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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Simple operando crosstalk sensor with 
minimal electrochemical “footprint”.

• Real-time tracking and trapping of 
redox shuttles by electrodeposition.

• Quantification of LNMO dissolution at 
any operating voltage.

• Larger dissolution at high voltages and 
in less oxidation resistant electrolytes.
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A B S T R A C T

Chemical crosstalk in functioning batteries, which describes the shuttling of electrolyte soluble reactive species 
through the separator and the disruption of the electrode operation is a major concern, which impacts the 
development of new electrode generation for lithium or sodium ion/metal batteries and therefore needs to be 
addressed urgently. The accurate depiction of the origin, the dynamics and deleterious effects of crosstalk process 
upon cycling of the battery, precondition to possible remediation, requires new operando diagnostic solutions. In 
this work, a powerful crosstalk sensing technique based on the electrochemical trapping of redox shuttles is 
introduced and applied to the high-voltage LiNi0.5Mn1.5O4 (LNMO) cathode material. Leaching and transport of 
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transition metal species from the LNMO composite electrode and of electrolyte oxidation products could be 
evidenced, quantified and tracked upon cycling of the LNMO//Li system, unraveling the critical impact of the 
electrolyte composition and its resistance to oxidation.

1. Introduction

Operando diagnostic techniques that allow real-time monitoring of 
the battery during operation can facilitate the deconvolution of entan-
gled processes (usually difficult with ex situ analyses), and speed up the 
search for remediation. The development of such tools that operate 
under conditions as close as possible to those of functional battery cells 
and that offer a trade-off between cumbersome/costly implementation 
and powerful analytical resolution is the subject of intense research ef-
forts. In this work, we propose a rather simple sensing technique to 
monitor and capture in real time redox-active “shuttles” intercrossing 
between the positive and negative electrodes in high-energy Li-ion 
batteries (LIBs), as an alternative to operando techniques like X-ray 
absorption (XAS) [1,2] and magnetic nuclear resonance (NMR) spec-
troscopies [3].

The so-called chemical crosstalk effect, which is believed to be 
detrimental to the battery operation, has been evidenced in batteries 
using positive electrode materials based on transition metal oxides or 
phosphates and with spinel (such as LiMn2O4, LMO), layered (LiCoO2, 
LCO) or olivine (LiFePO4, LFP) structures. The incriminated redox- 
active “shuttles” originates from leaching of transition metals from the 
host materials [4–12] and but also from pronounced oxidation of LIB 
electrolytes on the material surface at high-operating voltage [13–15] 
and strongly contribute to the battery capacity fading. Contamination 
[6,16–27] of the Solid Electrolyte Interphase (SEI) at the negative 
electrode by metallic species is suspected to either create electronically 
conductive pathway within the SEI [18,21], to disrupt the SEI passiv-
ating ability (porous SEI formation) [18] or to promote its decomposi-
tion (e.g. of LEDC) [17,28]. Meanwhile, species produced at the anode, i. 
e. gas but also electrolyte degradation by-products (organophosphates), 

[29], have been reported to be detrimental to the cathode operation 
(growth of high impedance surface film and loss of active material). The 
accurate depiction of the origin, dynamics, magnitude and deleterious 
effects of crosstalk process during cycling of the battery, as a prerequi-
site for possible remediation, requires new diagnostic solutions.

Various in situ/operando spectroscopic techniques have been 
developed to track and/or identify in situ/operando, the formation of (i) 
gases [30–32] (online electrochemical mass spectroscopy OEMS [25]), 
(ii) of electrolyte-soluble metallic and non-metallic species (nuclear 
magnetic resonance NMR, electron paramagnetic EPR [3], and UV–vis 
spectroscopy [33]) and (iii) the accumulation of metallic species at the 
negative (X-Ray absorption spectroscopy XAS [1,2]) or positive elec-
trode (labelled and label-free fluorescence microspectrometry [34,35]). 
“Generator–collector” electrochemical techniques have been also pro-
posed to register the electrochemical signature (i.e. cyclic voltammetry) 
of metallic but also non-metallic species intercrossing between the 
positive and negative electrodes [36,37], though on model systems. The 
so-called four-electrode techniques include Scanning Electrochemical 
Microscopy SECM [38], Rotating Ring-Disk Electrode RRDE [39], Li/Pt 
sense cell [40] inserted at the edge of the separator of a graphite/Li cell 
and Li|C-Al2O3|C-Al2O3| Li symmetrical cell [41]. More recently, 
advanced electrochemical testing protocols have been also proposed to 
detect crosstalk effects upon aging of the battery and quantify their 
impact on the battery lifetime [39].

