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Robert Dominko a,b,e,* 

a National Institute of Chemistry, Hajdrihova 19 SI, Ljubljana1000, Slovenia 
b Faculty od Chemistry and Chemical Technology, University of Ljubljana, Večna pot 113 SI, Ljubljana 1000, Slovenia 
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A B S T R A C T   

Conventional monitoring of Li-ion battery cell performance is carried out by combining empirical measurement 
of the extrinsic parameters with multipart modeling and approximation algorithms. A step forward would be 
enabling more reliable built-in sensing systems that allow collecting direct information, such as a degree of 
constituting materials degradation. Transition metal dissolution is one of the most severe degradation processes 
affecting the performance of the whole battery cell. It can be accelerated through different mechanisms, and its 
monitoring has been a topic of several studies in recent decades. In this work, we establish an approach for 
unambiguous detection of dissolved manganese ions via the built-in electrochemical sensor with scavenger 
moieties. We demonstrate that manganese ion-imprinted polymer (Mn(II)-IIP) deposited between two electrodes 
printed directly on the separator can be used as a sensing layer. The resistance of this sensing layer changes due 
to the coordination of the ion-imprinted polymer with dissolved manganese ions and this is then precisely 
monitored by the electrochemical impedance spectroscopy in the mid-frequency range. Both the electrodes and 
sensing layer remain stable within the voltage range of battery cycling over a longer application time. The sensor 
performance was validated in the single-layer pouch cell using Li||LiMn2O4 chemistry. The use of printing 
technology permits large-scale commercialization; sensors printed on the separator do not significantly alter the 
current production technology and, most importantly, have a negligible impact on the cell energy density. The 
approach is universal and can eventually be extended to the detection of other degradation products in the 
electrolyte.   

1. Introduction 

Lithium-ion batteries (LIBs) play an essential role in the green tran
sition towards the efficient use of renewable energy and electrification 
in numerous sectors. Their performance is monitored with a battery 
management system (BMS) and relies on complex analysis and models 
based on external parameters: voltage (V), current (I), and resistance (R) 
[1]. Further improvement of the quality, reliability, lifetime and safety 
(QRLS) could be obtained by the introduction of smart functionalities 
into the battery cell [2]. Continuous (operando mode) or occasional 
monitoring (in situ mode) of additional parameters such as temperature, 
pressure, strain, and electrolyte composition can provide a piece of 

valuable information about the state of health (SoH) and state of safety 
(SoS) within the individual cell [2]. 

The quest to successfully embed smart functionalities in a battery cell 
requires adaptability and miniaturization of already existing [3–8] or 
completely novel technologies. Sensors, as a vital part of smart func
tionalities, should be stable, cheap, and reliable over a long period [8]. 
Many different analytical methods have been applied as in situ and/or 
operando characterization techniques to better understand battery 
degradation mechanisms [4–7,9]. Many of them are less viable for 
monitoring commercial cells due to sophisticated instrumentation and 
specific cell arrangements [4–7]. 

Among the most significant advances so far achieved in monitoring 
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battery cells is the determination of the temperature at the surface and 
within the cell [3,10–17]. Another type of battery diagnostic involves 
the determination of strain and pressure changes by gauge sensors 
[18–20]. Other possible solutions are represented by families of 
nano-plasmonic sensors [21], acoustic sensors [22], and electrochemical 
sensors. 

Electrochemical sensing can provide real-time information about 
electrochemical changes by introducing one or more additional elec
trodes into the battery cell [3]. The use of a simple reference electrode 
enables the detection of polarization on both electrodes, while the 
detection of chemical changes requires two or more additional elec
trodes. This approach has been demonstrated on lab-scale battery cells 
[23–25]. Such electrochemical sensors are promising, particularly in the 
fields of biophysics and biochemistry, since they can be easily minia
turized and integrated into automated production while retaining their 
analytical properties [26]. 

To maximize their utility, electrochemical sensors should be 
designed in a way enabling the detection of a process that is the most 
detrimental to the battery. Cathode degradation with transition metal 
(TM) dissolution is one of the major reasons for capacity degradation in 
LiBs [27]. Among all, manganese dissolution in manganese-containing 
cathode materials seems to be the most unfavorable since it causes 
structural changes in the cathode and influences the properties of the 
solid electrolyte interface (SEI) on the anode surface [28]. 

Manganese dissolution has been intensively investigated [29,28], 
but there are still numerous open questions about the mechanism and 
the oxidation state of the manganese ions inside the electrolyte. Hunter 
et al. reported that the major reason for the severe manganese dissolu
tion from spinel LiMn2O4 is due to acidic conditions in the electrolyte, 
which can be induced by traces of water [30]. The disproportionation 
reaction (2Mn3+→Mn4+ + Mn2+(solv)) for the LiMn2O4 cathode material 
was proposed by Gummow et.al. [31] These reactions can be accelerated 
by high temperatures and a large surface area of the cathode material 
[32–35]. Another source of dissolved manganese ions can be the 
dissolution of trivalent cations at high potentials [36,37]. 

