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Abstract:  

      High-voltage spinel oxides combined with Li4Ti5O12 result in 3V Li-ion batteries with a 

high power capability, but electrochemical performances are limited by electrode/electrolyte 

interfacial reactivity at high potential. We have investigated glutaric anhydride (GA) as 

electrolyte additive to improve the performances of LiNi0.4Mn1.6O4/Li4Ti5O12 cells. We 

showed that GA efficiently reduces both the capacity fading upon cycling and the self-

discharge. From X-ray Photoelectron Spectroscopy (XPS), Nuclear Magnetic Resonance 

(NMR) and Electrochemical Impedance spectroscopy (EIS) measurements, we showed that 

GA reduces salt (LiPF6) degradation. Addition of 2% GA in the electrolyte results in a 

passivation film at the surface of both electrodes, which is mainly composed of organic 

compounds resulting from degradation of GA. The film is much thicker but less resistive due 

to a better ionic conductivity, and behaves like a Polymer Electrolyte Interface. 
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1. Introduction 

The need for portable source of energy becomes increasingly important with the 

technology development as it can be used in a wide variety of applications ranging from 

robotization, electric or hybrid vehicles, power tools, biological and energy storage. Hence, it 

is necessary to develop low-cost, safe, rechargeable batteries of high voltage, capacity and 

rate capability.1 Lithium ion batteries are today the most promising power source of the 

portable electronic devices.  

Compared with lead-acid and Nickel-MH batteries, a lithium battery has higher power and 

energy, making it appropriate for cell phones and lap-top computers. However, safety, energy, 

power and cost are still issues for its application in electric vehicles. For these large size 

batteries, safety is in particular a crucial issue and it is still a weak point of the Li-ion 

technology that must be resolved in a near future. In the current Li-ion batteries, carbon 

negative electrodes raise a safety problem because metallic lithium may be plated at the 

electrode surface due to the low Li ions intercalation potential during a fast charge. From that 

point of view, spinel lithium titanate Li4Ti5O12 (named LTO hereafter) is a safer negative 

electrode material due to its higher Li intercalation potential and could replace carbon or 

graphitic negative electrodes. 2 , 3 , 4  As a positive counter electrode, olivine LiFePO4 is a 

promising candidate due to its safety, environmental friendliness and low cost but the working 

voltage of a LiFePO4/LTO battery is only 1.9V. In order to meet desired requirements in 

terms of voltage and then power and energy density, one good solution is to use high voltage 

spinels, such as LiMn2-xMxO4, as the positive electrode material in the LTO safer system. 

For applications requiring high energy density, high voltage spinel oxides are promising 

candidates. In 1997, K. Amine 5  and J. R. Dahn 6  envisioned the '5V' compound of 

LiMn2-xMxO4 spinel oxides (M = Ni, Fe with x = 0.5, 1 and M = Ni with 0 < x < 0.5). For the 

last several years, intensive efforts have been devoted to the development of LiNi0.5Mn1.5O4 
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and variants as positive electrode materials for high energy density Li-ion batteries. 

Subsequent research for the last few years allowed optimizing the electrochemical 

performance and selecting the LiNi0.4Mn1.6O4 composition (named LNM hereafter) for future 

developments. This composition shows the highest discharge capacity (137mAh∙g-1 for the 

first cycle) and higher capacity retention than LiNi0.5Mn1.5O4 (about 7% of capacity fading 

after 100 cycles vs. Li0).7 The major challenge comes now from the electrolyte/electrode 

interface, where the discontinuity in charge distribution and extreme discrepancy in electric 

forces induce diverse processes that eventually determine the kinetics of Li ion intercalation.8 

However, much of these processes and mechanisms still remain poorly understood in 

particular for high potential materials. For the high voltage spinel compound, the main issue is 

the side electrolyte oxidation reaction at high voltage yielding too large capacity loss due to 

self-discharge. Indeed, after two weeks of storage in charged state LNM/LTO cells lose about 

30 % of their discharge capacity, and 70-80 % after three months.9 The result is even worse 

with graphite negative electrodes (LNM/C cells).7 Previously, we have investigated the 

mechanisms occurring at electrode/electrolyte interfaces in LNM/LTO cells, that are 

responsible for capacity fading and self-discharge processes.9,10 A passivation film containing 

organic species coming from decomposition of the solvents at high potential was evidenced at 

the surface of the LNM electrode after cycling. Interestingly, the surface of the LTO negative 

electrode was also covered by a thick passivation film, showing transfer of species from the 

positive to the negative electrode.9 Interfacial problems at positive electrode have been early 

identified of importance because they lead to performance degradation of the battery upon 

aging and cycling. 11  However the chemical, physical and structural properties of the 

interfacial layer at positive electrode, and their modification upon cycling, are still poorly 

known, and need further investigation.  
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Typically, electrolyte additives can affect the reactions of decomposition of the electrolyte 

and either alter the nature of the decomposition products or lead to the formation of a 

protective passive layer on the surface of the active material.12 In this regard, new lithium 

salts 13 and additives 14,15 for electrolyte, or surface treatments 16 for active material have been 

studied to promote the formation of a stable passive layer aiming at the improvement of the 

electrochemical performance. Recently, it was shown that anhydrides (especially succinic 

anhydride) could have a beneficial effect on the capacity retention of various Li-ion systems, 

including high-voltage systems.17,18 

In this paper we studied glutaric anhydride (named GA hereafter) as electrolyte additive in 

order to improve the performances of the LNM/LTO system. We especially focus on the role 

of GA on electrode/electrolyte interfacial mechanisms. This study was carried out with the 

help of three complementary techniques: Nuclear Magnetic Resonance (NMR), X-ray 

Photoelectron Spectroscopy (XPS) and Electrochemical Impedance spectroscopy (EIS). XPS 

provides surface chemical characterisation of passivation films (probe depth ~5 nm). NMR is 

widely used in the field of lithium batteries for structural characterization of active 

materials,19,20,21 but thanks to a specific experimental procedure (detailed in the experimental 

section) it is also possible to separate the signal arising from the passivation layer from the 

signal of the electrode active material to investigate electrolyte decomposition products.22,23,24 

Finally, EIS provides an electrical characterization and, with the help of equivalent circuit 

modelling, allow us to access additional information on the interfacial mechanisms. 

 

2. Experimental section 

2.1. Materials synthesis:   

High voltage nickel manganese spinel oxide LiNi0.4Mn1.6O4 (LNM) was prepared by solid 

state reaction, starting from stoichiometric proportions of the respective carbonates MnCO3, 
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Li2CO3 and NiCO3·2Ni(OH)2. Pure powders were obtained after mechanical activation using 

extensive ball-milling in hexane (PM100 Retsch equipment), and successive thermal 

treatments at high temperatures (10 h at 600°C and 15 h at 900°C) with specific cooling rate, 

usually 1.0°C.min-1. Particles were then treated in mildly acidic aqueous solution to separate 

agglomerates and to clean surfaces. The obtained material has a specific surface area of 

~0.7 m².g-1 and particle sizes between 1 and 20 µm. 

