 4
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Fig. 9. Real part of the nanoscopic admittance Ynano, of the glass I-0 measured at a given frequency
of 1Hz and a given rms ac voltage of 4 V plotted versus measurements time.
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In Fig. 10, we plot the nanoscopic Ynano/4r data versus the macroscopic dc conductivity
of the glasses, the latter measured by conventional impedance spectroscopy. The
Ynano/4r data points were obtained at different tip positions above the surface. It
is obvious that the data points scatter around the line Ynano/4r = og2°. We found
that the amount of scattering depends on the roughness of the surface. The lowest
roughness was achieved for the [-20 glass. For this glass, the scattering of the Ynano/4r
values around o™ is not larger than a factor of 2. For the other glasses with rougher
surfaces, this factor was in the range of 3-4.

® Glass I-20
Glass I-10
A Glass I-0
107° ®* Mean value i
E
o
L
2
- 107° .
N
)
&
> 107 :
A
10_8 T A P A
1077 10~ 107
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Fig. 10. Plot of the nanoscopic Ynano/4r data versus the macroscopic dc conductivity o3 of the
1-20 (blue squares), I-10 (green dots) and the I-0 (red triangles) glass. The mean values of Ynano/4r
are symbolized by the black pentagons. The solid line is given by Ynano/4r = ag‘c‘““".

Averaging of the Ynano/4r values obtained for a given glass at different tip positions
resulted in mean values (black pentagons in Fig. 9), which differed only by 15-70%
from o2 This demonstrates that that our measurement protocol is well suited for
obtaining reliable mean values for the spreading resistance and thus the local ionic
conductivity.

4 Conclusion

We have shown that TD-EFS is capable of differentiating between ion transport
processes in different phases (crystallites, amorphous phase, interface between
crystallites and amorphous phase) of Li* ion conductive LiAlSiO, glass ceramics.
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The activation energies of the processes could be determined separately by carrying
out TD-EFS measurements in different temperatures and therefore relaxation time
regimes. By combining TD-EFS with grid spectroscopy, the distribution and size of
the crystallites could be visualized.

Furthermore, we have demonstrated a measurement protocol for obtaining
local ion conductivities of glasses by means of nanoscale impedance spectroscopy.
Since in the nanoscale geometry, double-layer formation is generally very fast, the
double-layer capacitance at the ionic conductor/tip interface has to be short-circuited
by a low charge transfer resistance for ion reduction. That means that during
the reductive formation of metal particles on the surface of the ion conductor, a
simultaneous measurement of ionic current and metal particle size can be used to
calculate local ion conductivities via the spreading resistance formula. The suitability
of the measurement protocol was proven on the basis of Agl-AgPOs glasses with
different compositions and macroscopic Ag* ion conductivities.
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Multi-walled Carbon Nanotubes/PEDOT:PSS
Nanocomposites Fabricated with Different
Sonication Times

Abstract: In this study, the effect of the sonication time on the electrical properties
of multi-walled carbon nanotubes (MWCNTs) combined with poly(3,4-ethylenedi-
oxythiophene)/poly(4-styrene-sulphonate (PEDOT:PSS) was investigated by impe-
dance spectroscopy in the frequency range from 40 Hz to 110 MHz. The MWCNTs/
PEDOT:PSS containing 0.0125, 0.025, 0.05, 0.075 and 0.1 wt.% were prepared with
different sonication times 15, 30, 45 and 60 min and the nanocomposites were
deposited on a flexible substrate (Kapton HN) by the drop casting technique. The real
part of the impedance responses shows that the nanocomposites for 30 min sonication
time have better electrical characteristics and higher conductivity. In addition, the
dispersion quality of the nanocomposites as a function of sonication time was
investigated by scanning electron microscopy (SEM). The SEM images proved that the
homogeneity of the nanocomposites depends not only on the MWCNTSs concentration
but also on the sonication time. Consequently, a corresponding equivalent circuit was
proposed on the basis of experimental results aiming to reveal the physical behaviour
of the nanocomposite.

Keywords: Multi-walled carbon nanotubes, sonication time, PEDOT:PSS, impedance
spectroscopy, equivalent circuit, modeling

1 Introduction

Intrinsic conductive polymers (ICPs) such as poly(3,4-ethylenedioxythiophene) and
poly(4-styrene-sulphonate) known as PEDOT:PSS have drawn a great attention owing
to their versatile applications in many engineering applications such as transparent
electrodes [1], solar cells [2-4], supercapacitors [5, 6] and strain sensors [7, 8]. By
taking the advantages of PEDOT:PSS, it is possible to enhance the processability and
physical characteristics of the nanocomposite when it is combined with nanofillers
such as carbon black, graphite, metal particles and carbon nanotubes (CNTs). Among
above nanofillers, CNTs are considered a prominent candidate because of their
excellent physical and chemical properties. Considerable features of CNTs, that is high
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interfacial attraction with polymer matrix and high aspect ratio enable the formation
of conductive paths at very low nanofiller concentration. However, CNTs have poor
solubility in aqueous solutions as well as they have a tendency to agglomerate because
of the strong van der Walls interaction between the nanotubes, which declines their
electrical and mechanical properties [9, 10]. Thus, controlling the processing param-
eters such as filler concentration and sonication time for functionalizing the carbon
nanotubes is an important step to obtain a homogeneous CNT-based nanocomposite.

In the past few years, a number of studies concerning the processing parameters
of CNT-based nanocomposites have been conducted. Bu et al. [11] have investigated the
effect of sonication time, filler concentration and annealing process on electrical prop-
erties of carbon nanotubes, and it was found that sonication time plays a crucial role in
the homogeneity and quality of the CNT-based films. Montazeri et al. [12] have studied
the influence of sonication time on the mechanical properties of MWCNT-based epoxy
nanocomposites for strain-sensing applications, and it was pointed out that sonica-
tion time has a considerable influence on tensile strength and fracture toughness
of the nanocomposite. Suave et al. [13] observed that for carboxylic-functionalized
single-walled carbon nanotubes (c-SWCNTSs), increasing the sonication time from 20
to 40 min enhances the tensile strengths from 20.5 + 1.4 GPa to 31.5 + 2.2 GPa. In our
previous study [8], for MWCNTs/PEDOT:PSS nanocomposites the highest conductivity
and reproducibility were achieved at 30 min sonication time by direct mixing of the
MWCNTs with PEDOT:PSS. However, there are currently limited works addressing the
investigation of the sonication time on the dispersion quality of nanocomposite in
the frequency domain.

In this chapter, the goals are to investigate the effects of the sonication time on
the dispersion quality and to understand the complex conduction mechanism of the
MWCNTs/PEDOT:PSS nanocomposite by using impedance spectroscopy.

2 Experimental

2.1 Materials and Nanocomposite Preparation

The PEDOT:PSS was purchased from Heraus (Leverkusen, Germany). The MWCNTs
were obtained from Southwest Nanotechnology with 95% purity and 6-9 nm outer
diameter and less than 1 ym length and they were used without any chemical
treatment.

Fabrication process started with mixing 1.3 wt.% of PEDOT:PSS directly with
MWCNTs with different concentrations (0.0125, 0.025, 0.05, 0.75 and 0.1 wt.%). Then,
the mixtures are sonicated for 15, 30, 45 and 60 min by using a horn sonicator (Ban-
delin GM 3200). A sonication power of 30 W was applied with 50% duty cycle at room
temperature. After the dispersion process, the MWCNTs/PEDOT:PSS suspensions were
centrifuged at 5,000 rpm for 40 min using a Sigma 2-16 PK centrifuge aiming to disperse
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bundled, unbundled MWCNTs and remove the remaining impurities. The fabrication
process for the MWCNTs/PEDOT:PSS dispersion is illustrated in Fig. 1.

Sonotrode

L

PEDOT:PSS ;

Sonication Centrifugation
Sedimentation

mogenous Dispersion

(o]

H

Fig. 1. Schematic illustration of the fabrication steps for MWCNTs/PEDOT:PSS nanocomposites.

Prior to the deposition, a thin flexible polyimide substrate (Kapton HN) was cleaned
with ethanol followed by distilled (DI) water and finally dried with Nitrogen (N,).
After the substrate treatment, the thin substrate was covered with isolation foil and
a pre-defined pattern was cut into slice of 2 cm x 0.5 cm. An optimized amount of
dispersion (62.5 ul) was deposited on the substrate by means of an electronic pipette
(Brand GmbH, Wertheim, Germany). The thin films were then dried overnight in a
clean chamber. After the deposition and drying process, the thin isolation foils were
removed and silver paste was applied on both sides of the film to reduce contact
resistance. The thin film fabrication steps are shown in Fig. 2.
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Fig. 2. The steps of thin film fabrication and electrode deposition.
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2.2 Measurement Set-up

The impedance measurements of thin films were carried out at room temperature
using Agilent 4294A impedance analyzer in the frequency range of 40 Hz to 110
MHz. The thin films were connected to the impedance analyzer device. For the
impedance measurements the AC amplitude and the DC-bias were set to 10 mV and
0V, respectively.