In situ detection of TM ions and the direct connection between SoH 
and dissolved quantity of TMs is a subject of various studies. Terada 
et al. used a capillary tube for sampling the battery electrolyte during 
cell cycling [38]. The sampled electrolyte was analyzed by the total 
reflection X-ray fluorescence technique. Wang et al. studied manganese 
dissolution by using a rotating ring disk electrode (RRDE) [39]. Zhao 
et al. directly measured the manganese ion concentration using a UV–vis 
probe [40], Banerjee et al. used electronic paramagnetic resonance 
(EPR) combined with inductively coupled plasma (ICP) spectroscopies 
[36]. More recently, Hanf et al. quantified manganese species using a 
new capillary electrophoresis (CE) method with ultraviolet-visible 
detection [41], and Nikman et al. employed a droplet flow 
cell-inductively coupled plasma optical emission spectrometer 
(ICP-OES) set-up [42]. In all studies, a reliable quantification of man
ganese dissolved in the electrolyte was demonstrated; however, all 
studies require a modification of the battery cell. In a recent paper, 
Wang et al. proposed a Swagelok T-cell with three additional electrodes 
to detect manganese and determine polarization between electrodes 
[24]. The setup included a Pt mesh sensing electrode located between 
the battery cathode and anode, and an Ag/Ag+ reference electrode. 
Setting the potential of the Pt sensing electrode to 1.0 V versus the 
Ag/Ag+ reference electrode allowed in situ detection of manganese 
dissolution from the LiMn2O4 electrode. Although reliable detection of 
dissolved manganese and other TMs has been reported, the proposed 
methodologies exhibit several limitations for scaling up to the industrial 
level. 

Through the extensive testing of Mn dissolution influence on battery 
performance we clearly demonstrate the importance of building a reli
able sensor for monitoring transition metals dissolution from electrode 
material. An electrochemical sensor demonstrated in this work that is 
integrated into the battery separator serves as an in situ analytical tool 

for the detection of dissolved manganese in the battery cell. The sensor is 
prepared by printing technology enabling large-scale commercialization 
due to the possibility of producing sensors using a sheet-to-sheet or roll- 
to-roll process [43–48]. The sensor is positioned between the negative 
and positive electrodes without significantly changing the geometry of 
the battery cell and negligibly affecting its performance. The coordina
tion of dissolved manganese ions can be effectively monitored by elec
trochemical impedance spectroscopy (EIS). The proof of concept was 
demonstrated in a laboratory-size pouch LMO||Li battery cell. 

2. Materials and methods 

2.1. Materials 

All sensors and cell setups were prepared in an argon-filled glovebox 
(MBRAUN, O2 < 1.0 ppm, H2O < 1.0 ppm) with previously dried 
components. 

The manganese ion-imprinted polymer (Mn(II)-IIP) was prepared by 
thermal-initiated radical polymerization according to the procedure 
published in Roushani et al. [49]. The Mn(II)-IIP is based on a 
1-(2-pyridylazo)− 2-naphthol (PAN, Merck) chelating agent for divalent 
cations. The additional chemicals used for the synthesis of the 
ion-imprinted polymer were: methacrylic acid (MAA, 99%, 250 ppm of 
Monomethyl Ether of Hydroquinone (MEHQ) as the inhibitor, Aldrich) 
as the monomer, ethylene glycol dimethacrylate (EGDMA, 98%, 90–110 
ppm MEHQ as the inhibitor) as the crosslinker, 2,2′-azobisisobutyroni
trile (AIBN, 98%, Sigma-Aldrich) as the initiator, manganese(II) chloride 
tetrahydrate (99+%, Sigma Aldrich) as the source of template manga
nese(II), and methanol (99%, J.T. Baker) and ethanol (99,9%, Carlo 
Erba) as the solvents. The resulting polymer was washed with 6.0 M 
hydrochloric acid (prepared from 37% HCl, Carlo Erba) and deionized 
water to leach the template ions. 

Cyclic voltammetric (CV) measurements were carried out to check 
the electrochemical stability of the Mn(II)-IIP sensing material. Tests 
were performed in a two-electrode pouch cell using glassy carbon (GC, 
HTW) and lithium metal electrodes (thickness 110 µm, FMC), both with 
a surface of 1 cm2. The GC electrode was used as received, or it was 
coated by drop-casting a solution of Mn(II)-IIP and PVdF (poly
vinylidene fluoride, average molar mass 543.000, Sigma Aldrich) in 
NMP (N-methyl-2-pyrrolidone, 99+%, Sigma Aldrich) in the weight 
ratio 1:1:25. Electrodes were separated with a layer of Celgard™ 2320 
(20 mm in diameter) separator wetted with 20 µL of electrolyte. Two 
different electrolytes were used, i.e., a standard one of 1.0 M LiPF6 in 1:1 
solution of ethylene carbonate (EC) and diethyl carbonate (DEC) (bat
tery grade, Elyte innovation) or the same composition with added 10.0 
mM of Manganese(II) acetylacetonate (Mn(AcAc)2, Sigma Aldrich). 