Pure spinel oxide Li4Ti5O12 (LTO) was obtained after multi steps energetic ball-milling of 

TiO2 and Li2CO3 in stoichiometric proportions in hexane, and thermal treatments at 

temperatures up to 900°C during several hours, with a final quick treatment under an argon 

atmosphere, as previously described.25 The obtained product has a specific area of 13.5 m².g-1 

and laser granulometry revealed two populations of particles between 0.1 and 100 µm size. 

2.2. Electrochemical cycling conditions:  

Electrochemical tests were realized in 2032 type coin-cells, using thin composite 

electrodes prepared by thoroughly mixing active material (spinel oxides) with Super P carbon 

black (Timcal) and PVdF binder (polyvinylidenedifluoride - Solef 1015, Solvay) in NMP (N-

methyl-pyrrolidone). Weight proportions of active material/carbon/binder are 89/6/5 for the 

LNM electrode and 82/12/6 for the LTO electrode. As-prepared mixtures were coated onto 

aluminium foils using a doctor blade with 100 µm gap for the positive electrode and 140 µm 

gap for the negative one. The loading was ~7mg of active material (~0.8 mAh.cm-2). The 

electrodes were balanced to be limited by the positive electrode active mass (1.54 cm2 and 

2.00 cm2 discs for positive and negative electrodes in coin cells, respectively). Electrodes 

were dried for 24 h at 55°C, pressed (6.5 t.cm−2) and finally dried again for 48 h at 80°C 

under vacuum. Coin cells were assembled in an argon-filled dry box (< 1 ppm O2/H2O) with a 

microporous polypropylene separator (Celgard® 2400). The liquid electrolyte was a mixture 

of ethylene carbonate, propylene carbonate and dimethylcarbonate (1:1:3 in weight), 
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containing LiPF6 as salt (1 mol.L−1). Two series of cells were studied, without electrolyte 

additive and with 2% of glutaric anhydride (GA). The GA was purchased from Aldrich 

(purity 95%) without any additional in-house purification process. 

Electrochemical lithium insertion/extraction was monitored with an Arbin automatic 

cycling data recording system (Arbin, Texas, USA), operating in galvanostatic mode. 

LNM/LTO cells were tested between 1.5 and 3.5V at ambient temperature at ~C/5 rate (26 

mA.g-1). In parallel with coin-cells, pouch-cells were built with the same electrode balancing 

and cycled in the same conditions, which allowed easy observation of gas release during 

cycling by the swelling of the cell. 

For 19F NMR characterization purpose, some LTO electrodes were prepared using 

carboxymethylcellulose (CMC) as a fluorine free binder. LTO electrodes were processed with 

Super P carbon (TIMCAL) as the conductive agent and CMC (DS ~ 0.7, Mw ~ 90,000 

Aldrich) as binder, according to the electrode formulation: 85 wt.% active material, 10 wt.% 

Super P carbon and 5 wt.% CMC. 

2.3. Characterization techniques :  

XPS measurements were carried out with a Kratos Axis Ultra spectrometer, using a 

focused monochromatized Al Kα radiation (h = 1486.6 eV). The XPS spectrometer was 

directly connected through a transfer chamber to an argon dry box, in order to avoid 

moisture/air exposure of the samples. For the Ag 3d5/2 line the full width at half maximum 

(FWHM) was 0.58 eV under the recording conditions. The analyzed area of the samples was 

300  700 μm2. Peaks were recorded with a constant pass energy of 20 eV. The pressure in 

the analysis chamber was around 5.10-9 mbar. Short acquisition time spectra were recorded 

before and after each normal experiment to check that the samples did not suffer from 

degradation during the measurements. The binding energy scale was calibrated from the 

hydrocarbon contamination using the C 1s peak at 285.0 eV. Core peaks were analyzed using 



7 
 

a nonlinear Shirley-type background.26 The peak positions and areas were optimized by a 

weighted least-square fitting method using 70 % Gaussian, 30 % Lorentzian lineshapes. 

Quantification was performed on the basis of Scofield’s relative sensitivity factors.27 

7Li and 19F NMR measurements were carried out at room temperature on a Bruker Avance-

500 spectrometer (B0 = 11.8 T, Larmor frequency ν0 = 194.369 MHz for 7Li resonance and ν0 

= 470.592 MHz for 19F resonance). Single-pulse 7Li MAS spectra were obtained by using a 

Bruker MAS probe with a cylindrical 2.5 mm o.d. zirconia rotor. Spinning frequencies up to 

25 kHz were used. A short single pulse length of 1 µs corresponding to a nonselective π/2 

pulse was applied. For 7Li spectra, recycle time was 0.5 s and a spectrometer dead time 

(preacquisition delay) of 100 µs was used before each acquisition allowing the separation of 

the surface lithium signal from the bulk signal. 19F NMR spectra were acquired using a Hahn 

echo sequence to discard the significant contribution from the probe signal and a 5 s recycle 

time and a 3 ms pulse were used. In the particular case of paramagnetic materials, NMR 

spectra are dominated by electron-nucleus dipolar interactions several orders of magnitude 

stronger than nucleus-nucleus dipolar interaction. The electron-nucleus dipolar interaction 

decreases quickly with the distance (typically as 1/r3 where r is the distance between the 

observed Li nucleus and the paramagnetic centre). Therefore, the dipolar interaction will be 

considerably weaker when the detected Li nucleus and the paramagnetic centre are in two 

separate phases or even in intimately mixed compounds. The decay of the magnetization 

corresponding to lithium within the paramagnetic material is therefore considerably faster 

compared to that of lithium contained with diamagnetic surface species. Using a 

preacquisition delay longer than the magnetization decay of the “paramagnetic” lithium 

allows detecting only diamagnetic species on the surface of the paramagnetic active 

material.22 The isotropic shifts, reported in ppm, are relative to an external reference made of 

1M aqueous solution of LiCl and CCl3F set at 0 ppm for 7Li and 19F resonances, respectively. 
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In order to perform a quantitative analysis, the different spectra have been analyzed 

considering the total integrated intensity of the signal for each sample. Of course, all 

parameters were kept as constant as possible for each series of NMR measurements: number 

of scans, probe tuning process, spinning frequency, etc. The spectra displayed in this work 

were normalized taking into account the number of scans and the mass of sample. NMR 

spectra fits were performed using DMfit2010.28 

Electrochemical Impedance Spectrocopy (EIS) measurements were performed in a 3 

electrodes cell (a lithium metal wire and a platinum foil were used as reference and counter 

electrodes, respectively), in the frequency range 2.104 to 9.10-4 Hz, with a VMP3 (BioLogic) 

frequency response analyzer. The excitation signal was 10 mV peak to peak. The equilibrium 

potential was considered to be reached when the drift in open circuit voltage remained less 

than 0.1 mV for 1 hour. The liquid electrolyte used was the same as for cycling experiments, 

i.e. a mixture of ethylene carbonate, propylene carbonate and dimethylcarbonate (1:1:3 in 

weight), containing LiPF6 as salt (1 mol.L−1), first without and then with 2% GA additive.  

Fitting of the impedance diagrams was performed with the Zplot® software from Scribner 

Associate. 