3 Results and Discussions

3.1 Morphological Analysis
The morphological investigations of MWCNTs/PEDOT:PSS nanocomposites were ex-

amined by scanning electron microscopy (SEM). The SEM images of nanocomposites
for 0.1 wt.% of filler concentration at different sonication times are shown in Fig. 3.

Fig. 3. SEM images of MWCNTs/PEDOT:PSS nanocomposites with 0.1 wt.% MWCNTs at different
sonication times.
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In case of the nanocomposites fabricated at 30 min sonication time, the MWCNTs
are fairly visible in comparison with the other sonication times and the MWCNTSs are
well dispersed through the PEDOT:PSS polymer. These results were compared with the
electrical properties investigated by impedance spectroscopy in the following section.

3.2 Electrical Characteristics

As it is mentioned above, CNTs have a tendency to bundle because of van der Walls
interaction between the tubes. The formation of bundles causes poor electrical and
mechanical properties of CNTs within a polymer matrix. Related to the fabrication
of the dispersion by sonication, a sound wave that propagates the suspensions is
applied to overcome the van der Walls forces. Hence, the MWCNTs will directly
attach to PEDOT molecules since PEDOT is also not soluble in aqueous solution.
However, high sonication power or time may harm the CNTs and introduce many
defects such as breaking of the CNTs [14]. Therefore, the dispersion process should
be well understood and optimized to obtain good electrical characteristics from the
nanocomposites.

From the Nyquist plots shown in Figs 4 and 5, it can be seen that the nanocom-
posites at 30 min sonication time show the lowest resistance, resulting in the highest
conductivity for the 0.05 wt.% and 0.1 wt.% filler contents. It is important to note that,
above 30 min sonication time,the MWCNTs in the suspensions might be spreading
more from each other, resulting in a higher tunneling resistance, or more defects
might be introduced. For sonication times less than 30 min, most of the CNTs remain
unbundled and therefore the measured resistance values are higher.
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Fig. 4. Nyquist plot of the MWCNTs/PEDOT:PSS with 0.05 wt.% MWCNTSs at different sonication
times.
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Fig. 5. Nyquist plot of the MWCNTs/PEDOT:PSS with 0.1 wt.% MWCNTSs at different sonication times.

3.3 Equivalent Circuit Modelling

There are numerous experimental and theoretical studies mainly focusing on DC
domain concerning the investigation of electrical properties of randomly distributed
CNT networks [15-18]. The variation of the electrical properties under CNT loading
and processing parameters, for example sonication time can be estimated through an
appropriate resistance and capacitance network. In order to understand the complex
transport mechanism of the MWCNTs/PEDOT:PSS nanocomposite, a 3D physical
model was employed to estimate the function of nanofillers and polymer at low and
high loadings individually.

At low CNTs loading, that is below 0.0125 wt.%, the gap between CNTs and CNT
aggregates is very large and thus the tunneling resistance is high. As a result, the
resistivity of the nanocomposite is approximately equal with PEDOT:PSS resistivity. As
the CNT content increases, the gaps between CNTs decrease and the percolation [19]
takes place where the conductive paths are formed, and resistivity of nanocomposite
decreases sharply. However, because of the PEDOT:PSS polymer around the CNTs, the
electrons passage between the CNTs is due to the tunneling. In CNT-based nanocom-
posites, the tunneling resistance is found to be dominant in electrical conductivity
of nanocomposites when the inter-tube distance is not larger than 2 nm [20]. The
tunneling resistance can be expressed according to the Simmon’s theory [21] by:

|74 th 4nd /3 mA
R =—=——" e 1
el AT T Aewre?v2mA ®

where ] is the tunneling density, V is the electrical potential difference, d is the
distance between CNTs, e is the electron charge, h is the Planck’s constant, m is
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the electron mass, A is the height of the barrier and Acyr is the cross-sectional area
of the tunnel. On the other hand, the effect of the resistance of CNTs (Rcyt) and
agglomerates is found to be quite low compared with the tunneling resistance (Rynnel)
and capacitance [22]. Therefore, the contribution of Rcyy to the entire nanocomposite
resistivity is omitted from the equivalent circuit.
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Fig. 6. Nyquist plot of (a) PEDOT:PSS and (b) MWCNTs/PEDOT:PSS at 30 min sonication time and
different MWCNTs concentrations.

The overall impedance responses of the MWCNTs/PEDOT:PSS nanocomposites with
30 min sonication time and different CNT concentrations are shown in Fig. 6 and the
corresponding equivalent circuit model for MWCNTs /PEDOT:PSS nanocomposites is
illustrated schematically in Fig. 7.

From the equivalent circuit (see Fig. 7B), the total impedance of the equivalent
circuit model can be written as:

1

Zioal = R QGanf ) @

where the term 1/Q(j271f)* corresponds to the constant phase element (CPE) that
is used mostly in modelling of heterogeneous systems in the frequency domain
response. The CPE parameter becomes a capacitance when a=1 [23]. The fitted
impedance response for 0.1 wt.% MWCNTs/PEDOT:PSS sonicated for 30 min is shown
in Fig. 8 and the corresponding fitting parameters are summarized in Tab. 1.

From the fitting results and corresponding errors, it can be clearly observed that
the proposed equivalent circuit is in a good agreement with the experimental data.

The obtained fitted parameters Ry, n; and Q parameter a are plotted in Fig. 9. It
can be clearly stated that the R, Value decreases with the increase of MWCNTSs
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Fig. 7. NMWCNTs/PEDOT:PSS thin film physical model. (A) Schematic view of the measurement
set-up. (B) Corresponding equivalent circuit model.
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Fig. 8. Equivalent circuit fitting for the MWCNTs/PEDOT:PSS nanocomposite at different
concentrations and 30 min sonication time.
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Tab. 1. Fitting parameters for MWCNTs/PEDOT:PSS
nanocomposites sonicated at 30 min for different
loadings

Concentration (Wt.%)  Riunnet a Error (%)

0 108.08 0.97 0.01
0.0125 71.56  0.96 0.01
0.025 59.21 0.95 0.01
0.05 29.46 0.92 0.02
0.075 18.11  0.92 0.01
0.1 5.42  0.90 0.01
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Fig. 9. Resistance change of MWCNTs/PEDOT:PSS nanocomposite as a function of MWCNTs
concentration at 30 min sonication time (left). CPE parameter o as a function of MWCNTs content
(right).

concentration, which is attributed to the formation of more conductive paths within
the nanocomposite. Furthermore, the decrease in CPE parameter a may be attributed
to the increase of inhomogeneity of the nanocomposite with MWCNTs loading.
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4 Conclusions and Outlook

The MWCNTs/PEDOT:PSS nanocomposites with nanotube loading up to 0.1 wt.%
were prepared and deposited on flexible thin substrate using drop casting technique.
The effects of sonication time on the dispersion quality and electrical properties
of nanocomposite were examined by SEM and impedance spectroscopy. The SEM
images for different sonication times revealed that nanocomposite prepared at 30
min and 30 W power shows better homogeneity, which was also confirmed by the
Nyquist plot of the impedance data. The real part of the impedance plot proved also
that the nanocomposites prepared at 30 min sonication time show better electrical
properties and conductivity. It was confirmed that the proposed equivalent circuit
has a good agreement with the experimental data and it was appropriate to estimate
the complex impedance response of these nanocomposites. Further studies with
impedance spectroscopy will be concentrated on the adaptation of physical model
under tensile strain, including the environmental effects, for example temperature
and humidity.
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From Counting Single Biological Cells to
Recovering Photons: The Versatility of
Contactless Impedance Sensing

Abstract: Two modern applications of contactless impedance sensing at the micro-
scale are reviewed. In particular, the cross-disciplinary evolution of contactless
conductivity sensing between planar micro-electrodes from cell biology to a novel
application in the field of solid-state silicon photonics is presented. The versatility of
the same equivalent model, identified by means of impedance spectroscopy, is here
highlighted. The presence of single cells in ionic solutions can be detected either in
static (for monitoring the growth of a colony of adherent cells) or dynamic conditions
(in micro-fluidic impedance flow cytometry), thanks to the contrast in conductivity
between the insulating cell volume and the physiological solution, probed bypassing
the electrochemical double-layer interfacial capacitance. Analogously, it is possible
to leverage impedance detection in order to monitor the power of light propagating
in silicon waveguides and weakly interacting with the wall interfaces. Here, as well,
it is necessary to bypass the insulating thin silica cladding by means of a couple of
planar micro-electrodes in order to probe the conductivity of the silicon core (in the
nS range), increased by free carriers (from 1 to 10° per ym of waveguide) generated
through photon absorption mediated by intra-gap energy states, which are created
by the defects at the semiconductor surface. Such a non-invasive power monitor,
featuring a detection limit of —35 dBm, 80 dB of dynamic range, sub-ms response
speed and requiring no process modification, can be easily parallelized and allows
for closed-loop control of optical devices. In spite of the apparent distance between
these two examples, common design criteria for both the micro-electrodes geometry
and the sensing electronics are here briefly discussed.