Our new approach for operando crosstalk sensing introduces within 
the electrode assembly a polarized platinum mesh (sensor), so that redox 
active oxidation products generated at the positive electrode upon 
charging and diffusing/migrating toward the negative electrode, i.e. 
redox shuttles, can be reduced and potentially trapped by electroplating, 
while avoiding electrolyte reduction. The use of a metal mesh in 

between the positive and negative electrode in alternative to small 
surface electrodes classically used for analytical electrochemistry (disc, 
sphere), gives access to higher sensitivity, reproducibility (direct posi-
tioning across the process) and possible quantification of dissolved 
metal (operando crosstalk sensing/“titration” and ex situ X-ray fluo-
rescence XRF measurements on the Pt mesh), while maintaining the 
electrochemical performance of the cell.

The proposed methodology was applied to the dynamic quantifica-
tion of the dissolution extent of the LiNi0.5Mn1.5O4 (LNMO) spinel ma-
terial upon cycling of the LNMO/Li system in Swagelok cells. In LNMO 
(LiNi+ II

0.5 Mn+ IV
1.5 O4), the nickel-doped analogue of LMO (LiMn+ IIIMn+

IVO4), Mn has been partially substituted by Ni in order to reduce the 
Mn+ III content (subject to Jahn-Teller distortion and Hunter dispro-
portionation reactions producing soluble Mn+ IV and Mn+ II [38,42]), 
while significantly increasing the working voltage and thus, the asso-
ciated energy. Still, significant dissolution of the active material has 
been evidenced (mainly Mn but also Ni) [19,23]. The mechanism and 
dynamics of dissolution upon cycling of transition metal oxides 
including LNMO remains a matter of debate within the scientific com-
munity, various degradation schemes being already proposed: (i) 
disproportionation reactions enhanced in the discharge state (i.e. in the 
lower valence states of Mn), (ii) phase transformation (as an alternative 
or additional to disproportionation) with concomitant release of oxygen 
and soluble metal species) [43,44], (iii) surface catalytic reaction of the 
high-valence Mn species (Mn+ IV) with electrolyte [19,45] and forma-
tion of stables complexes between molecular chelation agents (ligands 
as oxalate, carbonate, ethylene dicarbonate [46], β-diketonate [23]) and 
Mn species, promoting Mn dissolution. Note that material corrosion by 
HF promoted at elevated temperature leading to surface deposits or to 
soluble metal species [47–49] (decomposition of PF6

− into F− and 
oxidation of alkoxides, semi-carbonates …) has been also reported. To 
get a better understanding of the intricate dissolution mechanism 
explaining the capacity fading of LNMO-based systems in operation, the 
impact of the electrolyte composition and of the Mn+ III content 
(disordered or partially ordered LNMO structure) was assessed using our 
newly developed crosstalk sensing method.

2. Material and methods

LNMO composite electrodes - LNMO powder (“disordered”) was 
synthesized in SAFT adapting protocols detailed by Aktekin et al. [50]. 
LNMO powder, with lower Mn+ III content (“partially-ordered”) was 
obtained after a heat treatment of 12 h at 600 ◦C under a constant flow of 
oxygen (see Fig. S1). Composite LNMO electrodes (LNMO powder, 
carbon black, PVDF binder, mass loading 7 mg cm− 2) were prepared on 
aluminum current collectors by SAFT (the nature of the carbon black, 
binder, proportions and porosity cannot be disclosed). LNMO electrode 
and lithium negative electrode were assembled in a coin-cell (2032 
format) filled with either electrolyte mixtures (volume 20 μL) of 
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) EC/EMC 
(30/70: v/v) with 1.2 M LiPF6 or of EC and diethyl carbonate (DEC) 
EC/DEC (50/50: v/v) with 1.0 M LiPF6 (Solvionic, France) and cycled 
galvanostatically at a C/10 C-rate (see full description in SI).