 

3. Results and discussion 

3.1. Electrochemical cycling tests: 

Figure 1 shows a comparison of the electrochemical behaviours of a LNM/LTO cell 

cycled between 1.5 and 3.5 V at 20°C and a C/5 rate without (green) and with (blue) 2% of 

GA additive. Figure 1a shows the charge-discharge voltage profiles for the first cycle. We can 

observe two plateaus at 3.15 and 3.2 V associated to Ni2+/Ni3+ and Ni3+/Ni4+ oxidation 

potentials (4.7 and 4.75 V vs. Li+/Li, respectively) and a short "plateau" at 2.4 V associated to 

Mn3+/Mn4+ (~4 V vs. Li+/Li). Without GA additive, the reversible capacity at the first cycle is 
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133 mAh.g-1, with a small irreversible capacity loss lower than 10 mAh.g-1. With 2% of 

additive the reversible capacity is about the same (130 mAh.g-1) with an irreversible capacity 

loss of 14 mAh.g-1. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1b shows the capacity retention upon cycling. After ~120 cycles without additive 

the discharge capacity is 100 mAh.g-1 corresponding to a 25% capacity loss with respect to 

the first cycle. With 2% of additive the capacity retention is much better since the reversible 

capacity is 110 mAh.g-1 which corresponds to a capacity loss of about 15%.  

Figure 1: Comparison of electrochemical behaviours of a LNM/LTO coin cell cycled between 1.5 
and 3.5 V at 20°C and a C/5 rate with and without GA as electrolyte additive. (a,c) Charge-
discharge voltage profiles of the 1st and 118th cycles. (b) Capacity retention vs. cycle number, (d) 
Charge-discharge voltage profile obtained by a 1st charge followed by 14 days of storage in 
charged state (open-circuit voltage) and a discharge. 

(a) 
 

(b) 
 

(c) 
 

(d) 
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Figure 1c shows the 118th cycle. It is clear that without additive the Mn3+/Mn4+ "plateau" 

at 2.4 V has totally disappeared, whereas with 2% of additive it is partially retained, resulting 

in the better observed capacity retention. This point will be discussed below. 

The most significant effect of GA addition is the hindering of the self-discharge process, 

as shown in Figure 1d. In this case the charge-discharge voltage profile is obtained after a first 

charge, followed by 14 days of storage in charged state (open-circuit voltage) and a final 

discharge. The reversible capacity is only 96 mAh.g-1 without additive, which corresponds to 

a significant 28 % capacity loss with respect to a normal first cycle (without storage in 

charged state). With 2% of additive the capacity retention is 109 mAh.g-1, which corresponds 

to an improved 16 % only capacity loss. As a summary, the electrochemical performance of 

the system without additive are rather poor and the presence of GA allows improving 

significantly (but not sufficiently) the electrochemical behaviour of LNM/LTO cells.  

 

 

 

In parallel with coin-cells, pouch-cells were cycled in the same conditions, which allowed 

easy observation of gas release during cycling by the swelling of the cell. Figure 2 shows a 

photograph of a pouch cell after 118 cycles using 2% of GA as additive. An important 

swelling of pouch cells is observed after long cycling (no differences were observed with and 

 

Figure 2: Photograph of a LNM/LTO pouch cell after 118 cycles 
between 1.5 and 3.5 V at 20°C and a C/5 rate with 2% of GA additive. 
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without additive). Therefore, the electrochemical behaviour improvement induced by GA is 

not linked to a decrease of the gas release within the cell. The purpose of the following 

discussion is to understand the mechanisms of action of this additive by investigation of the 

surface of the electrodes after the electrochemical tests. We present now our combined XPS / 

NMR / EIS investigation. 
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3.2. LNM and LTO active materials surface during cycling : 

It is to be noted that X-ray diffraction (XRD) measurements were carried out on cycled 

electrodes, and that no structural differences could be evidenced after long cycling. XRD 

patterns of the LNM electrode (pristine powder and composite electrode after 118 cycles) are 

available as Supporting Information (Figure S1). There is no detectable structural degradation 

of the bulk active materials upon cycling.  

Concerning the surface of the active materials, Figure 3a and 3b show Mn 2p and Ti 2p 

XPS spectra of the LNM and LTO electrodes, respectively, for the following samples: starting 

electrode, first cycle without and with 2% of additive, 118th cycle without and with 2% of 

additive. Due to spin-orbit coupling each Metal 2p spectrum is split in two parts (2p3/2 and 

2p1/2), with an area ratio of about 2/1. 

The Mn 2p spectrum of the starting LNM electrode shows a complex shape. The Mn 2p3/2 

component consists in a maximum (with a fine structure) at 642.3 eV assigned to Mn4+ ions 

with a shoulder at 641.2 eV assigned to Mn3+ ions, in good agreement with the theoretical 

formula of the compound Li+Mn4+
1.4Mn3+

0.2Ni2+
0.4O4. The fine structure of the Mn4+ peak 

(642.3 and 643.1 eV) does not result from the presence of two different oxidation states of 

manganese, but from final state effects due to the XPS photoemission process (multiplet 

splitting effects, or local vs. non-local screening effects 29,30). In the Mn 2p1/2 component the 

resolution is too low to evidence this Mn4+ fine structure and the Mn3+ shoulder. Therefore it 

is not represented in the figure.  

After the first cycle, either without or with 2% of additive the Mn 2p spectra are very 

similar to that of the starting electrode, in good agreement with the reversibility of the 

electron transfer over the first cycle. After 118 cycles, however, some differences can be 

noticed. The intensity of the Mn3+ component at 641.2 eV has almost disappeared when no 

additive is used, showing that the LNM material is not perfectly discharged. This is not true 
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with 2% of additive. This observation is consistent with the disappearance of the Mn3+ 

oxidation step at 2.0-2.5 V in the charge-discharge voltage profile of the 118th cycle without 

additive in figure 1c, and its better retention with 2% of additive, as discussed above.  

The Ti 2p spectrum of the starting LTO electrode is simpler. A unique peak corresponding 

to Ti4+ ions is observed either for the 2p3/2 or the 2p1/2 component (458.6 and 464.4 eV, 

respectively). After the first cycle no difference is observed, either without or with 2% of 

additive. However after 118 cycles a Ti3+ component (2p3/2 at 456.8 eV) is observed, which 

shows that the Li4Ti5O12 material is still partially charged. The intensity of this component is 

lower when 2% of additive is used in the electrolyte. This observation is in good agreement 

with the irreversible process concerning the valence state of manganese observed at the 

positive electrode, and shows that this irreversible process concerns both electrodes upon 

electrochemical cycling. This result also proves that the use of GA is efficient to reduce this 

phenomenon that contributes to the capacity loss upon cycling. The analysis of 

electrode/electrolyte interfaces will provide more information about the involved mechanisms.  

 

3.3. LNM electrode/electrolyte interface:  

3.3.1. 7Li NMR:  

7Li NMR has been performed to investigate the lithiated species that were deposited in the 

passivation film at the surface of the LNM electrodes. To this aim, a specific procedure 

allowing separation of the surface lithium signal from the bulk signal was used (see 

experimental section). 

