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Abstract
For the first time, chemical surface modification, using an hybrid organic/inorganic approach
and its impact on the electrochemical response of a nanometric lithium iron phosphate
obtained by the facile solvothermal method using an organic capping agent is investigated.
Removal of the capping agent was realized through different approaches, such as washing
with an organic solvent, chemical treatments, and ligand exchange with redox mediator
having electrochemical activity close or not to the one of the material, to maintain the
material’s morphology and structure. The redox mediator grafting approach appears very
interesting, since an unpredicted impact on the electrochemical activity of the material was
observed. In that case, while materials structure and morphology are fully preserved, a more
or less important change of the electrochemical curve shape depending on the redox potential

of the grafted molecule was observed, which suggest that this approach could be a good
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alternative to traditional carbon coating, facilitate recycling and bring new functionalities to
positive electrode materials.
Keywords: Organic/Inorganic Hybrid material, surface chemistry, nanomaterials, energy
storage, lithium-ion batteries.

1. Introduction

The energetic context prompts the search for efficient and low-cost energy storage
technologies either as an energy reservoir for supplying electronics, engines or as a buffer for
grid applications to stabilize intermittent renewable energy production. Ion-based
electrochemical storage systems (i.e. Li-ion and Na-ion batteries) stand as some of the best
solutions to address such challenges,!!! inducing many efforts to improve batteries
performances in terms of energy density and power density.[?! One of the most noteworthy
achievement concerns the drastic reduction of particle size towards the nanometer scale,
which led to an improvement of the rate capability of the related electrodes thanks to the
reduction of ion/electron motion path in the solid.*® Despite this achievement, and
particularly for electronic powering or for hybrid and electric vehicles, nanomaterial-based
electrodes were exploited with a lot of difficulties mainly due to the intrinsic properties of
nanoparticle (high surface reactivity, parasite reactions, larger SEI and rheology).!”!

Even if the decrease of motion length helps to improve the kinetics, the electronic
conductivity of the composite electrode is determining for efficient storage systems. In the
case of positive electrode materials, ideally, the active material is coated with a carbon-based
conductive layer formed by pyrolysis of organic compounds under specific conditions.!3!%!
Such an energy-consuming process is difficult to be applied to thermal-sensitive materials,
such as fluorosulphates,''!! as well as nanomaterials for which high temperature induces
nanoparticles coalescence which is finally affecting the cycling kinetics. One promising and

more sustainable alternative to enhance the performance of positive electrode materials



without a high-temperature annealing is to take advantage of the versatility of organic
compounds through an organic/inorganic hybrid approach to realize an on-demand functional
engineering.!!?!

Defined over the *90s, hybridization of inorganic compounds using organic substances
is a powerful tool to create an “unlimited” range of materials having specific, innovative and
synergistic properties for multiple application fields.'"¥) One of the best examples of
synergistic hybrid material in the energy field is of course the development of Dye-Sensitized
Solar Cells (DSSC) that combine energy levels of an metal-organic compound and titanium
oxide nanoparticles to harvest sunlight and produce electrical energy.'*!! On the
electrochemical energy storage side, the organic-inorganic hybrid approach appeared a few
years later with studies involving conducting polymers associated with Polyoxometallates
(POMs) and carbon-based organic compounds.!'*! Based on work realized on the DSSCs, a
striking example of hybridization was the sensibilization of the electroactive compounds (i.e.
LiFePQOs), leading to the first example of carbon-free thin electrodes and redox-targeting of
the insertion materials with redox mediators.**??) More recently, rate performances and
electrochemical cycling kinetics have been improved by hybridization of the electrode
through the clever incorporation (without strong interaction or grafting) of an ultra-fast and
non-conjugated redox polymer during the formulation process. For example with LiFePO4
(LFP),!2>?4 this mediation concept was judiciously extended to high-voltage materials like
LiMn204 (LMO)!*! and LiCoO» (LCO)"**' to boost kinetics and decreasing the overpotential.