Cross-talk sensing method description - The proposed configura-
tion enabling detection and trapping of diffusing species upon charging/ 
discharging of the battery is depicted in Fig. 1a and b and Fig. S2.

A platinum electrode (circular mesh: 13 mm-diameter, 60 μm- 
thickness, 300 μm-mesh size), is inserted between the positive and 
negative electrode through the vertical opening of a T-shape Swagelok© 
type cell, and electrically insulated from the positive and negative 
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electrodes using 2 x 2 polypropylene separators. The Swagelok cell is 
then filled with LIB electrolytes (volume: 120 μL), sealed and connected 
to a multi-channel potentiostat (Origaflex, Origalys, France). To ensure 
that the transition metal-derived compounds leaching from the positive 
electrodes (Mn, Ni elemental or complex species) could be electro-
reduced on Pt while minimizing possible concomitant electroreduction 
of the electrolyte (side reactions), a constant polarization at 1 V vs Li/Li+

was selected. This latter stands well below the standard reduction po-
tential of Mn/Mn2+ and Ni/Ni2+ (+1.27 V and +2.22 V vs Li/Li+

respectively [2]) and above the reduction threshold of the EC-EMC LiPF6 
electrolyte (~0.8 V vs Li/Li+ on Pt [51]). The evaluation of the back-
ground current at 1V can be found in Fig. S3 as well as the influence of 
the LNMO polarization on the sensor response in Fig. S4. All electro-
chemical experiments were conducted at room temperature.

Post-mortem analyses - After disassembly of the Swagelok© T-cells, 
Energy dispersive X-Ray spectroscopy (SEM-EDX, ULTRA 55, ZEISS) and 
X-Ray fluorescence (WDXRF Zetium, Malvern Panalytical) measure-
ments were conducted on the Pt sensor, previously rinsed with EMC 
electrolyte (see Figs. S13 and S14).

3. Results and discussion

1 Crosstalk sensing on operating LNMO

The cycling performance of LNMO composite electrode vs Li in the 
modified Swagelok cell with the Pt sensor were first evaluated and 
compared to the one obtained in LNMO/Li coin-cells (EC/EMC 1.2 M 
LiPF6 electrolyte, C-rate: C/10). Similar voltage profile and capacity 
were obtained despite the presence of the 100 μm-thick platinum mesh 
and of the 2 x 2 polypropylene separators (see Fig. S9). Crosstalk eval-
uation was then carried out on the (+)LNMO||(PtSensor)||Li(− ) system 
upon multiple charging/discharging cycles at C/10. The potential pro-
file of LNMO associated to the first cycle and the reduction current ob-
tained in parallel on the platinum mesh sensor (biased at 1V vs Li/Li+) 
are shown on Fig. 2a (the 5 successive cycles are displayed in Fig. 4a).

The platinum sensor response shows fluctuating reduction current 
intensities, which can be attributed to various dissolution regimes of the 
LNMO electrode convoluted by mass transport process to the sensor. 
Four main sections during each charge/discharge cycle of the LNMO/Li 
system can be identified: (i) a first intense reduction current peak 
(~− 3.5 μA) at the beginning of the charge concomitant with the 
oxidation step at E > 4 V on the potential profile (Mn+ III/IV to Ni+ II/III 

transition) which could be associated to a LNMO structure change pro-
moting its dissolution, (ii) a relaxation at E > 4.5 V to an almost constant 
current at mid-charge (~− 2.1 μA), with a slight variation across the 
second oxidation step on the potential profile (Ni+ II/III to Ni+ II/IV 

transition) which could suggest a continuous active material dissolution, 
though at lower rate, concomitant with the electrolyte oxidation, (iii) a 
marked increase in the reduction current at the end of the charge up to 
− 4.5 μA which could result from the faster migration at high voltages of 
accumulated charge species at the electrode/electrolyte interface, and 
(iv) a current which decreases initially fast then steadily down to 
0 during the discharge. This apparently lower dissolution rate upon 
discharge, i.e. where Mn is expected to return to its + III valence state, 
does not support a dissolution mechanism based (solely) on a dispro-
portionation reaction. Note that the overall reduction current intensity 
(and the associated charge on Fig. S10b) decreases slightly over the 5 
cycles as can be seen in Fig. 4a, suggesting that the dissolution process 
becomes less and less pronounced upon cycling.