Figure 4a and 4b show the 7Li NMR spectra without and with 2% of additive, respectively, 

for the following samples: first charge, first cycle, first charge followed by 14 days of storage 

in charged state (open-circuit voltage) and a final discharge, 30th and 118th cycles. Two types 

of lithium signals are detected.  
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Figure 4: Normalized 7Li MAS NMR spectra of the LNM positive electrode: (a) without 
additive and (b) with 2% of GA. (c) Evolution of the normalized integrated intensities of 7Li 
MAS NMR spectra. (d) FWHM of 7Li NMR spectra normalized to the height.  
I, the first charge; II, the first cycle; III, the first discharge after a 14-days rest at 3.5V; IV, 
after 30 cycles; V, after 118 cycles. 
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The narrow signal at 0 ppm is assigned to diamagnetic species deposited at the 

electrode/electrolyte while the signal arising at 800-1100 ppm seems to be due to lithium in 

the bulk of the active material based on the significant typical Fermi-contact shift. This 

second signal is not always detected and seems to appear quite randomly. Considering its 

intensity compared to the surface signal, it most probably concerns only a very small volume 

of the electrode and must be seen as a residual signal that was not eliminated by the use of a 

long pre-acquisition delay. No straightforward relation could be found between the detection 

of that (random) signal and the state of charge or number of cycle of the electrode. We 

tentatively ascribe the detection of this residual signal to a slightly different modification of 

the surface structure of the active material after the contact with the electrolyte. It supposes 

obviously a reaction between the electrode material and the electrolyte.  

 The following discussion will be focused on the surface lithium signal at 0 ppm since the 

evolution of the surface species is the target of the present investigation. A relatively low 

intensity of surface lithium is found for the samples that underwent a long  rest (14 days) at 

high potential (3.5V vs. LTO, i.e. 5 V vs. Li+/Li) after the first charge, especially when 

compared with the spectra of samples corresponding to a simple cycling condition (no rest at 

the end of charge). The same phenomenon is observed whether additive is used or not, 

suggesting a partial decomposition or dissolution of the diamagnetic lithiated species that 

were deposited on the surface of the electrode material upon the first charge for a long 

exposure at high potential. This phenomenon is nevertheless less visible when 2% of additive 

is used, suggesting a lesser extent of Li-containing species decomposition/dissolution for a 

long exposure at high potential. 

In both cases the same general trend is observed upon cycling: the intensity of surface Li 

signal is increasing with the cycling number, especially for electrodes after 118 cycles in 

electrolyte without additive. The integrated intensities of surface Li signals of the two 
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different electrodes were quantified by fitting the spectra using the software DMfit2010 28 and 

the deduced values are shown in Figure 4c.  

Except for the first charge, for which intensities are quite similar, the 7Li integrated 

intensity is always lower when additive is used and the difference between the two types of 

electrodes becomes significant after 118 cycles. This result suggests that GA additive restrains 

the decomposition of the electrolyte lithium salt and the deposition of lithiated species such as 

LiF on the surface of the active material although the phenomenon is not completely 

suppressed. 

The analysis of the profile of the sidebands manifold can also bring useful information 

when examined in the light of the evolution of the amount of lithiated species observed. In 

previous works,16 it has been shown that the spectrum or sidebands manifold width can be 

linked to the strength of the nucleus-electron dipolar interaction between lithium in the 

interphase and paramagnetic electrode material. This interaction is then linked to the intimacy 

between the diamagnetic surface species and the bulk of paramagnetic electrode material. 

More details can be found in ref. 11,14. In brief, a broad sidebands manifold will indicate a 

strong interaction between Li nuclei in the interphase and transition metals in the active 

material and an overall short distance between them. A narrow sidebands manifold will 

indicate an overall or average longer distance between the surface Li and the transition metals, 

implying an overall weaker intimacy between the lithiated species in the passivation film and 

the surface of active material.  In the figure 4d is reported the evolution of full width at half-

height (FWHM) of sidebands manifold of 7Li MAS-NMR spectra for the studied samples. 

Considering first the evolution for samples analyzed after 1, 30 and 118 cycles, in the 

absence of additive, the clear overall decrease of the FWHM indicates that the sidebands 

manifolds become thinner for longer contact times and thus more relative intensity is found in 

the central part of the spectrum as the electrochemical cycling goes on. It shows that 
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additional lithiated species with a weaker interaction with the paramagnetic bulk of active 

material are progressively included in the surface deposits. These results indicate that the 7Li 

NMR integrated intensity growth observed for the same samples does not seem to correspond 

to the further covering of the surface of active material by lithiated products coming from the 

decomposition of the electrolyte but can be attributed mostly to the stacking of lithium 

containing species on the top of the initial deposits, farther from the paramagnetic bulk. On 

the other side, the values of the FWHM for electrode cycled in the presence of additive are 

clearly more stable. This result, combined with the slow increase of integrated intensity 

suggests a further covering of the surface of the active material by lithiated species or a better 

distribution of the lithiated species on the surface of active material rather than a stacking of 

species leading to thick discrete deposits. Thus, when GA is used, a rather stable and 

homogenous surface film seems to form and no significant change in the interaction between 

the active material and this film is detected upon cycling. 

In the particular case of electrodes recovered after one charge (i.e. in the oxidized state), 

the values of the FWHM are not discussed here, due to the different oxidation states of 

transition metals. As a matter of fact, the number of unpaired electrons localized on transition 

metal ions is different: Ni2+ (t2g
6 eg

2), Mn3+ (t2g
3 eg

1), and Mn4+ (t2g
3 eg

0) in discharged and 

Ni4+ (t2g
4 eg

2) and Mn4+ (t2g
3 eg

0) in charged state, respectively. The change in the number of 

unpaired electrons is expected to alter the magnitude of the electron-nucleus dipolar 

interaction and thus, the width of the sidebands manifold. Therefore, the width of sidebands 

manifold for samples in the charged and discharged states cannot be directly compared. 

Further studies are necessary to understand the influence of the change of oxidation state 

within the electrode material on the shape of the 7Li NMR spectra of surface diamagnetic 

species. 
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3.3.2. XPS:  

Quantitative data from XPS spectra of the pristine LNM electrode, and after 118 cycles 

with and without additive are given in Table 1.  