The sensor was prepared by printing the GC symmetrical electrodes 
on a glass fiber substrate (Fisherbrand™ glass fiber circles, thickness 
0.32 mm, particle retention 1.6 μm) with a micro dispensing printing 
technique (nScrypt, 3Dn-Tabletop). First, we printed the current col
lectors’ two straight-line parts and two contact pads using silver-based 
ink, as shown in Fig. 1. The ink consisted of silver flakes with an 
average diameter of 8 μm (Sigma Aldrich) and a combination of a water- 
soluble polymer (CMC MW 250 000, Sigma Aldrich), and an SBR 
dispersion (MTI Corporation) as the binder. The used weight ratio of 
silver flakes to the binder dual system was 5.7:0.5:0.5. The silver current 
collectors were printed at a speed of 400 mm/min, dried at 80 ◦C for 10 
min, then cured at 125 ◦C for 30 min. In the next step, the circular part of 
the sensor electrodes was printed with a gap of 0.5 mm using glassy 
carbon (GC) based ink (Fig. 1a). The ink consisted of glassy carbon 
particles (Sigma Aldrich) and the same binding system as silver ink. The 
weight ratio between GC:CMC:SBR was 4.3:0.3:0.7. The GC electrodes 
were printed at the speed of 300 mm/min and dried at 80 ◦C for 10 min, 
followed by curing at 125 ◦C for 30 min. 

The circular part of the sensor has an external diameter of 12 mm 
(external GC electrode) and an internal diameter of 10 mm (internal GC 
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electrode). The gap between the two symmetrical GC electrodes is 
around 0.5 mm and is modified by the composite sensing layer by drop 
casting methodology. The circular part is prolonged into two straight 
rays of about 2 cm in length and is terminated with two contact pads of 
4 × 4 mm2. The two pads are required for wiring the sensor with 
external nickel terminals. 

The Mn(II)-IIP-based sensing layer was prepared using the following 
procedure: First, we prepared a homogeneous suspension of 10 mg Mn 
(II)-IIP and 50 mg c-grade MWCNT (Timcal) in NMP solvent. The 
mixture was then filtered and dried overnight at 50 ◦C. The resulting 
composite was dispersed into a 1500 mg solution of PVdF in NMP 
(weight ratio 1:25). The resulting slurry was manually drop-casted into 
the gap between the two printed GC electrodes. The sensor was dried at 
80 ◦C for 6 h. 

The measurement setup consisted of a pouch bag with two nickel 
current strips for connecting the sensor to the potentiostat/galvanostat 
with the electrochemical impedance spectroscopy (EIS) analyzer. The 
sensor was soaked with 200 μL of 1.0 M LiPF6 in EC:DEC 1:1 as elec
trolyte or with the electrolyte containing 10.0 mM Mn(AcAc)2 or 20.0 
mM of lithium acetylacetonate (LiAcAc, Sigma Aldrich). Finally, the 
sensor was placed inside the pouch bag, connected with the current 
collectors, and sealed. 

The cathode composite material LMO (LiMn2O4, cathode powder 
SP30, Merck) was mixed in a planetary ball mill (PM100, Retch) with 
conductive carbon black SUPER C45 and PVdF in NMP, in the ratio of 
82:9:9 wt.%. The slurry was cast on a carbon-coated aluminum foil using 
a doctor blade applicator. The cathode composite was dried overnight at 
80 ◦C. Cathodes with diameters of 12 and 16 mm were cut out and 
pressed under the external load of 250 Pa for 15 s. 

Inductively coupled plasma-mass spectrometry (ICP-MS) was used 
for the determination of manganese dissolution during chemical or 
electrochemical aging. Samples were prepared using LMO electrodes 
(16 mm in diameter) wetted with 7 µL 1.0 M LiPF6 in EC:DEC 1:1 per mg 
of LMO material. Lithium foil (16 mm in diameter, thickness of 110 µm, 
FMC) was used as the anode and two sheets of Celgard™ 2320 (20 mm in 
diameter) as the separator. The battery cells were packed in a pouch bag 
(triplex foil with aluminum and copper terminals) and cycled at a rate of 
0.33 C. The cycled battery cells were disassembled directly after the 
electrochemical or chemical aging in the discharge mode for a specific 
time. The lithium metal anode and the two Celgard™ 2320 separator 