To push further the analysis, the Mn leaching extent at the different 
operating stages of LNMO during the first LNMO charge and discharge 
was then evaluated from incremental capacity curves (dQ/dE vs ELNMO) 
plotted for both electrodes (LNMO and sensor) on Fig. 3. The apparent 
synchronicity between the dissolution process and the detection at the 
sensor is striking, the dissolution extent appears higher upon the Ni2+/3+

and Ni3+/4+ voltage plateaus, despite the apparent faster rate (higher 
peak current) observed at the Mn3+/4+ stage. To confirm this trend, the 
charges measured at the sensor at the different LNMO operation stages 
were normalized by the respective amount of Mn and Ni in the electrode. 
The ratio of charge at the sensor and at the LNMO electrode, deduced 
from the area below each peak measured at each voltage plateau (yel-
low: Mn3+/4+, red: Ni2+/3+ and blue: Ni3+/4+) are gathered in Table 1. 
The higher ratios (factor 2) determined during the Ni2+/3+ and Ni3+/4+

reactions as compared to Mn3+/4+ suggest that Mn dissolution/transport 
is more pronounced at higher potentials, where electrolyte oxidation is 
expected to take place concomitantly, and more pronounced during 
charging compared to discharging. These results are consistent with the 
sharp increase in fluorescence signal intensity at the threshold of the 
Ni2+ oxidation reaction and the slow decrease upon discharge, as re-
ported by Norberg et al. [34] during operando fluorescence measure-
ments on LNMO/Li. 

2 Post-mortem analyses of the sensor

Following cycling, the 3-electrode Swagelok cell was dismounted, 
the Pt sensor rinsed with EMC and analyzed by SEM-EDX. For 

Fig. 1. Crosstalk sensor - a) Experimental set-up: the two working elec-
trodes, LNMO (WE1) and the Pt grid (WE2, electrically insulated with poly-
propylene separators), and the counter-electrode (a Li foil) are assembled in a 
T-shape Swagelok cell and connected to a bipotentiostat (two Origalys “Ori-
gaflex” potentiostat modules sharing the same ref/counter electrodes); b) 
Concept: a polarized Pt mesh (constant voltage: 1 V vs Li/Li+) is positioned 
between the two electrodes of a LNMO/Li system to detect and trap transition 
metals (Mn, Ni …) leaching from the positive electrode and migrating toward 
the negative electrode upon cycling of the battery (galvanostatic charging at C/ 
10 rate).
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comparison, post-mortem analyses were also carried out on a Pt mesh 
that was kept at the Open Circuit Voltage OCV (not polarized at 1 V) 
upon cycling of a second LNMO||(PtSensor)||Li cell. Heterogeneous sur-
face deposits are clearly evidenced on the 1V-biased Pt mesh as shows on 
the SEM micrograph presented on Fig. 2b, and are associated to high 
concentration of Mn together with O and F (see EDX data on Fig. 2c). 
These latter can be associated to electrodeposition of redox shuttles 
originating from electrolyte oxidation as described earlier on carbon and 
most likely to electroreduction/deposition of complex manganese spe-
cies with their chelating agents. The absence of Mn deposits on the Pt 
sensor maintained at the OCV suggests that Mn species generated upon 
cycling do not deposit spontaneously on the non-polarized platinum 

surface. Small amounts of F and O detected on the non-polarized Pt grid 
could correspond to residues of electrolyte after rinsing and/or to 
electrolyte degradation products on Pt. 

3 Toward quantification: crosstalk sensing on model manganese, 
copper, and carbon systems

As the proposed configuration enabling trapping of diffusing species 
upon charging/discharging of the battery is not common, the relevance 
of the proposed methodology was therefore first assessed through a se-
ries of preliminary tests carried out on model systems (see full descrip-
tion in SI). 