 

         

 

 

 

Especially, the Mn/Ni ratio at the pristine LNM electrode surface is 4.1. For the electrode 

after 118 cycles it is 4.4 without additive and 3.7 with the additive. Since the theoretical 

Mn/Ni ratio is 4.0 in the bulk, these data show that the Mn/Ni ratio remains close to the 

expected value at the surface of the LNM electrodes. Therefore, despite a slight dissolution 

Peak B.E. (eV) 
Starting electrode 

118 cycles  
without additive 

118 cycles  
with 2% additive 

 
Attribution 

at. % at. % at. % 
O 1s 

 
 

529.9 
531-534 

 

14.0 
5.7 

 

8.4 
15.1 

 

2.0 
23.2 

 

LNM 

Surface species 
 

Mn 2p3/2 
 

642.3 
 

6.6 
 

4.4 
 

1.1 
 

LNM 

 
Ni 3p 

 
67.3 

 
1.6 

 
1.0 

 
0.3 

 
LNM 

 
Li 1s 

 
 

54.1 
55.9 

 

6.0 
--- 
 

3.1 
1.2 

 

1.0 
0.4 

 

LNM 

LiF + other lithiated 
species 

C 1s 
 
 
 
 

284.5 
286.5 
290.9 

285-290 
 

25.8 
9.8 
9.3 
2.9 

 

15.6 
6.4* 
6.4 
21.8 

 

3.5 
6.5* 
6.5 
40 
 

Conductive carbon 
PVdF (CH2) 
PVdF (CF2) 

Surface species 
 

F 1s 
 
 

685.0 
687.9 

 

--- 
18.3 

 

0.9 
14.4 

 

0.3 
14.7 

 

LiF 
PVdF (+ LixPOyFz) 

 
P 2p3/2 

 

134.1 
135.7 

--- 
--- 

0.9 
0.4 

0.1 
0.5 

phosphates 
LixPOyFz 

Table 1: XPS binding energies (B.E., eV) and atomic percentages (at. %) of elements measured at the surface 
of LNM positive electrode: starting electrode, and after 118 cycles without and with 2% of additive. 
* CH2 component of PVdF was fixed to be equal to CF2 
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process that can be evidenced by the presence of 0.6-0.9 % of Mn at the LTO electrode 

surface after 118 cycles (see Table 2), this dissolution process does not lead to a significant 

change of the surface composition of LNM electrodes. 

 

        

 

 

 

The deposition of carbon- and oxygen-containing species at the LNM electrode/electrolyte 

interface was followed by C 1s and O 1s XPS spectra. Figure 5 shows O 1s spectra of the 

LNM positive electrode (a) without additive, (b) with 2% of additive, respectively, for the 

Peak B.E. (eV) 
Starting electrode 

118 cycles  
without additive 

118 cycles  
with 2% additive 

 
Attribution 

at. % at. % at. % 
O 1s 

 
 

529.9 
531-534 

 

11.2 
4.1 

 

3.1 
18.7 

 

1.6 
20.7 

 

LTO 

Surface species 
 

Ti 2p3/2 
 

458.6 
 

5.0 
 

1.6 
 

0.7 
 

LTO 

 
Li 1s 

 
 

54.6 
55.7 

 

5.0 
--- 
 

1.2 
6.8 

 

0.7 
5.4 

 

LTO 

LiF + other lithiated 
species 

C 1s 
 
 
 
 

284.2 
286.5 
290.9 

285-290 
 

28.6 
9.7 
9.7 
9.9 

 

7.1 
4.4* 
4.4 
33.9 

 

5.0 
3.8* 
3.8 
43.4 

 

Conductive carbon 
PVdF (CH2) 
PVdF (CF2) 

Surface species 
 

F 1s 
 
 

685.0 
687.9 

 

--- 
16.8 

 

6.5 
9.6 

 

2.7 
10.2 

 

LiF 
PVdF (+ LiPF6 

+ LixPOyFz) 

P 2p3/2 

 
 

134.1 
135.6 
136.9 

 

--- 
--- 
--- 
 

2.1 
--- 
--- 
 

0.6 
0.2 
0.3 

 

phosphates 
LixPOyFz 

LiPF6 
 

Mn 2p3/2 641.4 --- 0.6 0.9 dissolved Mn 

Table 2: XPS binding energies (B.E., eV) and atomic percentages (at. %) of elements measured at the surface 
of LTO negative electrode: starting electrode, and after 118 cycles without and with 2% of additive. 
* CH2 component of PVdF was fixed to be equal to CF2 
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following samples: starting electrode, after the first, 30th and 118th cycles, and after 14 days of 

storage in charged state before discharge. 

 

 

 
 
 
 
 
 
 

 

The spectrum of the starting LNM electrode displays a narrow peak at 529.9 eV which is 

characteristic of O2– anions of the crystalline network. The second peak at higher binding 

energy (531.5 eV) is assigned to weakly adsorbed species at the surface, and also probably to 

Figure 5: O 1s spectra of the LNM positive electrode (a) without additive, (b) with 
2% of GA: starting electrode, 1st, 30th and 118th cycles, and after 14 days of storage 
in charged state before discharge.  
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oxygen anions of the subsurface, which have a deficient coordination. 31  The very weak 

component at ~533 eV may be also assigned to weakly adsorbed species.  

Upon cycling, when no additive is used in the electrolyte (figure 5a) the O 1s spectrum 

shows an increase of three components at 531.5, 533 and 534.4 eV, which can be attributed to 

the deposition of new oxygenated species at the surface of the electrode. These species result 

from the oxidation of the electrolyte at the positive electrode surface, especially the solvents, 

due to the very high potential reached by this electrode upon charge (up to 5 V vs. Li+/Li). 

The gradual increase of these components with respect to the signature of the active material 

shows the gradual increase of the thickness and/or covering percentage of the passivation 

layer formed at the surface of the electrode.   

After 118 cycles, the amount of surface oxygenated species is 15%, about twice as large as 

the amount of oxygen of the LNM electrode material in the 5 nm thick layer analysed by XPS 

(see Table 1). Due to the small amount of inorganic species containing oxygen, mainly 

phosphates and fluorophosphates which can be detected in P 2p spectra (not shown here, see 

Table 1) the main part of this surface oxygen is attributed to organic species coming from 

degradation of the solvents. 

The O 1s spectrum obtained after 14 days of storage in charged state is very similar to that 

obtained after 30 cycles, which is in good agreement with an oxidation process of the 

electrolyte at high potential. Indeed, the time spent by the positive electrode at a voltage 

higher than 4.5 V vs. Li+/Li is about the same for both experiments (14 and 10 days, 

respectively).  

As shown in figure 5b, when 2% of GA is introduced in the electrolyte the deposition 

process of new oxygenated species at the surface of the electrode is much more significant. 

Indeed, two new components are observed at 532.7 and 534 eV. Their intensity is weak after 

the first cycle. However after 30 cycles, and especially after 118 cycles the covering process 
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of the electrode by these new oxygenated species is very important, so that the signature of 

the electrode material appears very weak in comparison. Note that in this case the O 1s 

spectrum obtained after 14 days of storage in charged state corresponds to a slightly lower 

amount of deposited species than after 30 cycles. The binding energies observed with 2% of 

additive are different from the case without additive. Therefore these new components can be 

attributed to oxygenated species resulting mainly from the degradation of the GA additive at 

the surface of the electrode. After 118 cycles the amount of additional oxygen accounts for 

23% of the composition of the surface. 

Figure 6 shows the O 1s and C 1s spectra of pure GA powder as reference sample (the 

spectra were recorded at -140°C to avoid sublimation of the powder in ultra-high vacuum). 

The O 1s spectrum consists of two peaks at 532.5 and 533.7 eV with an intensity ratio of 

about 2/1, which are assigned to terminal and bridging oxygen atoms in the molecule, 

respectively. The C 1s spectrum consists of three peaks at 285.0, 285.4 and 289.4 eV assigned 

to the three kinds of carbon environments. 