sheets were taken from the cell. The lithium metal anode was immersed 
and dissolved in 2.0 mL ethanol, and both separator sheets were 
immersed in a 3.0 M solution of H2SO4 (prepared from 96% sulfuric 
acid, Carlo Erba) in ethanol for two days. The samples were stored in 2.0 
mL vials. After that, the samples were analyzed by ICP-MS. The mea
surements were carried out using an inductively coupled plasma 
elemental mass spectrometer (Agilent 7500ce Series) equipped with an 
octopole collision cell. The samples were diluted ten times in a glass 
flask containing 1.0 mL sample + 0.1 mL of HNO3 (65%, Merck, 
Darmstadt) + 0.05 mL of 10 mg L− 1 IS (Y, Sc, Ge, Gd, Merck, Darmstadt), 
and filled with Milli-Q ultrapure water (Millipore, Bedford, MA, USA) to 
10.0 mL. The ICP-MS elemental analysis was also used to characterize 
the leached and unleached Mn(II)-IIP sensing material during its prep
aration; 3.5 mg of each sample was dissolved in 2.0 mL ethanol stored in 
2.0 mL vials before measurement. 

The case study cell setup consisted of a pouch battery cell with an 
integrated new sensor. We prepared a pouch bag with four terminals. 
Two of them were connected to the cell current collectors for the battery, 
i.e., a copper foil terminal for the negative lithium electrode and an 
aluminum foil terminal for the positive LMO electrode. The two other 
terminals were made from nickel foil and were used for connecting the 
sensor that was located between two Celgard™ 2320 separator sheets 
(20 mm in diameter). The sensor and the separators were soaked with 
250 μL of 1.0 M LiPF6 in EC:DEC 1:1 electrolyte. The sensor was located 
between the two separators to prevent direct (electrical) contact with 
battery electrodes. The such setup enables optimal positioning of the 
sensor in the region where the manganese dissolution should take place. 
As a reference, we use a pristine glass fiber sheet without any printed 
structure between two Celgard™ 2320 separators. 

2.2. Electrochemical measurements 

Electrochemical measurements were performed at room temperature 
using a Biologic VMP3 galvanostat/potentiostat. All battery cells were 
cycled in the galvanostatic mode between 3.50 and 4.35 V vs. Li/Li+ at a 
fixed charge/discharge current density of 0.33 or 0.10 C. The cyclic 
voltammetric tests were carried out at a scan rate of 10 mV s− 1 (two 
cycles) in the range of 3.50 V to 4.35 V vs. Li/Li+, for each studied 
system. The impedance spectra of the sensor were measured at open 
circuit potential (OCP) in a frequency range between 1 MHz and 10 mHz 

Fig. 1. Printed sensor. Photos of the sensor electrodes printed on a glass fiber substrate (a) without and (b) with composite sensing layer; (c) SEM image of the sensor 
where the GC printed electrodes and the Mn(II)-IIP/MWCNT/PVdF composite sensing layer is visible. 
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with 10 points per decade with an amplitude of 10 mV (rms). The EIS 
measurements of the sensor soaked in the electrolyte were taken every 
30 min. The EIS measurements of the sensor inside the battery cell were 
carried out before battery cycling or after the cells had been galvanos
tatically discharged at the specified cycle and relaxed for 10 min. 

2.3. SEM and ATR-IR spectroscopy 

The morphology of the sensor was checked before use, after being 
exposed to the electrolyte, and after use in the battery cell by using a 
scanning electron microscope (FESEM, SUPRA 35VP, Zeiss, Germany). 
The battery cells were disassembled inside the glovebox, and each 
sensor was washed with dry DEC to remove any salt residue present on 
the surface. The samples were transferred to the scanning electron mi
croscope in a homemade holder that enables the transfer of the sample 
between the glove box and microscope in the protective atmosphere. 
The accelerating voltage for scanning electron microscopy (SEM) anal
ysis was 1.00 kV. 

All ATR-IR measurements took place in an argon-filled glovebox (O2 
< 1.0 ppm, H2O < 1.0 ppm) with previously dried components. The 
measurements were conducted on Bruker Alpha II equipped with a Ge 
crystal ATR and a DTGS detector. The spectra were collected in ATR 
mode with 64 scans at a resolution of 2 cm− 1 in the range of 4000 to 600 
cm− 1 and analyzed by the software OPUS version 7.8. 

3. Results and discussion 

3.1. Manganese dissolution 

To correlate the dissolution of manganese with the capacity fade 
during the electrochemical and chemical cell aging in the discharged 
state, we run LMO||Li cells at 0.33 C for a different number of cycles. We 
assembled and cycled six LMO||Li cells in parallel for each data point 
shown in Fig. 2. Battery cells were assembled by using electrodes from 
the same batch with loadings close to each other. During cycling, the 
cells were stopped at discharge mode after the 10th, 25th, 50th, 75th, 
and 100th cycles. These cells were used to determine the amount of 
dissolved manganese due to electrochemical aging. 