Keywords: Impedimetric sensors, impedance flow cytometry, silicon photonics

1 Introduction

Contactless impedance sensing represents a well-consolidated approach among
industrial sensors. For example, capacitive level gauging in tanks leverages the
difference in dielectric constant between air (¢, = 1) and the liquid filling the space
between the capacitor electrodes. The size of the electrodes is thus adapted to the
tank size, and their shape can be arranged in several ways: parallel plates, coaxial
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cylinders, coplanar bands, etc. Beyond simplicity and linearity, this solution offers
the major advantage that the sensing electrodes can be isolated from the liquid,
for instance, placed on the outer surface of the tank, which consequently must not
be made of metal in this case (Fig. 1A). Electrode fouling, corrosion and any other
aging or degradation effect are thus completely avoided. In addition to detecting the
presence (i.e., the volume) of the liquid, impedance can be also employed to detect
the properties of the liquid, either its conductance or permittivity, for instance, in
multi-phase solutions (such as emulsions or mixtures of immiscible fluids, liquids
with gas bubbles or lubricant oils containing solid debris or water droplets, etc.).

Capacitance sensing Conductance sensing through capacitance
[
o—— e O O | AV | O
Example: tank level gaugmg Example: impedance flow cytometry

Air Er—l Microfluidic channel
Cells
qumd
g>1

Fig. 1. Comparison of contactless impedance sensing approaches: (A) classic dielectric sensing
versus (B) novel AC-coupled resistive sensing.

®

By extending a single bipolar measurement to a set of properly arranged multiple elec-
trodes, for instance, around a pipe, it is possible to perform impedance tomography
for contactless imaging the inner volume of the system under investigation, such as
a pipe section or the human body. Several sensing approaches can be adopted. In
this chapter, we focus on a particular case of contactless sensing, demonstrating the
versatility, as well as the most significant design rules and challenges, of the same
equivalent model in two apparently very different applications of impedance detection
at the micro-scale: from cell biology to solid-state integrated photonics.

2 A General Equivalent Impedance Model

An important distinction between two different contactless sensing approaches must
be initially highlighted. As illustrated in Fig. 2, two different situations can be
encountered. In the first case (a), the measurand quantity is the capacitance of the
sensor (i.e., the dielectric constant ¢, of the material between the electrodes), and
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the equivalent model is simply a capacitor Cy. In the second case (b), instead, the
quantity of interest is the conductivity o of the material, which is accessed in a
contactless way, i.e., through a capacitor in series. Usually this capacitor is not a
physical component but represents the capacitive coupling between the electrode
and the bulk material. Consequently, the equivalent model is more complicated and
includes the access capacitance C, in series to the resistance Ry, of the material.
The bulk material also has a dielectric behavior and, thus, another capacitor should
be added in parallel to the resistance, but it can be neglected since, in this context, the
material generally displays a conductive rather than dielectric behavior. Furthermore,
another capacitance Cs is always present between the electrodes, usually because
of the direct parasitic coupling between the electrodes themselves and between the
external connections. In standard setups, with cables and metal tracks on printed
circuit boards, Cgs is in the pF range. It can be significantly reduced (down in the fF
range) only if the front end of the detection circuit is miniaturized (i.e., integrated on
a single micro-electronic chip) in order to be placed extremely close to the electrodes,
which are connected to the electronic chip via ultra-short bonding wires [1, 2].

Bode Plt;t

Equivalent Model S
I
Cs oS 1M
I 2 Ca/2
[ go
=
o——{—W——-I—=+o0 3 Ry
Ca Ry Ca £ 100k} : - -
3 i forange | Cs
: i

100 1k 10k 100k im 10M
A (B) Frequency [Hz]

Fig. 2. (A) Equivalent model of the configuration for measuring the resistance Ry through the access
capacitance C, at the frequency fo to be properly chosen in the plateau region visible in the Bode
Plot (B).

Here we focus on the second contactless approach, which finds primary application
in bio-impedance sensing. From the analysis of impedance magnitude (shown in the
Bode plot of Fig. 2B), it can be clearly observed that the value of the resistance can be
accurately probed only within a limited frequency range, i.e., the flat resistive plateau.
In fact, because usually Cg is smaller than C4, the optimal measuring frequency
should be high enough to short C,, but lower than the second pole. The presence of
Cs poses an upper limit the resistive plateau because its shunts Ry at high frequency.
Outside of this range, the presence of the capacitors cannot be neglected: the value
of Ry can still be extracted by an accurate phase-sensitive detector such as a lock-in
amplifier.
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If the values of Cy and Cs are not known (for instance, because either the
geometrical dimensions or the materials parameters of the system under investigation
are unknown), it becomes extremely important to preliminary perform an impedance
spectrum, in order to identify the equivalent model and thus choose the most adequate
value of tracking frequency (fy) to access the resistive plateau. Beyond offering
insight into the sensor properties and allowing the identification of the equivalent
impedance model, impedance spectroscopy is beneficial also for the design of the
electronic instrumentation. In fact, when employing a current reader to amplify
the current flowing in the impedance (at the sense electrode) upon application (to
the force electrode) of a voltage stimulation (generally a single sinusoidal tone or
more articulated AC waveforms), its performances such as noise (i.e., resolution),
bandwidth (i.e., speed) and stability depend on the equivalent impedance connected
at the current input node [3].

3 Impedance Sensing in Cell Biology

The high-pass model of Fig. 2 is massively used in electrochemistry and bio-
sensing corresponding to the lumped equivalent model of the simplest form of
electrode/electrolyte interface, i.e., the non-Faradaic one. In this case, C4 represents
the double-layer capacitance Cp;, which models the dynamic alteration of the ionic
distribution at the interface between an ideally polarizable electrode and a solution
containing ions.

One particular family of measurements that leverage the contrast between the
conductive ionic solutions and suspended particles is cell detection. In fact, at
low frequency (below 1-10 MHz), biological cells can be considered as insulating
objects, as long as the membrane capacitance (~0.01 pF/um?) is not shorted. Thus,
in order to detect the variations of the solution conductance of the physiological
buffer (for instance, PBS has a conductivity opgs = 0.66S/m) due to the presence of
cells interacting with the electric field between the electrodes, impedance must be
measured at a sufficiently high frequency to shunt the double-layer capacitance.

This label-free and quantitative cell detection technique is implemented in two
different contexts. The first concerns “static” cell culture systems (such as modern
micro-fluidic versions of the classic Petri dishes) in which cells are cultured on the top
of planar electrodes (Fig. 3A). If the cells belong to an adherent cell line, they attach
to the electrode surface and spread on the top of it. Thus, by looking at the impedance
of these electrodes, it is possible to monitor in real time the growth of the colony [4].
The progressive coverage of the electrode surface with cells produces an increase of
impedance [5]. The full life cycle of the cells can be monitored, because after cell death,
they detach from the surface, causing a decrease of impedance. This technique is thus
widely adopted for label-free and automated screening of the responses of cells to
drugs.
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Fig. 3. Examples of application of impedance in cell detection by means of planar micro-electrodes:
(A) static monitoring of the growth of a cell colony and (B) counting and sizing single cells focused in
a stream focused inside a micro-fluidic channel.

Two electrodes configurations can be adopted: namely vertical or coplanar. In
both cases, the optimal fj in terms of sensitivity in discriminating the presence of
cells is at the corner between the capacitive and the resistive regimes, i.e., fo =1/(27-
Cpr - Rsor). We have theoretically and experimentally demonstrated that the coplanar
arrangement is more sensitive, thanks to a stronger confinement of the electric field
lines between the electrodes where adherent cells grow [6].

The second “dynamic” application scenario is that of impedance flow cytometry
[7]. In this case, cells are suspended in the buffer and focused in a single stream,
which flows in a micro-fluidic channel and interacts with a pair of electrodes (Fig. 3B).
The passage of each cell produces a single pulse, whose amplitude is related to the
volume of the cell. Thus, cell counting and sizing can be performed at high throughput
(up to thousands cells per second) [8]. Here again, the micro-electrodes can be
coplanar (patterned on the same chip) or arranged in a parallel-plate configuration.
The latter provides uniform field lines, thus making the measurement independent
of the position of the cell in the channel. However, it has two main drawbacks:
(i) it requires accurate alignment between the two facing chips and (ii) it forces
the channel to be extremely thin (so that the two plates are closer and the field is
higher) and, thus, significantly more prone to clogging. On the contrary, the coplanar
geometry is preferable for the simpler fabrication and for the possibility of making a
larger channel, provided that some focusing mechanism is introduced to reduce the
variability due to different distances from the electrodes.

4 Impedance-Based Light Monitoring

Taking inspiration from impedance flow cytometry, we devised the application of an
analogous approach of micro-scale contactless conductivity sensing in the field of
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silicon photonics, belonging to the broader category of integrated optics. Integrated
photonics encompasses, in fact, various emerging technologies for the manipulation
of light on micro-fabricated solid-state platforms. A crucial problem in the case
of silicon is the simple realization (from a fabrication point of view, especially in
terms of compatibility with the standard CMOS process) of photodetectors and, in
particular, of in-line light power monitors. Such monitors are necessary to monitor the
operation of a photonic circuit and to provide a feedback signal that becomes pivotal
in complex systems composed of several optical devices such as filters, resonators,
interferometers, all needing independent control and stabilization. Because of fabri-
cation tolerances, these devices need to be tuned to the desired working point before
operation. Furthermore, being sensitive to environmental parameters (temperature in
particular), they might need real-time closed-loop adjustment in order to reject slow
drifts and fluctuations. Traditionally, in order to provide a monitor signal, a fraction
of the light is tapped out of the device and directed to a photodetector that might be
either integrated on chip or, more commonly for silicon, external, thus requiring an
output fiber. Clearly this solution cannot be extended to hundreds or thousands of
devices in cascade, because each monitor introduces additional loss.