⁃ The Mn capture efficiency was first assessed using a pure manganese 
foil as positive electrode on a Mn||(PtSensor)||Li cell filled with EC/ 
EMC (30/70: v/v) 1.2 M LiPF6 electrolyte. The detection of dissolved 
manganese turned out to be successful with an estimated “capture 

Fig. 2. Crosstalk sensing on the operating LNMO/Li system - a) Potential 
profile of disordered LNMO upon charging and discharging at C/10 of the 
LNMO||(PtSensor)||Li T-shape Swagelok cell in 1.2 M LiPF6 in EC/EMC = 30/70 
(v/v) electrolyte (first cycle, in blue) and reduction current measured at the 
platinum grid sensor biased at 1 V vs Li/Li+ (chronoamperometry, in black); b) 
SEM post-mortem analysis of the biased platinum mesh evidencing surface 
deposits as compared to the non-polarized (OCV) mesh and c) associated EDX 
analyses revealing Mn, O, F in addition to Pt. The Pt meshes were disassembled 
and rinsed prior to their analysis. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Incremental capacity curves (dQ/dE) – Top: measured at the LNMO 
electrode (1st charge and 1st discharge), bottom: measured at the Pt sensor. 
The integrated areas enlightened in color correspond to the charge measured at 
the LNMO electrode and at the sensor at each operating stage of the LNMO 
electrode (Mn3+/4+, Ni2+/3+, Ni3+/4+ reactions associated to voltage plateaus of 
the LNMO charge/discharge curves shown in Fig. 3a). The associated charge 
values (in mAh) are indicated using the same color code. Note that the absolute 
value of the charge at the sensor (which is always negative) has been reported 
during the LNMO charge for ease of comparison. Charge and discharge of the 
LNMO||(PtSensor)||Li T-shape Swagelok cell were achieved at a C/10 C-rate in 
1.2 M LiPF6 in EC/EMC = 30/70 (v/v) electrolyte. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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efficiency” of 75 %, i.e. trapped/generated ratio of dissolved Mn. 
This ratio was calculated from the capacity extracted from the Mn 
and Pt electrodes, 9.6 mAh and 7.2 mAh respectively (see Fig. 2) 
considering a 2e-reaction Mn+ II + 2e- ⇋ Mn (see Figs. S5 and S6) 
with no concomitant electrolyte reactions. The capacity associated to 
the reduction of the electrolyte only on the Pt mesh polarized at 1V vs 
Li/Li+ can be indeed neglected as seen in Fig. S3. Note that the 
relatively large Pt mesh size tested here, i.e. ~300 μm (100 μm thick) 
may explain that a non-negligible part of soluble Mn is not captured 
by the sensor.

⁃ Similar experiments were conducted using pure copper foils as pos-
itive electrode (Cu||(PtSensor)||Li cell), subjected to constant oxida-
tive currents (+40, 80 μA, Eox ≈ 3.5 V vs Li/Li+, see Figs. S7a and c) 
and a Pt sensor polarized at 2V vs Li/Li+ (see Figs. S7b and d). 
Capture efficiencies of 70 and 76 %, similar to those obtained with 

Mn, were obtained with Cu for the 40 and 80 μA dissolution currents 
respectively, suggesting that the capture efficiency is not affected by 
sensor polarization as long as it is within the electrolyte stability 
potential window.

⁃ The generation of non-metal redox shuttles at a positive composite 
carbon electrode as reported in previous studies [40,41] was then 
evaluated on a C||(PtSensor)||Li cell in the same electrolyte compo-
sition. The C electrode was polarized such as to mimic the charging 
profile of the LNMO electrode (see SI). Reduction current could be 
detected on the Pt sensor (see Fig. S8), attesting of the reduction of 
species generated upon polarization of the cell. Only about 8 % of the 
charges consumed in electrolyte oxidation (QC = 18.7 μAh) are 
actually recovered on the Pt grid (QPt = 1.5 μAh), suggesting that 
non-metallic redox shuttles are not produced at high rates and may 
not dominate the overall crosstalk process.

Since the sensing sensitivity does not appear to be system dependent 
and since the crosstalk of non-metallic species appears to be negligible 
compared to metallic species, a capture efficiency of 75 % will be 
considered in the following. 