Convinced that the organic/inorganic hybrid approach will be at the centre of the
interface managing for the fabrication of smart and functional electrodes (including self-
healing phenomenon, sensing properties and interface managing), we propose here to
combine redox targeting and surface grafting. With this aim, a preliminary study focused on

the chemical surface modification of nanometric LFP is proposed for the first time. To



observe the impact of the surface modification on the electrochemical response, we selected
as model material a capped nanometric LFP (OlAm-LFP) obtained by a solvothermal
synthesis using Oleyl amine (OlAm) as a reducing and capping agent.!*”! Firstly, OlAm-LFP
was washed using either organic solvents mixture or weak carboxylic acid to remove
oleylamine and clean/deliver the surface (Figure 1). Alternatively, ligand exchange reactions
were carried out using two organic redox active molecules possessing a carboxylic acid
function (4-carboxy-TEMPO and 2-carboxy-Anthraquinone) to study how the
electrochemical activity of the redox mediators impact on the electrochemical response of the

inorganic positive electrode material.
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Figure 1: Scheme of the different routes to remove the capping agent on OIAm-LFP either by specific
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washing using organic solvent (Free-LFP) and weak acid (Core-shell-LFP) or by ligand exchange using 4-

carboxy-TEMPO (TEMPO-LFP) and 2-carboxy-anthraquinone (AQ-LFP).

2. Experimental
2.1 Reagents and chemical
Lithium iodide (Lil), diammonium phosphate ((NH4);HPO4), iron(Il) chloride (FeCl),
oleylamine (CigH3sNH2, OlAm) and 1-octadecene (CisHss) were obtained from Sigma-
Aldrich and wused without further purification. 4-carboxy-TEMPO and 2-carboxy-
Anthraquinone were obtained from Acros Chemicals and used as received.

2.2 Characterization tools



X-ray diffraction (XRD) patterns were obtained using a Briicker X-ray diffractometer
equipped with Cu Ka radiation. The accelerating voltage and current were 40 kV and 100
mA, respectively. The XRD patterns were collected in the 20 range of 15-55° using a
continuous scan mode with a step size of 0.02° and a scan rate of 4°.min~!. FTIR spectra in
diffuse reflectance mode were obtained by acquiring 150 scans at room temperature over a
range of 4000-400 cm™', by means of a Nicolet AVATAR 370 DTGS spectrometer from
Thermo Electron Corporation. TEM analyses (HRTEM), such as TEM imaging and selected
area electron diffraction (SAED), were carried out using a FEI Tecnai G2 F20 S-TWIN
(SYTEM. The SAED pattern simulation and image processing was performed using
MacTempasX2 (based on LiFePOs (Pnma) CIF file) and FIJI softwares, respectively. The
electrochemical properties of nanostructured materials were studied by assembling two-
electrode Swagelok-type cells inside an Ar-filled glove box. The cathode loading was
typically 10 mg per cell, composed of electroactive material mixed and grounded with Super
P carbon in the weight ratio of 80:20. The separator was a porous polymer Celgard 2500
soaked with electrolyte, the latter consisting of 1 M lithium hexafluorophosphate in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 w/w, LP30 commercial name). Finally, a
lithium metal foil (Alfa Aesar) served both as reference and counter electrode. Galvanostatic
measurements were performed using a Biologic VMP-3 potentiostat in the voltage window of
2.0-4 or 4.5V at different C-rates.
2.3 Synthesis and washing procedures
Synthesis of nanometric LiFePO4 (LFP NP)

LFP nanoparticles were synthesized by employing oleylamine as capping and reducing agent;
as reported elsewhere.?’! In brief, 16.8 mmol of Lil, 12.5 mmol of (NH4),HPO4, 12.5 mmol
of FeCly, 0.38 mmol of oleylamine, and 125 mL of 1-octadecene were stirred together in a

500 mL three-neck flask under vacuum. The solution was maintained under vacuum at 120 °C



for 2 h and then heated at 250 °C under argon for 2 h. After precipitation using chloroform,
LFP nanoparticles were recovered by centrifugation at 10000 rpm, followed by ethanol
washing and vacuum drying.

Washing with an organic solvent
100 mg of LFP nanoparticles were dispersed in a mixture of chloroform and methanol 1:3 v/v
(both Sigma-Aldrich) and vigorously stirred for one hour before being centrifugated. This
process was repeated several times and followed by vaccum drying.

Acid treatment using hydrochloric or acetic acid
100 mg of LFP nanoparticles dispersed in 10 ml of ethanol were stirred with an acidic
aqueous solution of hydrochloric acid with a concentration between 0.01 M - 0.5 M, or acetic
acid with a concentration of 0.1 or 0.01 M. After 18h of stirring, the nanoparticles were
collected by centrifugation at 8000 rpm, washed with ethanol and vacuum dried overnight.