Light - sjo, |

Fig. 4. CLIPP working principle: two micro-electrodes are fabricated on the top of the silica cladding
to capacitively access (Ca) to the silicon waveguide conductance Gy without perturbing light
propagation.

Although silicon is transparent to mid-infrared radiation (i.e., the energy of photons
is lower than the semiconductor energy gap), because of the presence of defects
on the surface of the silicon crystal, at the interface between the Si core and the
Si0; cladding, which introduces intra-gap energy states, some photons get inevitably
absorbed. Consequently, the measurement of photogenerated carriers in a section of
the waveguide provides a direct measure of the local intensity of light. However, a
direct connection of a pair of metal or highly doped semiconductor electrodes to the
silicon core produces a strong attenuation of the radiating field. In order to avoid
any perturbation, we have recently proposed to adopt an innovative approach, i.e.,
to use contactless capacitive coupling to the waveguide [9]. As illustrated in Fig. 4,
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the novel sensor, named contactless integrated photonic probe (CLIPP), consists of
a pair of planar electrodes placed on top of the silica cladding, at a vertical distance
H (~1 um) that provides a sufficient margin for attenuation of the evanescent field,
leading to absolutely no perturbation. The electrodes of length L are separated by
a distance D and are fabricated on the top of the cladding, i.e., on the same layer
and with the same mask used to pattern metallic resistors employed as thermo-optic
actuators in resonators or interferometers. Usually the thickness H is not a degree of
freedom adjustable by the chip designer, because it is set by the constraints of the
fabrication process. However, a first trade-off concerning H can be clearly identified:
if H is too thin, the metal is too close to the waveguide, thus detrimentally interacting
with the propagating field. On the other side, the larger H, the more difficult is the
access to probe the waveguide electrical properties.

As anticipated, the equivalent circuit of the CLIPP is the same illustrated above.
Each electrode has in series the vertical capacitance C, through the silica cladding,
giving access to the horizontal segment of the silicon waveguide comprised between
the electrodes and characterized by its conductance Gy, which is related to the light
intensity. These parameters are actually distributed but, for simplicity, during the
design of the device, they can be modeled with lumped components. In this case,
i.e., with silicon-on-insulator technology, the total impedance is more complicated,
because of the presence of another silica/silicon interface towards the conductive chip
substrate, whose presence is always detrimental from the parasitic point of view and
should be avoided when no active electronic circuits are monolithically integrated
on the same chip [10]. The thickness of the bottom oxide is generally larger than H,
so, at low frequency, this can be neglected. However, at high frequency, the current
path through the substrate (either floating of grounded) becomes predominant (i.e.,
with a lower impedance) with respect to the path through the waveguide, making the
measurement of Gy more difficult, similarly to the effect of Cs.

Here as well, impedance spectroscopy is pivotal for the characterization of the
device, the extraction of the values of the model parameters and, consequently, the
choice of the optimal tracking frequency fy > Gyg/(71- C4), which is in the MHz range,
as illustrated in Fig. 5 where differential admittance spectra, measured for different
input light power levels P, are reported. In order to get rid of the stray components
(mainly of Cs and phase delays), the reference dark spectrum is subtracted from
each measurement, and the values of AGy; are taken in the flat regions. Fig. 5C
shows the responses of three different CLIPP geometries, all described by a power
law AGyy = a - P" with n < 1. CLIPPs fabricated on waveguides with the same cross
section (width w = 1 um) and different separation D (100 and 700 um) show the same
slope n in the bilogarithmic plot and AGy; scales with 1/D. Sensors with the same
D but different waveguide widths (w = 1 um and w = 480 nm) show similar values of
AGy, but slightly different exponents n, which depend on the length of waveguide
cross-sectional perimeter where defects are located.
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This non-perturbative sensor, able to recover valuable information from photons that
are unavoidably absorbed, has been successfully employed as a local power monitor,
placed in various positions in the optical circuit normally not accessible by standard
photodetectors [9] and also in closed-loop feedback systems for the stabilization of
ring resonators [2].
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Fig. 5. Experimental characterization of the CLIPP static sensitivity by means of admittance
spectroscopy (A) and (B), leading to the extraction of the sensor sub-linear response curve (C). The
applied AC voltage is 2 V and the averaging time 1 s.

5 Common Design Criteria

In summary, as highlighted in the examples above, when designing a contactless
impedance measuring system based on coplanar micro-scale electrodes, the following
criteria must be followed:

— Access capacitance: in general, the access capacitance C4 should be made
as large as possible, in order to extend the resistive plateau towards lower
frequencies and allow a better access (i.e., with a lower series impedance) to
the resistance that must be measured. In the case of the electrochemical double
layer, because the specific capacitance (mostly dependent on the concentration
of ions in solution and on the applied DC potential) is not a design parameter,
C, simply scales with the area of the electrodes. Neglecting surface treatments
that increase the roughness of the electrode surface, larger electrodes provide a
larger C4, implying a larger area occupation, as well as larger parasitics; thus,
an optimal value can be usually identified. Furthermore, in the case of the CLIPP
sensor, the vertical distance H could represent an additional design parameter,
provided that the fabrication process can be modified. In the latter case, in order
to increase C4, H should be reduced down to the minimum value that still avoids
significant perturbation of the propagating optical field (500-1000 nm).
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Sensing frequency: the sensing frequency fy should be chosen to probe the
resistive plateau if the latter has been identified by means of impedance spec-
troscopy. Thus, f; depends on the values of C4 and Ry;. Considering that standard
impedance sensing circuitry operates up to tens of MHz, this value should be
taken as upper limit. Indeed, the GHz range is probed as well in the context of
dielectric spectroscopy [11] by means of micro-wave circuits that are designed
in a different way with respect to low-frequency ones. In particular, the main
differences are in terms of component (high-quality passive components, higher
operating bandwidths for active ones, often requiring single-transistor design,
rather than operational amplifiers) board layout and connection considerations
(whose length becomes comparable with the wavelength of the electrical signals).
Distance: in the coplanar configuration, the separation D between the two closely
spaced electrodes covered by a semi-infinite homogeneous material represents
the most important design parameter because it determines the vertical extension
of the fringing field. The vertical sensitivity thickness is approximately equal to
D. Correspondingly, this vertical distance should be matched to the height of
the passing objects, such as in the case of contactless impedance flow cytometry
[8], or, in the case of adherent cells [5, 6] or dust particles depositing directly on
the micro-electrodes [12], equal to the size of the particles themselves. When the
distance between the electrodes is larger (as for the CLIPP), D sets the value of
Rys. In the latter case, a shorter D implied higher current (i.e., higher Gyy) so
apparently it should be minimized achieving a larger signal and a smaller area
occupation. Unfortunately, a smaller D also implies a higher fy, thus demanding
for a balancing trade-off (usually in the 50-100 ym range for D, corresponding to
the MHz range for fy).

Modeling of parasitics and need for holistic miniaturization: accurate and
comprehensive modeling of all the impedance components, including the sub-
strate material [10], is crucial. Wide-bandwidth impedance spectroscopy repre-
sents the best avenue to address this characterization, which should be performed
in the initial phase of the development of any new impedimetric sensor. In
particular, in the case of micro-scale transducers, when the size of the device
scales down, its impedance accordingly increases, whereas the impedance of the
connection lines typically stay constant, quickly becoming the dominant term
and completely masking the transducer impedance and its variations. The best
solution is the concurrent miniaturization of the detection electronics and of
the interconnections, allowing a similar scaling of all the terms and, thus, a
significant improvement of the achievable performance [1, 13, 14]. Analogously,
shielding and separation between the forcing signal and the sensing line (cur-
rent input) are crucial to reduce the impact of parallel stray paths, i.e., the
value of Cs [15].

Electronics: of course, in order to achieve the best signal-to-noise ratio, the signal
should be maximized and the noise minimized. The former goal can be achieved
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by applying the largest forcing signal sustainable by the device (for instance,
about 100 mV for biochemical interface, up to several Volts for solid-state
devices), where the limit is the breakdown field of the insulators surrounding the
electrodes (where no DC current is flowing). One risk of using large forcing signals
is related to the linearity of the system under investigation. If the system transfer
function includes some kind of non-linearity, a large input stimulus will produce
harmonics at the output, whose presence should be carefully checked in the
frequency domain and avoided when tuning the value of the forcing amplitude.
The impact of these harmonics on the measurement performance depends on the
scheme adopted for the calculation of impedance: while the lock-in architecture
(i.e., the synchronous demodulation locked with the forcing sinusoidal signal)
is ideally robust with respect to higher harmonics, Fourier-based solutions are
more prone to inaccuracies. Noise minimization requires accurate design of the
current-sensing front-end [3], analysis and reduction of the impact of the noise of
the forcing signal generator by means, for instance, of differential architectures
[16] and accurate reduction of the total input capacitance, including the device
capacitance and the connections stray capacitance [10, 17].