4 Influence of the electrode structure and the electrolyte composition

As the dissolution rate of Mn (convoluted by diffusion/migration) to 
the sensor seems to be prominent across the Mn+ III/+IV oxidation step 
(higher current), a partially-ordered LNMO material with reduced Mn+

III content was synthesized [52] (see Fig. S1), tested in the crosstalk 
sensing cell filled with EMC-based electrolyte and compared to disor-
dered LNMO (see full description in SI). The similar current profiles 
registered at the Pt sensor and the similar dissolution rates observed for 
the two LNMO materials (see Fig. S12), despite the different capacities 
associated with the Mn+ III/+IV reaction, rule out a dissolution mecha-
nism based solely on Mn+ III disproportionation (without oxidation of 
the electrolyte).

Since the dQ/dE analysis presented in Fig. 3 shows higher extent of 
metal leaching at higher potentials (>4.4 V) where electrolyte oxidation 
is expected to occur, and since mechanisms involving electrolyte 
oxidative degradation have been proposed previously to explain LNMO 
dissolution, the electrolyte composition is discussed hereafter. A cross-
talk sensing experiment was carried out on the same LNMO||(PtSensor)|| 
Li system in a second standard electrolyte mixture EC/DEC = 50/50 (v/ 
v) 1.0 M LiPF6, with supposedly lower resistance to electro-oxidation 
[53,54] than EC/EMC = 30/70 (v/v) 1.2 M LiPF6 previously tested 
(see Fig. S10). The potential profiles extracted upon charging/di-
scharging of LNMO/Li (5 cycles at C/10) in the two electrolyte com-
positions, the current and the charge measured at the Pt sensor are 
shown in Fig. 4a and b and Fig. S10.

Slightly distinct temporal profiles are observed for the two electro-
lyte compositions, particularly around the mid-charge where the 
relaxation of the sensor current to a plateau described earlier for in EMC- 
based electrolyte is traded for a gradual current increase in DEC-based 
electrolyte. Overall, the currents detected on the Pt sensor are clearly 
more intense in DEC-based electrolyte, resulting in a higher charge after 
5 cycles (≈170 vs 100 μAh). Note that in both electrolytes the onset for 
current increase during the charge is observed around 4.2 V, which 
coincides with the Mn+ III to Mn+ IV transition in LNMO. Importantly, 
after cycling of the LNMO electrode in DEC-based electrolyte, Ni was 
also detected on the Pt sensor by XRF (see Fig. S14), in smaller amount 
though (55 μg vs 220 μg for Mn) but in line with the stoichiometry of the 
active material (Ni: 0.5, Mn: 1.5). The extent of Mn dissolution on 
operating composite LNMO electrodes and its contribution to the irre-
versible capacity loss of the LNMO/Li system, were estimated from the 
charge measured at the Pt sensor and at the LNMO electrode for the two 
electrolyte series (see full description in SI). The calculated Mn masses 
were confronted to those obtained by ex situ XRF on a fraction of the Pt 
mesh surface (0.78 cm2), after disassembly of the cells. The results are 

Fig. 4. Impact of the electrolyte composition – Crosstalk sensing experi-
ments carried out on the LNMO||(PtSensor)||Li system in operation in two 
different electrolytes: a) 1.2 M LiPF6 in EC/EMC = 30/70 (v/v) and b) 1.0 M 
LiPF6 in EC/DEC = 30/70 (v/v). In blue: potential profiles of LNMO (disor-
dered) upon charging and discharging at C/10, and in black: charge at the 
platinum grid sensor biased at 1 V vs Li/Li+ (chronoamperometry data can be 
found in the SI, Figs. S9a and c). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Charge ratio at each operating stage of the LNMO electrode determined from the 
integrated charge on Fig. S10.