To test the manganese dissolution due to chemical aging, an addi
tional set of three cells was assembled under the same conditions and 
run for ten complete charge/discharge cycles. The cells were left at OCP 
in full discharge mode for a different number of days, i.e., 3, 5, 10, and 
20 days. For the resting period, three parallel cells were tested; these 
cells were used to determine the amount of dissolved manganese due to 
chemical aging. After finishing the aging tests, we carefully opened each 
cell; separators and lithium metal electrodes were further used for the 
ICP-MS analysis of manganese. The amount of manganese measured by 
the ICP-MS is a sum of manganese determined in the separator and on 
the metallic lithium. A standard deviation of the ICP-MS measurements 
can be attributed to the manual assembly of battery cells and non- 
homogenous electrolyte distribution, i.e., the electrolyte that remained 
in the cathode was not considered for the analysis. 

The average capacity fading as a function of cycle number is shown 
in Fig. 2a (blue circles). The capacity decreased by about 13% after 100 
cycles. The capacity fade is almost a linear process with the cycle 
number. The total amount of manganese determined by the ICP-MS as a 
sum of quantities obtained from the separator and anode sample at the 
corresponding cycle number resembles more as a logarithmic function 
with a cycle number, as shown in Fig. 2a (red circles). This can be 
explained by the faster kinetics of leaching from the surface compared to 
the bulk of particles. In addition, separated quantities from the metallic 
anode and separator are shown in Fig. S1a and S1b in the Supporting 
Information. The amount of leached manganese found in the separator is 
about two times higher than that determined from the lithium metal. 
The total amount of leached manganese was determined to be approx
imately between 5 and 15 µg. If compared to the initial mass of 

manganese inside the cathodic active material, the amount of dissolved 
manganese is between 0.2 and 0.6% of the original manganese within 
the LMO. The dependence of the amount of leached manganese as a 
function of chemical aging in the discharged state is demonstrated in 
Fig. 2b. The changes in the mass of dissolved manganese are within the 
experimental error, and the obtained values are consistent with reports 
in the literature [35,50–54]. 

Results presented in Fig. 2 suggest that considerable amounts of 
manganese can be detected in the separator and on the negative lithium 
electrode in the case of the LiMn2O4 cathode. Manganese is considered a 
sustainable element, and due to high expectations for the future devel
opment of manganese-based cathode materials, there is an obvious need 
for quantitative and qualitative control of manganese dissolution within 
the battery cell. 

3.2. Electrochemical sensor setup and characterization 

The newly developed sensing platform offers great potential for the 
detection of dissolved manganese (and some other transition metals) 
with the sensor integrated into the separator. As shown in Fig. 1, the 
main components of the sensor are the electrodes and the sensing layer 
deposited between electrodes with the capability of coordinating diva
lent manganese ions. A more detailed morphology of the electrodes and 
sensing layer is depicted in SEM micrographs in Fig. S2. 

To test the reproducibility of the drop-casting methodology for the 
preparation of the sensing layer , we measured each sensor’s resistance 
under ambient conditions. Due to the manual addition of the sensing 
layer between electrodes, we observed some variations in overall 
resistance between sensors in the range of 2.7 and 4.5 kΩ. 

The active compound in the sensing layer is Mn(II)-IIP which is an 
ion-imprinted polymer based on the PAN ligand as a strong organic 

Fig. 2. Transition metal dissolution. (a) Capacity fading as function of cycle 
number for the LMO||Li cells cycled at 0.33 C between 3.50 and 4.35 V vs. Li/ 
Li+ (blue) and the total amount of manganese measured by ICP-MS for the 
batteries stopped at different cycles (red), and (b) the total amount of manga
nese measured by ICP-MS for the batteries stopped after 10 cycles in discharged 
state and left to rest for different periods. 
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reagent for chelating metal ions. The bonding of the metal ions involves 
two PAN molecules arranged around one metal cation, creating the M- 
PAN2 complex. The as-prepared active material contains manganese, 
which is removed from the structure by leaching with diluted hydro
chloric acid. Structures of the Mn(II)-IIP bonding site before and after 
the leaching of manganese are shown in Fig. 3a. The ATR-IR spectra 
confirmed the preparation of Mn(II)-IIP, and the IR spectra of leached 
and unleached-IIP (Fig. S3) are in good agreement with the IR absorp
tion bands and shifts, as reported by Roushani et al. [49]. The spectrum 
of unleached Mn(II)-IIP shows absorption bands for stretching vibra
tions of C=N and C=O at 1630 cm-1 and 1727 cm-1, respectively. In the 
ATR-IR spectrum of the leached Mn(II)-IIP, the stretching vibration for 
C=N functional group is shifted to a higher wavenumber, 1638 cm-1, 
while the vibration for the C=O functional group instead remains at 
1727 cm-1. The shift in the C=N stretching vibration implies that the 
imprinted ion has been sufficiently rinsed from the polymer. Additional 
IR characterization of the sensing layer is shown in SI in Fig. S4. From 
Fig. S4 is visible that the Mn(II)-IIP IR bands match with the bands in the 
Mn(II)-IIP/MWCNT composite and the final sensing layer. Both the 
spectra in (b) show an additional IR band around 1680 cm− 1 due to C=O 
stretching vibrations, which corresponds to the NMP solvent residuals in 
the sample. Comparing the spectra of the sensing layer spectra to the Mn 
(II)-IIP/MWCNT, we can see an increase in the IR band at 1400 cm-1 and 
two additional IR bands at 1070 cm− 1 and 875 cm− 1 caused by the 
presence of the PVdF binder. We can also see a shift in the IR band 1147 
cm− 1 (sensing layer, b), which is caused by the presence of PVdF and the 
glass fiber substrate. They show specific IR bands at 1211 cm− 1, 1184 
cm− 1 (PVdF) and 1015 cm− 1 (glass fiber). 