It is interesting to notice that the O 1s signature of the pure GA is different from that of the 

species deposited at the surface of the electrode when this additive is used in the electrolyte, 

as previously shown in Figure 5b. Indeed, the main signature of the deposited species consists 

of two peaks at 532.6 and 534 eV, with very close binding energies with respect to the pure 

GA, but with a very different intensity ratio. This O 1s signature is thus mainly due to organic 

compounds resulting from degradation of GA at the surface of the electrode, rather than the 

anhydride itself. The observed change of intensity ratio between both O 1s components can be 

attributed to a change of the ratio between terminal and bridging oxygen atoms. A ring 

opening mechanism of the GA molecule can be therefore expected.  
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In order to get more information about the nature of the organic species formed at the 

surface of the electrode, we analysed the C 1s XPS spectra of the same samples. Figure 7 

shows the C 1s spectra of the starting LNM positive electrode and after 118 cycles without 

and with 2% of additive. The C 1s spectrum of the starting electrode consists of three peaks. 

The first one at 284.5 eV is due to conductive carbon (carbon black and carbon fibers) and the 

two other ones at 286.4 and 290.9 eV are assigned to CH2- and CF2 environments of carbon in 

PVdF, respectively. Note that the cumulated C 1s signals of conductive carbon and of PVdF 

account for 45% of the global XPS signal (see Table 1). Therefore, differences in the C 1s 

spectra after cycling can be observed only if a very important amount of carbonaceous species 

is deposited at the surface of the electrode. This could be observed after 118 cycles.  

292 290 288 286 284 282
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538 536 534 532 530 528

Binding energy (eV)

1

2
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3
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1

23

1

2

1

2

1

O 1s

C 1s

Figure 6: O 1s and C 1s spectra of pure glutaric anhydride (GA). 
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After 118 cycles without the additive, we observed a small increase of components at 285, 

286.7, 287.9 and 289.3 eV corresponding to -CH2, C–O, C=O and O=C–O environments of 

carbon, showing deposition of new species. With 2% of GA additive the intensities of the new 

peaks were much greater, showing the larger amount of deposited organic species. The 

characteristic O=C–O environment of the additive was still observed, which means that 

O=C-O organic functions are still present in the degradation species. The intensity of the 

characteristic component of conductive carbon decreased significantly (3.5%, see Table 1), 

which shows it was covered by these new carbonaceous species. On the contrary the 

characteristic component of PVdF at 290.9 eV was retained, showing that the covering 

294 292 290 288 286 284 282

Binding energy (eV)

118th cycle

Starting
electrode

With 2% additive

Without additive

Carbon
black

PVdF

O

C=O

C 1s

CH2C-O

CH2CF2

C=O

Figure 7: C 1s spectra of the LNM positive electrode: starting electrode and after 
118 cycles without and with 2% of GA additive. 
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process concerns preferably the conducting part of the electrode, in good agreement with an 

electrochemically driven degradation process of the additive at the surface of the electrode. 

As a summary, the chemical composition of the passivation layer formed by degradation of 

the additive shown in Table 1 displays its main organic character. The amount of inorganic 

species (LiF, phosphates, fluorophosphates) is rather low, but the amount of additional carbon 

and oxygen accounts for more than 60 % of the 5 nm thick layer analysed by XPS. The use of 

the additive in the electrolyte tends to decrease the proportion of inorganic species in the 

passivation layer, in good agreement with NMR data shown above. 

3.3.3. EIS:  

The LNM electrode/electrolyte interface was also checked by EIS. Figures 8a, 8b and 8c 

show the results obtained without additive and Figures 8d and 8e show those obtained with 

2% of GA. The corresponding values of global resistance Z’, of film resistance Rf and of 

charge transfer resistance Rct are given in Table 3. As previously reported without any 

electrolyte additive,9 at the positive electrode we can first evidence an electro-adsorption 

mechanism (adsorption of species which process is mainly governed by the voltage of the 

electrode, see Supporting Information for details) at the beginning of the cycling tests 

(experimentally observed on the 1st cycle in Figure 8a and modeled by an equivalent circuit in 

Figure 9a). Then a passivation phenomenon (covering of the surface of the electrode) takes 

place upon cycling (experimentally observed at the 30th cycle in Figure 8b and modeled in 

Figure 9b).  

We have also reported that the way the electrode is maintained at its highest voltage (i.e. 

5V vs. Li) plays a crucial role in the impedance response since continuously maintaining the 

electrode at a high voltage (experimentally, for sample after 14 days of storage, Figure 8c) 

makes the passivation film denser, thus resulting in the significant increase of the positive 

electrode/electrolyte impedance (2 500 .cm2). 
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Figure 8: EIS diagrams of the LNM positive electrode: (a) evolution during lithium insertion (cell discharge 
after a first charge, without additive), (b) after 30 cycles (without additive), (c) after 14 days of storage in 
charged state before discharge (without additive), (d) after the first charge and the first discharge (1st cycle) 
with 2% of GA, and (e) after 30 cycles and after 14 days of storage (with 2% of GA). 
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In contrast to this, after 118 charge-discharge cycles (i.e. after same time spent at the 

highest voltage), the impedance is lower, suggesting that a less resistive film is formed on the 

surface of the electrode (more porous film or, in any case, less dense than after storage, due to 

successive deposition steps), which is consistent with the fact that the electrode voltage 

reaches here its highest value only intermittently.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

These EIS observations are in good agreement with those obtained by NMR and XPS and 

together demonstrate that the electrolyte degrades at high voltage (5V vs. Li) and gradually 

covers the electrode with organic/inorganic species, inducing a progressive increase of the 

interface impedance (formation of a resistive film). Moreover, the way the positive electrode 

passes through the highest voltage (continuously or intermittently) plays a key role on the 

R0 Rct Rads

Cads
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Cdl

R0 Rf

Cf

Rct W

Cdl

R0 Rct W

Cdl

 

 

 

Figure 9: Electrical equivalent circuits: (a) electro-adsorption process, (b) 
passivation film process, and (c) insertion process (Randles type). 
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morphology of the passivation film (dense or porous) and, ultimately, on the global system 

impedance (large or small). 

When adding 2% GA in the electrolyte, we can still evidence, at the positive electrode, as 

in standard electrolyte, the first mechanism of electro-adsorption at the very beginning of the 

cycling tests (experimentally observed on the 1st cycle in Figure 8d and modeled by an 

equivalent circuit in Figure 9a, see Supporting Information for details), but it seems now 

constrained since, in that case, adsorption does not lead to the same covering rates.  

Consider the electrokinetics equations for such a mechanism : 

    ),( surfaceLisurfaceLi org
k

org
                 (1) 

  Cel        (1-)          

 

  surfaceeLiesurfaceLi oxide

k

k
org

c

a

   ),(),(              (2) 

       C0    (1-) 

 

oxide
D

oxide eLieLi Li ),(),(              (3) 

       C0           C 

 

where Cel, C0 and C are the concentration of solvated lithium ions in the electrolyte solution, 

the concentration of lithium ions in the positive electrode near the interface 

electrode/electrolyte and the concentration of lithium ions in the positive electrode at 

equilibrium respectively; is the surfacic concentration of host sites, on the electrode, for 

adsorbates; is the rate of occupied sites. 