6 Conclusions

An new example of the versatility of contactless conductance sensing has been here
reported. The major design issues and instrumentation aspects related to a recently
proposed original light detection technique for solid-state photonic platforms have
been briefly reviewed, showing the evolution of similar design guidelines from the
context of micro-scale impedance sensing in cellular biology. Even if impedance
tracking is performed at a single frequency, impedance spectroscopy should be
preliminary performed to fit the proper equivalent model of the sensor, allowing
an estimate of the setup parasitic terms, a proper low-noise design of the detection
electronics and the choice of the optimal sensing frequency.

Very often, the non-specificity of impedance is considered as a limit, in particular
within the context of impedimetric affinity biosensors where the impedance of an
electrochemical interface is affected by the receptor response, as well as by many other
non-specific interactions. Here, on the contrary, it has been shown that, thanks to
the universality of impedance and its extremely wide range of applications, fruitful
and inspiring cross-fertilization effects can be deployed, migrating similar design
rationales and trade-offs across different fields.
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Electric Impedance Measurement of Tissue
Phantom Materials for Development of Medical
Diagnostic Systems

Abstract: In this chapter, we introduce a method to obtain tissue phantom materials
with different electrical conductivities to have phantom organs with needed health
state or pathologic condition. Those phantoms would be used in the development
of medical diagnostic systems. Material developed in the research is gelatine-based
and made of solidifying materials. Sodium chloride (NaCl) is used to adjust the
electric properties of the phantoms while the resulting conductivity of the material
is measured with Van der Pauw method in a custom box with four electrodes.
Conductivity (o) increased linearly with NaCl concentration, and we got reliable
gelatine samples. The overall goal is to develop an easy recipe for gelatine phantoms
that could be manipulated with NaCl and would be useful in the development of
bioimpedance measurement systems.

Keywords: Van der Pauw method, gelatine phantom, electrical conductivity

1 Introduction

There are many phantom materials available for mimicking human tissues. They can
be classified as hydrogels, organogels and flexible elastomer materials for radiological
tissue parameters [1]. Agar, agarose and gelatine gels, manipulated by varying NaCl
concentration from 0-1 mg/ml [4], are often used for mimicking tissue electrical
parameters (for example, comparing research by Renn [9]). Agar and agarose both
are derived from red algea, but agarose has undergone purification and does not
have protein in it [9]. Gelatine is made of collagen in pork skins and bones. We
decided to use gelatine, because it is easily available and cheap, and it melts at
35°C, when agar needs more heating (85°C). Similar research by Marchal et al.
[10] suggests using gelatine phantoms for an easy and cheap simulation of most
human tissues. The purpose is to have phantom organs available with desired
electrical conductivities. This involves preparing the material and measuring electric
impedance of the gelatine phantoms with Van der Pauw (vdP) method [2, 3]. Those
phantoms would be used in the development of medical diagnostic systems, which
use bioimpedance measurement with either electrodes or eddy currents to estimate
the physiological state and processes in the patient. This would work just like
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phantoms that are made for research in radiology, but with focus on electric and
dielectric properties [10]. There are many bioimpedance-based diagnostic methods,
and their number is growing because it is a location-dependent method - different
aspects of bioimpedance measurement depend extensively on location on the patient
anatomy, where the diagnosis is required. In addition, there are a lot of options
in using different frequencies, different electrode shapes and configurations. Same
applies to eddy current-based bioimpedance measurements. Therefore, there is a
need for phantom materials with different electric properties in different shapes.

2 Materials and Methods

2.1 Gelatine Phantom Preparation

Gelatine phantom is used because of availability, simple production and the ability
to manipulate with its electrical conductivity. To make the gelatine material, first,
distilled water is added to the unflavoured gelatine powder for dilation. After that,
it is heated in hot water bath (50°C) and stirred constantly till the solution of gelatine
and water liquefies and becomes homogeneous. The rest of the ingredients (sodium
chloride, ethyl 4-hydroxybenzoate, formaldehyde solution) are added, and the mix-
ture is placed into the containers. Gelatine phantom is later placed in the refrigerator
for storage. Gelatine gives mechanical strength to the phantom; salt and water control
the conductivity and permittivity. We use a rotation machine during solidifying to
obtain more homogeneous phantom. If we have reliable homogeneous phantoms
with known conductivities, we can start to develop heterogeneous phantoms by
adding different substances (for example, oil droplets [11]) or making layers of various
materials. Tab. 1 shows an example of a phantom mixture used in the research.

Tab. 1. Phantom ingredients

Ingredient Amount

Distilled water 250 ml for dilation
333 ml added later
A:0g

Sodium chloride (NaCl, 99+%) B:0.5g
C:5¢g

Ethyl 4-hydroxybenzoate (99+%, Sigma-Aldrich) 3 g
Formaldehyde solution (37 wt%, Sigma-Aldrich) 2 ml
Gelatine powder (240TM, Poland) 40g
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Ethyl 4-hydroxybenzoate is used as preservative, and formaldehyde solution is used
to rise the melting temperature of the phantom. Different electrical conductivities of
phantoms are achieved by adjusting different amounts of sodium chloride.

2.2 Plexiglas Enclosure with Electrodes

Enclosure was designed in AutoCad and Computer Numerical Control router milled
from 10-mm Plexiglas. The dimensions of the inner cube are 50 mm x 50 mm x 50 mm
to simplify the model when calculating phantom’s electrical properties (Fig. 1).

Fig. 1. Plexiglas cube for gelatine phantom. 1. Top side, 2. bottom side, 3. double-sided PCB, 4. hole
to fill the cube with gelatine, 5. wired holes and pads, 6. electrodes for vdP measurements, 7. PCB
inserting caps.

The double-sided printed circuit board (PCB) for vdP and eddy-current measurements
was designed so that two long electrodes on the inside are connected to the pads on
the outer side where wire leads are soldered. In addition, a planar coil was designed
onto the PCB with corresponding pads on the outer side for connections. PCBs with
different planar coils were made to test eddy-current measurements with different
sensors (Fig. 2).

2.3 Van der Pauw Method

The vdP [2, 3] is used in this research to measure the electrical conductivity of designed
gelatine samples. Four thin electrode stripes, on two specially designed PCBs on either
side, have direct contact to the gelatine. When viewed top down as 2D, the point-like
electrodes are exactly in the corner of the sample, which makes the vdP method
compatible. Also, thickness of the sample must be constant and homogeneous [3].
vdP measurement is a very common resistivity method used in the semiconductor
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industry [4], and usually, vdP is used by other researchers on samples where the
sample thickness is comparable to the surface dimensions. In our chapter, we are
using given technique to measure the resistivity of gelatine cube. Research made by
Kasl and Hoch [12] shows that the limiting sample thickness is about half the diameter
of the samples when contacts are placed on the edge of the surface. When the contacts
are located across the edges and the resistance of the electrodes is sufficiently low
compared with the sample resistance, like in our research, vdP method is reliable [12].

vdP technique is based on the voltage and current ratio. Current Ip is passed
through the electrode A and extracted through B (Fig. 3(1)). To construct the needed
resistance Ryp pc for vdP formula, measurement of the potential difference Vp¢

54mm

Fig. 3. Schematic illustration of four contact configurations of vdP method [2].
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between electrodes D and Cis made and Ryp, pc = % The position of the current and
voltage electrodes is then changed, so that current I (Figs. 3 and 4) goes through
electrode B and extracts through C, and the potential difference V, is between the
electrodes A and D. From measured data, it is possible to get resistance Rg¢ pa, which
equals Vou [5], After measurements and calculations, we can find the sample resistivity

Ipc
from equation (1) [5]

exp (—HLABI’)CD d> +exp (—niRB CbAD d) =1, (€]

where d is the thickness of the sample and p is the resistivity of the material.

2.4 Measurement of Gelatine Sample Conductivity

For measurements, we labeled corners of the plexiglas box A, B, C and D. If the contacts
are not placed exactly on the corners of the test object, it will cause inaccuracies in
the results [6]. In our research, the sample is symmetrical and in the shape of square,
which reduces measurement fault. The side length (L) is 50 mm and the diameter
(s) of contacts is 2 mm. The measuring error due to the size of the contacts is under
10% because s/L <0.1 [6]. For current and voltage measurements, electrodes were
connected to the Wayne Kerr 6500B precision impedance analyzer [8]. The frequency
range for measuring was 100 Hz to 100 MHz, and for calculations, a single frequency
of 10 kHz was used.

3 Results

Several different gelatine mixture recipes were used during testing period, and many
measurements were made to find conductivity of these samples.

Tab. 2 shows measurement results when different amount of NaCl was added to
the gelatine samples.