To additionally confirm that the manganese has been sufficiently 
leached out from the Mn(II)-IIP complex during the sensing layer 
preparation, we measured the amount of manganese by ICP-MS. In this 
case, the manganese concentration found in the unleached Mn(II)-IIP 
sample was 1.2 mg L− 1, whereas the concentration in the leached 
sample was below 0.1 mg L− 1. 

The redox activity of Mn(II)-IIP in the battery environment was 

investigated by cyclic voltammetry. A glassy carbon (GC) disk was used 
as a supporting electrode for the Mn(II)-IIP/PVdF sensing material. 
Cyclic voltammograms of the unmodified GC disk and Mn(II)-IIP/PVdF 
modified GC disk in 1.0 M LiPF6 in EC: DEC 1:1 electrolyte are shown in 
Figs. 3b and S5 (black line for GC, blue line for Mn(II)-IIP/PVdF/GC). 
Due to the absence of any distinct signals during the cathodic and 
anodic scans, we can conclude that there is no electrochemical reaction 
between the Mn(II)-IIP composite and electrolyte in the operating 
voltage range for the LMO cells. The sensing layer is electrochemically 
stable and suitable for application in a battery cell. 

In continuation, a similar measurement setup was used to under
stand the behavior of the polymer Mn(II)-IIP in the presence of man
ganese ions in the electrolyte, i.e., after the addition of Mn(AcAc)2. 
Electrochemistry of Mn(AcAc)2 has already been evaluated in various 
electrolytes and with different electrode materials [55–57]. The cyclic 
voltammograms of the unmodified GC and Mn(II)-IIP/PVdF modified 
GC electrodes in the solution of 10.0 mM Mn(AcAc)2 in 1.0 M LiPF6 in 
EC:DEC 1:1 (wt:wt) electrolyte are presented in Fig. 3b (dotted orange 
line for the unmodified GC and red line for Mn(II)-IIP/PVdF modified 
GC). Both voltammograms revealed two well-defined redox couples 
during cyclic voltammetric scans. We can assign the signals a/a* (at the 
unmodified GC) and 1/1* (at the modified GC) to the Mn2+/Mn3+ redox 
couple, and the signals b/b* (at the unmodified GC) and 2/2* (at the 
modified GC) to the Mn3+/Mn4+ redox couple. We observed a shift of 
the anodic signal 1 towards higher potential and a shift of the cathodic 
signal 1* towards the lower potential for the cell with Mn(II)-IIP/PVdF 
modified GC electrode in comparison to the unmodified GC electrode. 
Higher polarization between the oxidation/reduction process of the 
MnII/MnIII couple in the presence of the Mn(II)-IIP indicates possible 
coordination of the manganese(II) species in the Mn(II)-IIP structure and 
conceivably slower diffusion pattern to the electrode surface. 

To exclude the interference of the sensor with the electrochemistry of 
the LMO||Li battery cell, we assembled two test cells, one with added 
sensor and one conventional to be run in parallel. In one cell, the sensor 
printed on a glass fiber separator was positioned between two Celgard™ 

Fig. 3. Sensor and battery stability. (a) Chemical structures of the Mn(II)-IIP bonding site with and without trapped manganese ion; (b) cyclic voltammograms in 1.0 
M LiPF6 in EC:DEC 1:1 (wt:wt) (black and blue curves) and in 10.0 mM Mn(AcAc)2 in 1.0 M LiPF6 in EC:DEC 1:1 (wt:wt) (orange and red curves) at a scan rate of 10 
mV s− 1; GC (black, orange) and Mn(II)-IIP/PVdF/GC (blue, red) were used as working electrodes, and lithium metal as counter and reference electrode; peak po
sitions: a/a* 3.45/3.25 V, b/b* 3.85/3.75 V; 1/1* 3.55/3.20 V, 2/2* 3.85/3.75 V); charge and discharge voltage profiles of (c) LMO|celgard-glass fiber separator- 
celgard|Li and (d) LMO|celgard-sensor-celgard|Li at 0.33 C in the voltage range of 3.50 V to 4.35 V vs Li/Li+ for 75 cycles. 
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2320 separators (Fig. S6), and in the second cell, a pristine glass fiber 
separator sheet was used. The cells were opened after cycling and the 
sensor morphology was checked with SEM (Fig. S7), where no detect
able degradation or changes in the sensor’s surface were observed. The 
cycling voltage profiles of the two LMO||Li battery cells are shown in 
Fig. 3c and d. The voltage profiles in both cases show two-step flat 
plateaus related to the two-stage process of Li+ removal/insertion 
without any measurable polarization or additional electrochemical 
signature that could be correlated to the presence of the sensor. As the 
comparable capacity fading was observed for both cells, we can confirm 
that the electrochemical sensor is stable and has no detrimental impact 
on the LMO||Li battery cell performance. 