In that case, an estimate of the surface coverage, at the end of the 1st discharge, gives a 

value of only 45% compared to the value obtained in standard electrolyte. This means that the 

surface is already covered by species from the electrolyte (step 1 becomes limited), which is 

consistent with the large amount of new oxygenated species, evidenced by XPS, at that stage.  
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Another noticeable change and which seems essential, concerns the impedance of the 

positive electrode after a storage at high voltage with GA additive (experimentally, for the 

sample after 14 days of storage, Figure 8e): it is considerably lower (150 .cm2) than that 

observed without additive (2 500 .cm2). Even if we could not have here, with the EIS 

technique, a visible signature of any protection of the positive electrode by the additive, we 

indirectly see that there is a beneficial change for the electrode/electrolyte interface. Actually, 

it leads to better performance upon long-term cycling, especially for the stability of the system 

to high voltages (up to 5V vs. Li). As evidenced by NMR and XPS, the chemical nature of the 

deposit on the surface of the positive electrode is different (less inorganic contributions) and 

its thickness is larger than that observed without the additive. However, from an impedance 

point of view, when the additive is used, the resulting passivation film is less resistive, 

probably due to a more porous morphology and/or a better ionic conductivity. The analysis of 

the semi-circle corresponding to the film gives interesting information about these last two 

points: for example, the parameter  associated to the film pseudo capacitance (ZCPE-film = 

 jC

1
) is an indicator of the more or less porous nature of the film. Considering both EIS 

LNM  
electrode 

Without additive With 2% additive 

30 cycles 118 cycles Storage 
14 days 

30 cycles 118 cycles 
Storage 
14 days 

Global resistance 
Z’ (.cm2) 

50 350 2 500 150 200 180 

Film resistance 
Rf (.cm2) 

20 180 1 200 15 25 30 

Charge transfer 
resistance 
Rct (.cm2) 

30 170 1 300 80 85 110 

Table 3: LNM positive electrode. Resistance values (.cm2) obtained from the EIS diagrams presented in 
Figure 8 with and without additive: global resistance Z’, film resistance Rf and charge transfer resistance Rct. 
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spectra, obtained after the 30th cycle, with (Figure 8e) and without (Figure 8b) additive into 

the electrolyte respectively, the parameter  is closer to 1 when GA additive is used, 

indicating that the passivation film is more dense/homogeneous in that case. Since its 

thickness is larger (XPS) but its resistance is lower (EIS), it suggests that this 

dense/homogeneous film formed in presence of GA additive is a better ionic conductor 

(charged organic polymer). Thus we would rather be here in presence of a Polymer 

Electrolyte Interface (PEI). Considering the electrochemical active surface area, Selec, of the 

positive electrode (Sgeometric < Selec < Sspecific i.e 1.54 < Selec < 49 cm2), the thickness of the 

passivation film (e < 5 nm, from XPS results) and the resistance Rf and capicitance Cf 

associated after the 30th cycle (Figure 8b), an estimation of both the minimal ionic 

conductivity, ionic, and permittivity, r, of this layer could be proposed.32 

S

e

R f
ionic 

1   10-9 S.cm-1 and 
S

eC f
r 

0
   10, which is actually consistent with a PEI 

layer.33,34,35,36,37,38 

The use of GA additive clearly allows switching to a different degradation mechanism in 

which the decomposition of the electrolyte lithiated salt is hindered and the formation of a 

mostly organic passivation layer occurs. Moreover, this mechanism involves the 

transformation or degradation of the additive molecules. When the additive is used, the 

amount of Li is lower but still increases after more than 100 cycles. It seems then unlikely that 

all the lithiated species are located at the same distance from the active material. The quite 

stable FWHM observed by NMR along an extended cycling suggests a more homogenous 

distribution of the lithiated species in the dominantly organic matrix. Both XPS and NMR 

chemical information, together with EIS electrical recordings, support a more 

covering/homogenous and ionically conducting surface film on the positive electrode when 

GA is used as additive.  
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3.4. LTO electrode/electrolyte interface: 

3.4.1. XPS: 

Figures 10a and 10b show the O 1s and C 1s spectra of the LTO negative electrode with 

2% of additive for the following samples: starting electrode, and after the first, the 30th and 

the 118th cycles, and after 14 days of storage in charged state before discharge. 

The O 1s spectrum of the starting LTO electrode displays a narrow peak at 529.9 eV which 

is characteristic of O2– anions of the crystalline network. The other peaks are assigned to 

adsorbed species at the surface.  

Upon cycling, when 2% of GA is used in the electrolyte we can observe a significant 

deposition process of new oxygenated species (different from those observed without 

additive 9) at the surface of the electrode. This effect is even stronger than at the surface of the 

positive electrode. As soon as the first cycle is achieved, the signature of the electrode 

material is no more the main peak of the spectrum. After 118 cycles it becomes very weak, 

showing that the covering process is very important. It is worth noting that the O 1s signature 

of the deposited species at the surface of the LTO electrode is different from that of the 

deposited species at the surface of the positive electrode. Therefore, different degradation 

mechanisms take place at both electrodes surfaces.  

As for the positive electrode, the C 1s spectrum of the starting LTO negative electrode 

shown in Figure 10b consists of the peaks of conductive carbon and PVdF. Upon cycling, the 

deposition process of carbonaceous species at the surface of the electrode is quite significant 

and new carbon environments can be evidenced. In particular, the characteristic signature of 

O=C–O organic functions is observed. The covering process of the conductive carbon is 

displayed by the decrease of the intensity of the peak at 284 eV. Quantitative data for the LTO 

electrode after 118 cycles without and with 2% of additive are given in Table 2. 
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After 118 cycles with the additive, the amount of additional oxygen and carbon deposited 

at the surface of the electrode, corresponding to the organic species resulting from 

degradation of the additive accounts for more than 60 % of the composition of the surface (in 

the 5 nm thick layer analysed by XPS). Without the additive the amount of inorganic species 

is rather large, with about 13 % of LiF and 2 % of phosphorus assigned to phosphates for 

example. With 2% of GA in the electrolyte, the amount of LiF is about 5-6 % and the amount 

Figure 10: (a) O 1s and (b) C 1s spectra of the LTO negative electrode with 2% of GA: 
starting electrode, 1st, 30th and 118th cycles, and after 14 days of storage in charged state 
before discharge.  
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of phosphorus about 0.5 %. Therefore, as for the positive electrode, the use of the additive 

results in a significant decrease of the proportion of inorganic species in the passivation layer 

of the negative electrode. It is also worth noting that manganese can be detected at the surface 

of the LTO negative electrode after 118 cycles (see Table 2).  
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 (a)   (b)  

Figure 11: Normalized 19F MAS NMR spectra of LTO negative electrodes: (a) without 
additive and (b) with 2% of GA. (c) Evolution of the normalized integrated intensities of 
19F MAS NMR spectra. 

 (c)  
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3.4.2. 19F NMR: 

These results are supported by 19F NMR performed on CMC-based LTO electrodes, as 

shown in Figure 11. 19F NMR normalized spectra of the negative electrode material after 1, 30 

and 100 cycles display one main contribution at -205 ppm and a smaller second contribution 

at -72 ppm, assigned to LiF and LiPF6, respectively (Figure 11a and 11b).39 After one cycle, 

fluorine quantification (Figure 11c) shows that the amount of detected fluorine when no 

additive is used, is more than twice the amount detected when GA is present in the electrolyte. 