Tab. 2. Measurement results

Sodium chloride (NaCl), g Ragoc= "¢ Rpcpa=Y2 1/p,S/m

las. Isc

0 (0 wt/vol%) 61.600 43.560 0.08
0.5 (0.08 wt/vol%) 27.420 17.210Q 0.19
2.5 (0.4 wt/vol%) 6.250 5.37Q 0.75
3.8 (0.6 wt/vol%) 4.040 3.800 0.12
5 (0.80 wt/vol%) 3.510 2.360 1.49
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Tab. 3. Electrical conductivities of different tissues [7]

Tissue 1/pat10kHz,S/m 1/pat100kHz,S/m 1/pat10MHz,S/m
Muscle 0.34083 0.36185 0.61683
Blood 0.7000 0.7029 1.0967
Heart 0.15421 0.21511 0.50137
Body fluid 1.5 1.5 1.502

Tab. 3 gives a good comparison of typical tissue conductivities on different frequen-
cies, and we can see that if we add 2.5 g to the sample, its conductivity is similar to
blood and adding 5 g is similar to body fluid.

4 Conclusion

Results show that it is possible to develop low-cost and easily obtainable gelatine
samples with similar electrical properties to biological tissues. By changing the
amount of sodium chloride in the gelatine mix, we can adjust the conductivity of the
phantom and verify it with measurements and vdP method.

Conductivity dependence on NaCl
1,6

1,49
1,4

1,2

112

0,8

0,75
0,6

Conductivity (o/Sm™)

0,4

0,08
0,2 [ 19

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

Weight/volume % of NaCl

Fig. 4. Relationship between amount of sodium chloride (NaCl) added to the gelatine sample and
conductivity of the sample at frequency 10 kHz.
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Phantoms were measured on room temperature, and electrical conductivities of
various samples were calculated on 10 kHz. After calibrating the phantoms, we have
reliable and stable overtime samples to conduct research for the development of
bioimpedance applications. Measurements show that conductivity of the phantom
is in proportion to the amount of NaCl in the phantom composition. Also, making
heterogeneous gelatine samples is currently in progress.
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Problems Encountered during Inappropriate
Use of Commercial Bioimpedance Devices in
Novel Applications

Abstract: It is often tempting to apply commercially available impedance monitor-
ing devices to novel applications that involve impedances in the lower range for
which the device was designed. This problem may be more common than expected
and will result in distorted impedance loci and in the inaccurate calculation of
model parameters. The authors illustrate this problem by using commercial devices,
designed for whole-body bioimpedance spectroscopy measurement, in a more de-
manding localized impedimetric study. The lower tissue impedances involved make
the measurements more prone to the adverse effects of large-contact impedances
and, in particular, contact impedance mismatches. One must therefore develop novel,
low-contact impedance electrodes or new devices specifically designed for more
demanding localized applications.

Keywords: Commercial impedance device, electrode—skin impedance, segmental
impedance, electrode mismatch

1 Introduction

A range of commercial impedance devices exist for whole-body bioimpedance analy-
sis (BIA) in a range of clinical applications [1, 2]. Recently, there has been interest in
the use of these measurements on regions or segments of the body, possibly leading
to wearable or at least more convenient home use of the systems by the patients
[3]. Authors are interested in the use of regional/segmental BIA measurements,
non-invasive methods for detecting and evaluating changes in the hydration and
nutritional status of patients with renal disease, especially for those undergoing
dialysis at home.

Moving from whole body to regional/segmental BIA measurement presents some
of the problems encountered in whole-body BIA measurements. Some are particular
to regional/segmental BIA measurements and are reported in this chapter to warn
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others of the risks of using existing commercial devices. Many researchers used them
in novel applications such as ours. In segmental BIA, it has been identified that
design of the electrodes and the standardization of their placement are major concerns
that limit the value of the approach. Slight differences in electrode placement can
significantly change the encompassed tissue area and dramatically affect the derived
parameter values. It has also been pointed out that there is a need to investigate and
standardize electrode design and that this is a major problem. There is inconsistency
in the type and size of electrode that minimizes contact impedance interferences and
optimizes current density and distribution. Although a variety of spot electrodes are
used, there is a lack of information on which type yields the best reproducibility and
accuracy in prediction models. Another question is the value of spot as compared with
band electrodes. Theoretically, band or circumferential electrodes should provide a
homogeneous environment for optimal introduction of current and measurement of
voltage drop [4].

In regional/segmental BIA measurement, there is the additional problem that
the targeted tissue impedance is much smaller than in whole-body measurements,
making the contact impedances due to electrodes/skin much more significant. In
fact, researchers must be very careful that the impedances encountered in such
regional/segmental (or other) measurement are within the operating range of the
commercial device used. The authors have found that that was not the case in some
of their localized impedimetric studies, even with “gold standard” laboratory devices
such as the Solartron 1255B (Solartron Analytical Ltd, Hampshire, England) with 1294
interfaces and, as a result, the data obtained in these cases were grossly distorted and
largely useless. This is a potential serious problem in the novel use of devices designed
for whole-body measurement or for bioimpedances larger than those observed in
localized measurements. Contact impedance varies between individuals and, on same
person, with body site, electrode design/area, time, temperature, pressure, etc [5].

In the present study, the authors will concentrate on the problems associated
with contact impedances during the use of commercial whole-body systems for the
study of regional/segmental impedances. The effects of contact impedance and lead
capacitance were studied by Bolton et al. [6] on three commercial devices designed for
whole-body BIA. They carried out measurements on patients as well as on electrical
models and found significant differences in the “tissue” impedance recorded.

Ward [7] performed body composition measurements using commercial
impedance devices on volunteers and on equivalent electrical circuits. They observed
that reproducibility of results obtained on volunteers was significantly lower than
in electrical circuits. This result is most probably due to the variability of the
electrode—skin contact impedance between subjects. The effect of electrode mismatch
in the estimation of Cole parameters was investigated by Buendia et al. [8]. They found
that a mismatch of impedance in the detecting electrodes led to an increment in the
measurement of the impedance compared with matching electrodes.

Bogodnez-Franco et al. [9] carried out a study of the effect of electrode impedance
mismatch and of ground coupling on commercial impedance devices and reported
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that electrode impedance mismatch has a noticeable effect on measured impedance
values. Electrode impedance mismatch can be caused, for example, when one of
the electrodes is not well glued to the patient skin showing higher impedance than
those that are well attached. One of the problems caused by electrode mismatch
is the conversion of differential-mode voltages to common mode. Some researchers
[10] have proposed the design of new measurement circuits in order to increase the
common-mode rejection ratio of the measuring system and thus reduce the effect of
common-mode voltages caused by electrode mismatch.

In the present work, we will investigate the effect of electrode—skin contact
impedance on measured tissue impedances and the associated derived impedimetric
parameters when two commercial whole-body BIA devices are used to make localized
impedance measurements on the calf. These commercial devices are multi-frequency
measurement devices that allow to perform bioimpedance spectroscopy analysis. The
impedance properties of the human calf are of interest to studies in a range of potential
clinical applications like monitoring hemodialysis therapy [11].

It must be noted that the devices were not designed for such an application, hence
the resulting problems that will be presented.

2 Materials

2.1 Commercial Impedance Analyzers

Two commercial impedance analyzers were used in this study, BioparHom Z-Métrix
(BioparHom, Bourget du Lac, France) and Impedimed SFB7 (Impedimed Ltd, Bris-
bane, Australia). All data were acquired using the software provided by the man-
ufacturer. Calibration of devices was checked before each measurement using the
calibration networks provided by the manufacturer.

2.2 Electrode-Skin Contact Impedance Measurement

In order to build a representative equivalent circuit model, contact impedances, due
to the electrode/skin interface, were first measured on the calf of a test subject using
a three-electrode configuration over the frequency range of 1 Hz to 10 kHz.

In three-electrode configuration, one electrode injects the current on the skin, a
second electrode is placed in the area where the contact impedance is wanted to know
and the third electrode is placed far away from the other two. This third electrode
is used for the current return. Voltage is measured between the first and second
electrodes.

3M 2660 (3M, Minneapolis, USA) hydro-gel electrodes, recommended by Bio-
parHom, were used for the measurements, and no skin preparation was performed
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before placement of electrodes. We did not use alcohol to clean the skin because it
dries more the skin and increases the contact impedance. Also we do not used abrasive
creams because it abrades the skin.

All impedances at this stage were measured with Solartron 1255 and 1294A
biological impedance interface. No distortion was observed because of its high-output
impedance of current source.

Contact impedance measurements were carried out on five male volunteers. Tab. 1
shows the statistical data for the volunteers measured.

Tab. 1. Statistic information of five volunteers measured

Parameter Mean Standard deviation
Age (yr) 37.5 8.6
Weight (kg) 69.2 12.5
Height (cm) 178.2 23.4

2.3 Tissue Impedance measurement

Similarly, typical tissue impedance values for this location were measured over the
range of 1 kHz to 1 MHz using the tetra-polar electrode configuration on the same five
volunteers.

2.4 Electrode-Skin Contact Impedance Electrical Model

An equivalent electrical circuit model consisted of a resistor in series with the parallel
combination of a capacitance and a resistor was built. The component values are
shown in Fig. 1. Both resistor and capacitor values used in this circuit model were
1% and 5% in tolerance, respectively.