Further, we used electrochemical impedance spectroscopy (EIS) as a 
possible method of choice for the quantitative and qualitative detection 
of changes in the resistance of the sensing layer. This powerful analytical 
method is capable of characterizing physicochemical processes with 
different time constants. Obtained results suggest that the coordination 
of manganese ion within the Mn(II)-IIP-based material alters the 
impedance of the sensing layer (Fig. 4) in the mid-frequency range. To 
explain the working principle of the sensor we employ a transmission 
line model, which relates the conducting species and their interactions 
with the sensor. Fig. 4a presents the circuit describing the sensor 
interaction with the electrolyte without manganese ions. For easier 
model/material system correlation, the circuit is drawn on top of a 
schematic cross-section of the sensing electrodes (see the experimental 
cross-section image in Fig. 1c for reference). The circuit includes two 
parallel rails, one for the transport of electrons through the Mn(II)-IIP/ 
MWCNT/PVdF sensing layer (upper rail, elements Re) and one for the 
transport of electrolyte ions through the electrolyte-filled glass fiber 
substrate (lower rail, elements Ri). The terminal ends of both rails 
describe the interaction of the transporting species with the sensor’s 

glassy carbon-printed electrodes. For electrons, this is a resistive 
element Rint and for ions, a capacitor element Cdl,1. Both rails are con
nected with vertical capacitor elements that describe the interaction of 
ions with the sensing layer. Since no manganese ions are present, the 
interaction of electrolyte ions with the sensing layer is nonspecific and 
constitutes a capacitor element Cdl,2. Such a circuit produces a spectrum 
with three distinct features – a resistive intercept (Rintercept, see Eq. (1)), 
a high-frequency arc Rint with a capacitance of Cdl,1, and a low-frequency 
feature with a Warburg arc shape with a transmissive boundary that has 
a resistance size of Rw (Eq. (2)). 

Rintercept =
ReRi

Re + Ri
(1)  

Rw = Re −
ReRi

Re + Ri
(2) 

To prove the concept of the developed sensor functioning we per
formed impedance spectra measurements of sensors soaked with elec
trolyte without or with manganese ions (Fig. 4). Fig. 4b shows the 
impedance response of the sensor wetted by 200 µL of 1.0 M LiPF6 in EC: 
DEC 1:1 and packed it in a protective pouch cell casing. The measure
ment was performed in the frequency range of 1 MHz to 10 mHz. The 
first EIS spectrum was measured 30 min after electrolyte addition, 
whereas the measurements were repeated for several hours. The 
impedance response corresponds well to the physical model. The eval
uation of EIS spectra unveiled only slight and negligible changes in the 
impedance resistance and capacitance values over time. 

When an electrolyte contains manganese ions, the inherent model for 
the electrochemical behavior of the sensor changes (Fig. 4c); in this case, 
the vertical elements have to contain specific interactions of the man
ganese ions in the electrolyte with the sensing material, meaning that to 

Fig. 4. Sensor response. (a) Transmission line model for the description of the impedance response of the printed sensor without manganese ions in the electrolyte, 
(b) sensor impedance response and its change with time in 1.0 M LiPF6 in EC:DEC 1:1 (wt:wt), (c) as (a) with an electrolyte containing 10.0 mM Mn(AcAc)2, and *(d) 
as (b) containing 10.0 mM Mn(AcAc)2 in the electrolyte. 
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the previous Cdl,2 capacitor are added in parallel two circuit elements in 
series, i.e., Rb and Cb, describing the specific binding interaction [58]. 
Due to the addition of the two elements Rb and Cb in the vertical con
nections between the rails, the features in the EIS spectrum are severely 
complicated in comparison to the features described for the case without 
manganese ions. This is in line with the features present in the recorded 
EIS spectra in Fig. 4d. The experiment was conducted by adding 200 µL 
of 10.0 mM Mn(AcAc)2 in 1.0 M LiPF6 in EC:DEC 1:1 (wt:wt) electrolyte 
to the sensor and measuring impedance spectra in the same way as in the 
case of the sensor without manganese ions in the electrolyte. 