Mn3+/4+ (~4 V 
vs Li/Li+)

Ni2+/3+

(4.4–4.7 V)
Ni3+/4+

(4.7–5V)

QSensor/ 
QLNMO (%)

1st Charge 0.36 0.78 0.71
1st 
Discharge

0.23 0.36 0.34
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summarized in Table 2.
Despite significant differences, the values obtained by operando 

titration and ex situ XRF appear consistent, attesting of the relevance of 
the electrochemical titration method developed in this study. Over 5 
charge/discharge cycles, higher amounts of dissolved/electrodeposited 
Mn can be inferred from the current intensity at the sensor in DEC as 
compared to EMC-based electrolyte. Mn dissolution, if directly related to 
the loss of active material (1.5 Mn lost for each “inactive” LNMO unit), 
represents 1 %–2 % of initial LNMO loading and 8–17 % of the total 
capacity loss depending on the electrolyte composition, which is 
consistent with the work of Dumaz et al. [15] reporting that the majority 
of the capacity lost on LNMO-based systems (LP30 electrolyte) could be 
attributed to electrolyte oxidation. The intricate relation between the 
electrolyte stability and the rate of dissolution of LNMO is further dis-
cussed in the following. A significant difference in the reactivity/de-
gradation of DEC and EMC-based electrolytes has been already reported 
on LNMO electrodes at high potential (mass spectroscopy studies), with 
important gas formation above 4.7 V vs Li/Li+ in EC-DEC LiPF6 [55] and 
only minor decomposition of EC-EMC LiPF6 electrolyte at potentials 
below 5 V53. The higher resistance to oxidation of EMC-based electro-
lytes (as compared to DEC-based ones) is confirmed by electrochemical 
measurements on non-reactive electrode material (gold) presented in 
Fig. S11. Potential threshold for oxidation of 4.2 and 4.6 V vs Li/Li+ are 
observed for DEC and EMC-based electrolyte respectively, with currents 
about ten times the current measured in EC-EMC LiPF6 at 4.6 V. The 
promoted dissolution of LNMO in contact with EC-DEC LiPF6 together 
with the lower resistance to electro-oxidation of this electrolyte supports 
a dissolution mechanism of LNMO involving electrolyte oxidation in-
termediates already raised in previous studies [3,15,23] and a dissolu-
tion rate of LNMO modulated by the electrochemical stability of the 
electrolyte at high potential.

Performance of the sensing device – In the light of the obtained 
results, the performances of the proposed device are compared to that 
reported for various operando EPR and XAS studies. 

⁃ Sensitivity - From the calibration experiments on Mn/Li and Cu/Li 
systems, the threshold for detection of leached metal, above the 
current background noise, is estimated to be 0.32 mC, corresponding 
to 5.45 μmol or 0.27 ppm. Such sensitivity appears much higher than 
that reported for operando XAS [2] (i.e. noise level ≈0.25 mM for 
Mn2+ in NMC622/graphite cell cycled at C/2) or for operando EPR 
[3] (i.e. ≈15 ppm detection threshold for of Mn [2] in LNMO/Cu 
cycled at C/10). This high sensitivity of the device, makes it possible 
to detect charges on the sensor from the very first charge of LNMO 
(low amount of leached metal accumulated in the electrolyte), and at 
the different operating voltages of the LNMO (evidence of various 
leaching dynamics).

⁃ Selectivity - If we are confident that metals can be selectively elec-
trodeposited according to their redox potential, then all metals will 
be reduced at once at the lowest potential on the sensor. Each metal 
cannot therefore be selectively quantified in a single operando 
experiment as in XAS or EPR measurements.

⁃ Quantification accuracy - The amount of metal leached at the end of 
the first charge on our system, i.e. 20.6 μAh, (74 mC, 3.2 mM and 
210 ppm, or 4 mM, 260 ppm considering a 75 % capture efficiency) 

seems higher but in the same order of magnitude than that reported 
by operando EPR on LNMO/Cu (90 ppm for Mn2+).

⁃ Time resolution - The sampling rate of our device (based on current 
measurements only: ≈0.1s) is higher than for other reported oper-
ando techniques such as EPR (60s per scan [2]) or XAS (≈24 min per 
spectrum) [1], and should allow high C-rates to be tested. Note 
however that the sensor time response is convoluted by the transport 
of the redox shuttles in solution (≈60s delay between generation and 
collection)

⁃ Finally, regarding the relevance of our analysis, the electrochemical 
footprint of our sensor on the tested system is minimal since our 
design is close that of real systems (electrode positioning, low 
flooding factors: 80 μL of electrolyte for 13 mm electrode diameter 
13 mm and 7 mg/cm2 AM loading), at least similar to that of oper-
ando XAS cells (2–4 glass separators >400 μm, 160 μL) as the cycling 
performances are similar to the one obtained on coin-cells [1].