Rel models the resistance of the electrode’s gel, whereas Re2 and Ce2 model the
impedance of the epidermis [12].

Re2
150k

Rel

—WA—
2k2
——A\W—o o—

{|
Cel
150nF

Fig. 1. Equivalent circuit model for electrode/skin contact impedance.
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2.5 Tissue Electrical Model

A similar equivalent electrical circuit model that one used for electrode/skin contact
impedance was built. Component values are shown in Fig. 2. Again, resistor and
capacitor values used in this circuit were 1% and 5% in tolerance, respectively. This
electrical model was used by Riu et al.

Rt2
6
Rt1 >
—A—
10
— AMV—9 o

I
Ct2
47nF

Fig. 2. Equivalent circuit model for tissue impedance.

2.6 Fitting Impedance Measurements

The frequency-dependent capacitances measured for the actual contact and tissue
impedances, normally represented by the term a in empirical constant phase ele-
ments, had to be approximated by standard, frequency-independent capacitors to
enable the construction of a electrical circuit model.

We used Z-View software (Scribner Associates Incorporated, North Carolina, USA)
to help in this work. As the a values obtained from the fitting process were very close to
1, 0.992 for electrode—skin and 0.996 for tissue impedance, the values of the magnitude
of the constant phase elements were used for the capacitance values (Ce2 and Ct2,
respectively) in the electrical models.

Impedance values measured on combinations of these electrical circuits using Im-
pedimed SFB7 and BioparHom Z-Métrix were used to assess the devices’ sensitivities to
such contact impedances under these novel circumstances representative of localized
BIA measurements.

2.7 Errors

Absolute errors were calculated by comparing the actual equivalent circuit parameter
values used for the tissue impedance and those measured by the devices in the
presence of contact impedance and mismatched contact impedance circuits.
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2.8 Measurements on Healthy People

In order to check the effect of electrode contact impedance mismatch, we also
carried out measurements on the human calf. Electrode mismatch was produced
by connecting two electrodes together at a given contact to cause a theoretical
reduction in electrode/skin contact impedance of 50%. Fig. 3 shows the four-electrode
configuration and the possible pairing of contact electrodes to increase the electrode
impedance mismatch.

Fig. 3. Four-electrode configuration with electrode pairs used to cause electrode mismatch.

3 Experimental Results

3.1 Effect of Contact Impedance

The effect of contact impedance was evaluated using the equivalent electrical circuits
described above. Over the frequencies of interest, the magnitude of contact impedance
is mainly determined by resistor Rel of Fig. 1.

In order to study the effect of contact impedance on measured tissue impedance,
resistor Rel was varied from O to 10 kQ. Each lead was connected to the tissue
impedance via contact impedances. Model contact and tissue impedances parameter
values were those shown in Figs. 1 and 2, respectively. Tabs. 2 and 3 show the absolute
errors calculated for each parameter of tissue equivalent electrical circuit model
measured with BioparHom and Impedimed devices, respectively.
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Tab. 2. Absolute errors in the estimation of tissue
parameters for BioparHom Z-Métrix with contact
impedances on injecting leads

Rel (k) ErrorRt1(2) ErrorRt2(2) Error Ct2 (nF)

0 1.54 -1.02 -4.40
1 26.80 -26.17 86.00
2 * * *
3 * * *
4 * * *
5 * * *
6 * * *
7 * * *
8 * * *
9 * * *
10 * * *

Tab. 3. Absolute errors in the estimation of tissue
parameters for Impedimed SFB7 with contact impedances
on injecting leads

Rel (kQ) ErrorRt1(2) ErrorRt2(Q2) Error Ct2 (nF)

0 0.15 -0.49 -2.97
1 0.62 -0.84 -1.26
2 4.50 -4.56 5.36
3 9.63 -9.69 15.39
4 14.10 -13.97 28.70
5 18.57 -18.25 41.50
6 28.98 -29.02 109.10
7 36.30 -36.36 205.60
8 44.44 -44.51 510.34
9 * * *

10 * * *

Cells filled with * in Tabs. 2 and 3 mean that the response of the tissue model measured
behaves like inductive circuit, which is totally wrong in the range of frequencies
measured.

3.2 Effect of Contact Impedance Mismatch

Electrode/skin contact impedance mismatch was modeled by connecting a contact
circuit to one lead at time and varying the series resistance, Rel, from 1 to 10 kQ.
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3.2.1 Effect of contact impedance mismatch on positive injection leads

The positive injecting lead was connected via contact impedance to the tissue
impedance circuit, whereas the remaining three leads were connected directly to the
tissue circuit. Tabs. 4 and 5 show the absolute errors in the measured tissue impedance
parameters as derived by the BioparHom and Impedimed devices, respectively.

Tab. 4. Absolute errors in the estimation of tissue
parameters for BioparHom Z-Métrix with contact
impedances on positive injecting leads

Rel (k2) ErrorRt1 (2) ErrorRt2(2) Error Ct2 (nF)

1 0.10 0.90 -7.08
2 -0.47 1.20 -7.61
3 -2.01 2.41 -7.70
4 -3.40 3.96 -7.59
5 -6.10 6.94 -8.23
6 -7.65 8.19 -8.11
7 -8.25 9.01 -6.98
8 -10.28 10.59 —-7.47
9 -10.46 10.84 -6.02
10 -10.65 10.97 -4.33

Tab. 5. Absolute errors in the estimation of tissue
parameters for Impedimed SFB7 with contact impedances
on positive injecting leads

Rel (k) ErrorRt1(2) ErrorRt2(Q2) Error Ct2 (nF)

1 0.54 -0.75 -2.37
2 0.64 -0.79 -2.51
3 0.62 -0.81 -2.97
4 0.54 -0.72 -3.48
5 0.64 -0.80 -3.37
6 0.73 -0.87 -3.26
7 0.70 -0.86 -3.68
8 0.82 -0.89 -3.50
9 0.75 -0.87 -4.01
10 0.96 -1.06 -3.56
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3.2.2 Effect of contact impedance mismatch on negative injection leads

The negative injecting lead was connected via contact impedance to the tissue
impedance circuit, whereas the remaining three leads were connected directly to the
tissue circuit. Tabs. 6 and 7 show the absolute errors in the measured tissue parameters
as derived by the Impedimed and BioparHom devices, respectively.

Tab. 6. Absolute errors in the estimation of tissue
parameters for BioparHom Z-Métrix with contact
impedances on negative injection leads

Rel (kQ) ErrorRt1(2) ErrorRt2(2) Error Ct2 (nF)

1 5.63 -5.08 8.47
2 9.46 -8.98 20.70
3 112.6 -12.12 28.80
4 15.00 -14.54 37.12
5 17.47 -17.11 47.98
6 19.74 -19.31 59.70
7 21.80 -21.43 73.60
8 23.80 -23.39 89.40
9 25.36 -25.05 103.90
10 26.78 -26.53 118.30

Tab. 7. Absolute errors in the estimation of tissue
parameters for Impedimed SFB7 with contact impedances
on negative injection leads

Rel (k) ErrorRt1(2) ErrorRt2(Q) Error Ct2 (nF)

1 0.21 -0.51 -2.86
2 0.30 -0.49 -2.78
3 0.28 -0.50 -2.68
4 0.21 -0.41 -2.84
5 0.19 -0.37 -2.83
6 0.14 -0.32 -2.83
7 0.09 -0.28 -2.87
8 0.06 -0.24 -2.84
9 0.00 -0.15 -3.03
10 0.01 -0.14 -2.95
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3.2.3 Effect of contact impedance mismatch on positive detection leads

The positive detecting lead was connected via contact impedance to the tissue
impedance circuit, whereas the remaining three leads were connected directly to
the tissue circuit. Tabs. 8 and 9 show the absolute errors in the measured tissue
parameters as derived by the Impedimed and BioparHom devices, respectively.

Tab. 8. Absolute errors in the estimation of tissue parameters for
BioparHom Z-Métrix with contact impedances on positive detection leads

Rel (kQ) Error Rt1 (Q) Error Rt2 (Q) Error Ct2 (nF)
1 -5.75 6.14 -12.55
2 -12.73 12.90 -17.75
3 -20.26 20.20 -21.35
4 -26.33 26.08 -23.62
5 -31.05 30.78 -26.61
6 -36.76 36.28 -26.08
7 -41.25 40.42 -27.58
8 -44.12 43.24 -27.45
9 -47.01 46.10 -27.18

10 -48.89 48.00 -26.57

Tab. 9. Absolute errors in the estimation of tissue parameters for
Impedimed SFB7 with contact impedances on positive detection leads

Rel (kQ) Error Rt1 (2) Error Rt2 (Q) Error Ct2 (nF)
1 5.37 -5.43 7.00
2 9.95 -9.92 15.91
3 4.24 -14.52 25.84
4 7.69 -17.59 36.56
5 21.37 -21.20 51.32
6 24.89 -24.25 67.40
7 27.40 -27.31 84.40
8 30.59 -30.37 110.50
9 33.63 -33.35 147.70

10 36.32 -36.03 179.70

3.2.4 Effect of contact impedance mismatch on negative detection leads

The negative detecting lead impedance was connected via a contact impedance circuit
to the tissue impedance circuit, whereas the remaining three 3 leads were connected
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directly to the tissue circuit. Tabs. 10 and 11 show the absolute errors in the measured
tissue parameters as derived by the Impedimed and BioparHom devices, respectively.