In addition, with 2% of additive, the amount of fluorine is kept very stable along the 

electrochemical cycling whereas a significant increase can be measured in absence of additive. 

3.4.3. EIS: 

The LTO electrode/electrolyte interface was also checked by EIS. The results are presented 

in Figure 12 and the corresponding values of global resistance Z’, film resistance Rf and 

charge transfer resistance Rct are given in Table 4.  

As previously reported,9 for the negative electrode in common electrolyte (without 

additive) a classic mechanism of electrochemical insertion (Randles type, Figure 9c) is 

observed from the early cycles of charge-discharge (with small variation of the charge transfer 

resistance, Rct, from 20 to 10 .cm2, Figure 12a). Then, upon cycling (Figure 12b), the 

increase of the global impedance results in a more depressed semi-circle at high frequency so 

that it could be possible to deconvoluate this first semi-circle in two intricate semi-circles with 

very close characteristic frequencies (both phenomena should have very close time constants). 

In that case, it would be possible to fit diagrams with a film formation mechanism 

corresponding to a moderate resistive surface passivation of the electrode. This covering 

process is consistent with the observations enlighten by XPS and NMR and we can also 

notice, by EIS, the gradual increase of the surface covering (but still limited in terms of 

electrical resistance contribution, Rfilm < 30 .cm2). At that side of the battery, without 
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additive the deposit consists in a great amount of lithiated inorganic species (see XPS, NMR 

section), in contrast to what happens at the positive electrode, with the degradation of the 

electrolyte (given birth to mostly organic species). A Solid Electrolyte Interface (SEI) is thus 

observed on the surface of the negative LTO electrode, in conventional electrolyte, when 

associated to positive LNM electrode. 
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Figure 12: EIS diagrams of the LTO negative electrode: (a) evolution during lithium deinsertion (cell 
discharge after a first charge, without additive), (b) after 30 cycles and after 14 days of storage in charged 
state before discharge (without additive), (c) after the first charge and the first discharge (1st cycle) with 2% 
of GA, and (d) after 30 and 118 cycles and after 14 days of storage (with 2% of GA). 

Without additive With 2% additive 
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After the addition of 2% GA additive, the first process at the negative electrode is different, 

compared to what was observed in standard electrolyte. The previously claimed mechanism 

(conventional simple electrochemical insertion, with a decrease of the impedance during first 

charge) is now different (the impedance diagram exhibits 2 well defined semi-circles and the 

value of the impedance is 3 times larger, around 100 .cm2), suggesting a greater passivation 

of the electrode surface at the beginning (1st charge, Figure 12c). However, it can be seen that 

this global impedance rapidly decreases since, after the 1st cycle, its value becomes close to 

that observed during the first cycles in standard electrolyte (around 30 .cm2) and is stable 

upon cycling (after 30, 118 cycles or after storage during 14 days) (Figure 12d). From an 

impedance point of view, a severe transformation of the interface takes place during the first 

cycle (charge and discharge) since the total impedance of the negative electrode/electrolyte 

interface becomes quickly as small as in standard electrolyte whereas it starts much higher. 

 

4. Conclusion 

LTO  
electrode 

Without additive With 2% additive 

30 cycles 118 cycles Storage 
14 days 

30 cycles 118 cycles 
Storage 
14 days 

Global resistance 
Z’ (.cm2) 

80 100 75 40 45 45 

Film resistance 
Rf (.cm2) 

20 28 18 25 30 25 

Charge transfer 
resistance 
Rct (.cm2) 

60 70 60 15 15 20 

Table 4: LTO negative electrode. Resistance values (.cm2) obtained from the EIS diagrams 
presented in Figure 12 with and without additive: global resistance Z’, film resistance Rf and 
charge transfer resistance Rct. 
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In this work, we have investigated the efficiency of GA additive to improve the 

electrochemical performances of LNM/LTO cells. We showed that GA allows a decrease of 

the capacity fading upon cycling (15% instead of 25% after ~120 cycles) and a decrease of 

the self-discharge for a battery maintained in charged state for two weeks (16% instead of 

28%). We focused our investigation on electrode/electrolyte interfaces and we evidenced that 

addition of 2% of GA in the electrolyte results in a significant decrease of the amount of 

LiPF6 salt decomposition products in the passivation film at the two electrodes surfaces (less 

lithium and phosphorus was detected). On the other hand, a much thicker passivation film is 

deposited at both electrodes, which is mainly composed of organic species ensuing from 

decomposition products of the GA additive. Therefore, it is proven that the additive actually 

produces a protective film at the surface of the electrodes. Especially at the LNM positive 

electrode, it reduces the electrode/electrolyte reactivity due to the very high potential reached 

at the end of charge (5V vs. Li). Impedance measurements have shown that, although the 

passivation film is much thicker with 2% of additive, it is less resistive and this is due to a 

better ionic conductivity. In this way, the passivation film behaves like a Polymer Electrolyte 

Interface (PEI). The results of this work show us that efficient solutions can be found with 

electrolyte additives to address performance and safety concerns encountered with high 

voltage spinel Li-ion batteries, to make them marketable for future applications. 
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Supporting information 

 

 
 

Figure S1: X-ray Diffraction patterns (Cu K radiation) of the LiMn1.6Ni0.4O4 (LNM) pristine powder 
(black) and of the composite electrode (red) after 118 cycles of a LNM/LTO cell between 1.5 and 
3.5 V at 20°C and a C/5 rate (without additive). No structural changes can be evidenced after cycling. 
 
 

 

Appendix : Kinetics equations for the electro-adsorption model 

 

From the electrochemical equations (1), (2) and (3), corresponding to elementary processes, 

we can deduce the following kinetics expressions. 

* * 

* 

* 

pristine LNM powder 

LNM electrode after 118 cycles 
without additive 

Fd3m 
–

Fd3m 
–

Al 

* Aluminum current collector 
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The faradic current is defined by: 

 0)1( CkkFSI acF        (4) 

with 

 
The occupied sites with adsorbed species are described by: 
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And the diffusion phenomenon satisfies to the Fick’s laws : 
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with these boundary conditions:  

x = 0 corresponds to C(0) = C0  

and x =  (diffusion layer thickness) corresponds to C() = C. 

 

The linearization of the above expressions and the use of the Laplace’s transform leads to:
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The electrolyte solution is enough concentrated (generally 1 mol.L-1) to assume that Cel is 

constant with time, so we can simplify equation (8): 
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But we know that :  C
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 where Rct symbolise the charge transfer resistance ; 

 

So, finally, we can determine the faradic impedance (12): 
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The faradic impedance is composed of three impedances in series:  1ZZRZ wctF   

where Zw is the Warburg diffusion impedance, here )1(  actw TkRZ . 

 

Z1 is more complex but is actually composed of two other impedances in parallel: 
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Finally, we can build an electrical equivalent circuit for this electro-adsorption model 

(Figure 9a). 
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