4. Conclusion

The development of quantitative and integrated characterization 
techniques is seen as a major perspective research axis to monitor the so- 
called chemical crosstalk process and assess the effectiveness of reme-
diation solutions. By intercalating an electrochemical sensor (a Pt mesh) 
with a minimal electrochemical “footprint” in a Li-battery cell (LNMO|| 
(PtSensor)||Li), the effective detection and capture of redox-shuttles 
diffusing/migrating across a LNMO/Li cell could be demonstrated 
operando. This real-time crosstalk sensing technique (supported by ex 
situ chemical analysis of the sensor) allows dynamic quantification of 
the extent of metal dissolution from the positive electrode at each 
operating voltage of the electrode material (typically achieved by ex situ 
measurement on large volumes of electrolyte) and the correlation with 
the state of health of the electrode material. It therefore represents an 
affordable and complementary tool to advanced operando techniques 
such as XAS, EPR or NMR.

Our study revealed copious amounts of leached metal (Mn and Ni) at 
each operating voltage of the LNMO electrode (weigh percent loss of 
active material as high as 2 % after only 5 charging/discharging cycles), 
during both charge and discharge. The effective electroreduction/ 
deposition and trapping of inter-crossing soluble Mn and Ni species is 
achieved at 1V on Pt, supporting their possible (disruptive) integration 
within the SEI developed at low voltage negative electrodes. Non- 
metallic redox shuttles could be also detected on the sensor but 
contribute in a much lesser extent to the overall crosstalk process than 
metallic species. The impact of the Mn+ III content in two LNMO poly-
morphes on the dissolution rate and magnitude could not be evidenced, 
ruling out a dissolution mechanism based solely on disproportionation. 
However, an enhanced active material dissolution was demonstrated 
both in lesser oxidation resistant electrolyte and at Ni higher-operation 
voltage (as compared to Mn), confirming that electrolyte oxidation 
above 4.2 V may contribute directly or indirectly (electrolyte by- 
products) to the dissolution process.

The full analytical potential of the proposed crosstalk sensing tech-
nique could be unleashed through various optimizations steps including: 
(i) the exploration of various sensors characteristics and of new polari-
zation strategies toward improved sensitivity (capture efficiency ~ 75 % 

Table 2 
Irreversible capacity of the LNMO||(PtSensor)||Li system associated to Mn leaching estimated from the sensor response (“operando titration”) and from ex situ analyses 
(XRF on the Pt mesh) of the Pt sensor after 5 charge/discharge cycles of the LNMO electrode (disordered) at approximately C/10 and in two different electrolyte 
compositions (EMC & DEC-based electrolytes). The values in parenthesis account for the concomitant reduction of Ni(+II) in DEC-based electrolyte.

Electrolyte composition Mn mass on sensor (μg) Equivalent inactive LNMO mass (μg) % Inactive LNMO (weight) % Total capacity loss

Operando “titration” EC-EMC LiPF6 105 234 1.15 14.2
EC-DEC LiPF6 177 (143) 393 (318) 1.67 (1.35) 13.9 (11.2)

Ex situ XRF EC-EMC LiPF6 63 139.8 0.68 8.5
EC-DEC LiPF6 220 + 55 (Ni) 489.2 2.08 17.3
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at the moment) and selective capture and identification of the different 
redox-shuttles, (ii) the introduction of a reference electrode (4-electrode 
measurement) to explore different anode/cathode combinations and 
their impact on crosstalk phenomena, (iii) the assessment of ageing ef-
fects (long-term cycling, calendar aging at high-temperature), (iv) the 
precise identification of trapped redox-shuttles by cross-comparison 
with spectroscopic analyses of the sensor (e.g. surface-enhanced 
Raman SERS and mass-spectroscopy). The operando selective tracking 
and blocking of redox shuttles should facilitate the exploration of stra-
tegies [56] to mitigate metal leaching and shuttling, such as active 
material optimization (crystal shape, surface coatings) and electrode 
structuring, electrolyte additives [57], optimized and/or appropriate 
separator design for cross-talk shielding [29,58] and could be applied to 
other battery chemistries including Li-air and Li-sulfur batteries.
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