Fig. 4d shows the evolution of the spectra features over time. In this 
case, the initial spectra are similar in size and shape to the spectra 
measured with sensors that were not in contact with manganese ions. 
Over time, the features changed, producing three distinct arcs. The first 
changes in the EIS spectra were detected after 10 h. These alterations 
can only be attributed to the change in the sensor’s electrochemical 
behavior due to the addition of manganese ions. To additionally confirm 
this, we checked the influence of acetylacetonate anions separately. 
When the same set of impedance spectra measurements was performed 
by adding 200 µL of 20.0 mM LiAcAc in 1.0 M LiPF6 in EC:DEC 1:1 
electrolyte, the EIS spectra showed negligible changes over time 
(Fig. S8). Therefore, these experiments corroborate that the developed 
sensor can specifically detect the presence of manganese ions. 

3.3. Detection of soluble manganese in LMO||Li cell 

The combination of printing electrodes on the separator, sensing 
layer, and the capability of EIS to follow changes in the resistance/ 
capacitance behavior of the sensing layer offers a convenient and reli
able methodology for the detection of SoH in Li-ion batteries without the 
need for significant modification of the cell production process, and 
most importantly, without affecting the cell performance. We assembled 

several cells with a printed sensor on the separator between the LMO 
cathode and metallic lithium anode, and the cells were cycled with 
different current densities. Fig. 5 shows two cells, one cycled at 0.33 C 
(Fig. 5a) and another at 0.1 C (Fig. 5c). Changes in the corresponding 
impedance spectra shape are similar to those observed in Fig. 4d. 
Changes are more pronounced in the experiment where cells were 
cycled with a slower C-rate (Fig. 5c and d). The reason for that can be the 
slow kinetics of manganese adsorption/coordination within the Mn(II)- 
IIP/MWCNT/PVdF sensing layer composite and/or larger amount of 
dissolved manganese due to longer exposure of the cell to high voltages. 
Both cells showed typical patterns in the EIS spectra, which can be 
attributed to the changes in the sensing layer due to adsorption/coor
dination of dissolved manganese cations within the Mn(II)-IIP/ 
MWCNT/PVdF composite. Measured EIS spectra can be well described 
with a transmission line model shown in Fig. 4c. 

Further optimization of the sensor is required to enable a quantita
tive detection of dissolved manganese. This can be obtained by pre
paring the sensing layer under more controlled conditions; the possible 
direction might be the application of printing technology together with 
the adjustment of ink quality and printing parameters. The potential 
issue of the slow kinetics of manganese adsorption/coordination in the 
Mn(II)-IIP/MWCNT/PVdF sensing layer will be further investigated by 
using different coordination compounds and by optimizing the 
morphology of the sensing layer. 

4. Conclusions 

In this work, we demonstrate an integrated sensor printed on the 
separator that enables convenient detection of dissolved manganese ions 
in the battery cell. The operation principle is based on the resistance 
change due to different physicochemical properties of the sensing 
composite layer before and after coordination with manganese; the 

Fig. 5. In-situ detection of dissolved manganese. (a) Charge and discharge voltage profiles of LMO|celgard-sensor-celgard|Li cells at 0.33 C in the voltage range of 
3.50 V to 4.35 V vs Li/Li+ for 50 cycles and (b) related cycle evaluation of the impedance response; (c) as (a) at 0.1 C in the voltage range of 3.50 V to 4.35 V vs Li/Li+

for 4 cycles and (d) as (b) at 0.1 C. 
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change can be monitored by the electrochemical impedance spectros
copy in the mid-frequency range. This is demonstrated with a manga
nese ion-imprinted polymer (Mn(II)-IIP)-based sensing composite layer 
deposited between two electrodes printed on the separator. The sensing 
composite is selective to divalent cations. The newly developed sensor is 
stable in a Li-ion battery environment and can be easily scaled up. The 
sensor’s operation was successfully demonstrated in the single-layer 
pouch cells using LMO||Li chemistry at two different C-rates, exhibit
ing promising performances for its future application in monitoring the 
battery’s health, safety, and lifetime parameters. 

The proposed sensor enables the detection of dissolved manganese, 
however, that has to be demonstrated in the full-cell configuration. 
Some remaining concerns will be tested and evaluated in near future. 
Within this study, we did not evaluate long-term stability and sensibility 
in the full-cell configuration. Further, additional research activities are 
going on the check if the sensor has the capability of quantification of 
dissolved manganese. Based on the continuous change of EIS signal that 
is expected, but it has to be carefully examined. Considerably more work 
will need to be done in this area. Within this work, we proposed one 
geometry with a selected sensing layer, however, the use of a different 
geometry or a different sensing layer composition can lead in simplifi
cation of detection where a final goal is to replace EIS with simple 
measurement of ohmic resistance. 
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Syrový: Conceptualization, Methodology, Formal analysis, Writing – 
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