Tab. 10. Absolute errors in the estimation of tissue
parameters for BioparHom Z-Métrix with contact
impedances on negative detection leads

Rel (k2) ErrorRt1(2) ErrorRt2(2) Error Ct2 (nF)

1 4.46 5.13 1.05
2 7.69 -7.03 7.33
3 11.08 -10.35 15.11
4 13.74 -12.90 21.34
5 16.57 -15.33 20.62
6 19.78 -18.66 39.90
7 21.08 -19.91 42.40
8 23.74 -22.50 53.70
9 25.88 -24.51 63.00
10 27.50 -26.09 70.80

Tab. 11. Absolute errors in the estimation of tissue
parameters for Inpedimed SFB7 with contact impedances
on negative detection leads

Rel (kQ) ErrorRt1(2) ErrorRt2(2) Error Ct2 (nF)

1 -3.65 3.59 -7.12
2 -9.84 9.60 -13.50
3 -17.20 16.67 -18.40
4 -23.22 22.81 -21.59
5 -28.39 28.09 -23.41
6 -35.32 34.91 -26.08
7 -42.48 41.94 -28.39
8 -49.64 49.00 -30.19
9 -55.99 55.40 -31.55
10 -63.61 62.93 -32.95

3.2.5 Effect of electrode impedance mismatch in in vivo measurements
Electrode contact impedance mismatched during in vivo measurements were aug-

mented by connecting pairs of electrodes at a given lead in order to double the contact
area and thus decrease the contact impedance by approximately 50%. Resultant
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complex impedance plots measured using the BioparHom and Impedimed devices are
presented in Figs. 4 and 5. Relative errors in resistance (R) and reactance (Xc) measured
were calculated for the following coincident frequencies on both devices: 5, 50,

BIOPARHOM

20

No mismatch
I+ mismatch
V+ mismatch
V- mismatch
|- mismatch

18

- =
N Eo
T

-Xc (Ohm)
[
e

0 1 !
20 25 30 35 40 45 50 55 60
R (Ohm)

Fig. 4. Complex impedance plot for BioparHom Z-Métrix device for one of the in vivo measurements.

IMPEDIMED
15 I I T T I I )

No mismatch
I+ mismatch
V+ mismatch
V- mismatch
~=|- mismatch

10+

-15 I I I i I L I
15 20 25 30 35 40 45 50 55 60
R (Ohm)

Fig. 5. Complex impedance plot for Impedimed SFB7 device for one of the in vivo measurements.
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100 and 200 kHz with respect to “zero” mismatch condition (i.e., unaltered contact
impedances). Tabs. 12and 13 show the relative errors calculated for BioparHom device,
respectively.

Tab. 12. Relative errors for BioparHom Z-Métrix in resistance (R) and reactance (Xc) at 5, 50, 100 and
200 kHz due to a variation in contact impedance mismatch in each lead.

lead 5 50 100 200 5 50 100 200
I+ -6.30 -8.73 -6.95 2.95 3.09 2.09 4.41 2.38
V+ -5.06 -4.99 -11.09 -5.43 -5.88 -23.30 0.31 -10.46
V- -4.55 -2.23 -12.97 -5.84 -6.95 -38.33 6.65 -16.48
I- -4.99 1.93 -13.94 -5.39 -6.94 -87.02 23.40 -24.49

Tab. 13. Relative errors for Impedimed SFB7 in resistance (R) and reactance (Xc) at 5, 50, 100 and 200
kHz due to a variation in contact impedance mismatch in each lead.

lead 5 50 100 200 5 50 100 200
I+ -2.88 -14.87 -2.31 -4.55 -11.46 -5.73 17.37 1.47
V+ -4.52 -15.54 -5.78 -5.12 -3.74 -14.01 -2.68 -4.89
V- -5.54 -13.68 -5.64 -3.60 -5.28 -5.80 -3.52 -5.18
1- -4.69 -13.90 -6.00 -3.23 0.52 21.91 -21.56 -2.95

4 Discussion

Both commercial devices are potentially adversely affected by the presence of elec-
trode/skin contact impedances, especially under our conditions representing local-
ized impedance measurements, for which they were not designed.

BioparHom device cannot tolerate contact impedances higher than 1 kQ in all of
its leads. Exceeding this value, the circuit measured behaves like an inductive circuit,
which for biological tissue is not possible. Impedimed device can tolerate contact
impedances up to 8 kQ in each lead. As this value increases, the error increases too.
Values higher than 8 kQ have the same effect like on BioparHom; the circuit measured
behaves like an inductive circuit.

Causing a mismatch on the positive injection lead causes in BioparHom a
maximum error of —10.65 Q in the estimation of Rt1, 10.97 Q in the estimation of Rt2
and -4.33 nF in the estimation of Ct2 when the contact impedance mismatch is of
10 kQ. Impedimed device is less affected to contact impedance mismatch on positive
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injection lead. Maximum errors were 0.96 Q, -1.06 Q and -3.56 nF in the estimation
of Rt1, Rt2 and Ct2, respectively, when contact impedance mismatches.

A mismatch in the negative injection leads has bigger effect on BioparHom
device than on Impedimed. The maximum errors for BioparHom device when contact
impedance mismatch is 10 kQ were 26.78 Q, -26.50 Q and 118.90 nF for the estimation
of Rt1, Rt2 and Ct2, respectively. In the case of Impedimed, the maximum error in the
estimation of Rt1 was 0.30 Q and was caused when the contact impedance mismatch
was 2 kQ. For the case of estimation of Rt2, the maximum error was —0.51 Q and was
caused with a contact impedance mismatch of 1 kQ. For the estimation of Ct2, the
maximum error was —3.03 nF when the contact impedance mismatch was 9 kQ. When
contact impedance mismatch is caused on positive detection leads, both devices are
strongly affected by their value. The maximum error for BioparHom in the estimation
of Rt1 and Rt2 was -48.89 Q and 48.00 Q, respectively, when contact impedance
mismatch was 10 kQ. The maximum error in the estimation of Ct2 was —28.58 nF with
a contact impedance mismatch of 7 kQ. Maximum errors for Impedimed were 36.32 Q,
-36.03 Q and 179.70 nF in the estimation of Rt1, Rt2 and Ct2, respectively, with a contact
impedance mismatch of 10 kQ.

Again, the effect of contact impedance mismatch on negative injection leads a
bigger effect than on injection leads. Maximum error was achieved, on both devices,
when contact impedance mismatch was 10 kQ. For BioparHom, the maximum errors
were 27.50 2, -26.90 Q and 70.80 nF in the estimation of Rt1, Rt2 and Ct2, respectively.
For Impedimed, these values were -63.61 2, 62.90 Q and -32.95 nF, respectively.

When contact impedance mismatch was caused in in vivo measurements, we can
appreciate big effect on the accuracy of the measurement if the mismatch was caused
on negative injection lead and detection leads. For BioparHom, we obtained errors
bigger than 10% in resistance (R) in the injection lead at 50 kHz and in negative
injection and detection leads at 100 kHz. For reactance (Xc), the errors bigger than
10% were obtained on the negative injection lead at 50, 100 and 200 kHz and in the
detection leads at 50 and 200 kHz.

For Impedimed, bigger errors than 10% in the measurement of the resistance were
obtained in injection and detection leads at 50 kHz. For the reactance, these were
obtained in positive injection lead at 5 and 100 kHz and in positive detection and
negative injection leads at 50 kHz.

5 Conclusion

With localized impedimetric measurements, the tissue impedance under study is
small and, as a result, more sensitive to contact impedances and contact impedance
mismatch. In the present study, it was observed that the commercial, whole-body
bioimpedance devices were relatively less sensitive to contact impedance but very
sensitive to contact impedance mismatch.
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This adverse effect was largest when the mismatch involves the detecting leads
rather than the injecting leads. This effect could be reduced increasing the input
impedance and common mode rejection ratio of the input stage. The influence of
contact impedances must be minimized or must become negligible with respect to the
magnitude of the expected changes in the monitored tissue impedance. According to
the results of the present study, the magnitudes of interface impedances should be no
larger than 0.5 kQ to 1 kQ for the segment measured.

In order to achieve this, better electrodes must be designed, possibly with larger
areas, such as band electrodes, which may also help optimize the current distribution
throughout the segment under investigation. The authors are presently developing
novel electrode systems for their particular application.

Although it is tempting to use commercial impedance monitoring devices in novel
ways to develop new and exciting applications of bioimpedimetric analysis, one must
be very careful to check that the new applications do not involve impedance ranges
outside those for which the devices were designed.

In the authors project, involving the development of regional/segmental BIA
measurements as a method of detecting and evaluating changes in the hydration and
nutritional status of home-based patients, this is unfortunately the case. The authors
are also working with a manufacturer of BIA systems to develop a system specifically
designed for localized impedimetric measurements, thus overcoming the problems
associated with this challenging application.
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