Ligand exchange - grafting
20 mg of an organic molecule (2-carboxy-anthraquinone or 4-carboxy-TEMPO) were
dissolved in dichloromethane and 100 mg of LFP nanoparticles were then added to the flask.
The mixture was stirred during 6, 12, 24, 65 and 120 h in order to allow the complete
exchange of the OlAm (24 h was chosen as the best). The hybrid material was collected by
centrifugation at 8000 rpm and washed to remove ungrafted redox molecules.

3. Results and discussions

3.1 Characterization of OlAm-LFP
Before any modification, as-synthesized LFP nanoparticles were analyzed to ensure their
purity and electrochemical activity. The average size of the LFP nanoparticles was found to
be 150 nm x 25 nm and aggregated in bundles of four nanorods (Figure 2a). The SAED
pattern exhibits rings related to the nanometric crystals (figure 2b). The simulation pattern is

consistent with the Pnma structure of LiFePO4 (Figure 2c¢). Powder XRD analysis was carried



out to confirm the crystal structure (Figure 2d). The pattern can be assigned to triphylite,
which crystal structure has been well studied for almost 20 years.[?8! Indeed, the present result
is consistent with previous refinements in an orthorhombic structure with the Pnma space
group. In conventional solid-state reactions, high-temperature post-treatments are needed to
prepare crystalline LFP nanoparticles. Through the procedure presented in this work, a rather
simple solvothermal and inexpensive method allowed the synthesis of crystalline LFP
nanoparticles at a maximum temperature of 260 °C. During the synthesis, oleylamine was
used both as a capping and reducing agent. The chemisorption affinity to surfacic metals is
due to the Lewis interaction through the lone electron pair of the NH> functional group.
Oleylamine coverage was evidenced by FTIR spectroscopy in the diffuse reflectance mode,
an ideal technique to collect information from the surface even at small concentrations of
organic species (Figure 2e). The infrared spectrum of LFP comprises the fundamental bending
(®) and stretching (V) vibrations of the POs* polyanions in the olivine structure observed at
660 cm, 980cm, 1170cm™, 1240 cm and 1630 cm'.®®! Besides, the presence of
oleylamine is underlined by the vibration bands at 2922 cm™, 2854 cm™, 1410 cm™! and 1260
cm’! corresponding to vas(C-H), vs(C-H), 5(CH3) and & (N-H) respectively.’*3! As expected,
the electrochemical performance of OlIAm-LFP, with only a capacity of 28 mAh.g"! (Figure
2f), is poor compared to carbon-coated LFP.[>"! This low capacity can originate from the
intrinsically poor electrical conductivity of LFP, and also to the presence of oleylamine on the

surface thus electrically insulating LFP particles.
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Figure 2: Characterization of as-prepared OIAm-LFP using bright field TEM and HRTEM images (a and
b), Selected-Area Electron Diffraction pattern (c), powder XRD (d) and FTIR in diffuse reflectance mode
(e). Potential-composition profile of the OlIAm-LFP nanoparticles mixed with 20% of carbon Super P and

galvanostatically cycled between 2.5-4V at C/20 rate and using LP30 as electrolyte (f).

At this stage, a carbon coating approach could have been the next logical step to
overcome the electrical limitations and to provide better electrochemical performances.
However, for the sake of understanding and to find a softer alternative, we focused here on
the impact of different chemical surface modifications on these performances.

3.2 Oleylamine removal using an organic solvent mixture
The presence of oleylamine on the surface hampers the contact with carbon additive and inter
LFP particles contact, and thus the charge transfer at the interface. Thus, a classical washing
procedure with a solvent mixture, generally used to recover metal and metal oxide
nanoparticles, was firstly carried out.!! For that, chloroform and methanol were associated

owing to the solubility of oleylamine in this solvent mixture and previous success of this



methodology for other nanomaterials. The nanoparticles were placed in the solvent mixture
for one hour under stirring before being recovered by centrifugation. This operation, which
has no effect on the LFP phase as seen on the XRD pattern (Figure 3b), was repeated until no
evolution of the oleylamine related bands was anymore observed by FTIR (Figure 3a). After
five washing cycles, the signals of oleylamine at 2922 cm™ and 2854 cm™! decrease drastically
leading to particles almost free of capping agent. Unfortunately, even if most of oleylamine
molecules was removed, the electrochemical activity was found to be very close to the
activity obtained for an as-synthesized OlIAm-LFP with 28 mAh.g™! (Figure 3c) confirming
that the materials properties are more likely limited by the electrical conductivity limitation of

LFP than by charge transfer at the interface.

a) b) c) 4

hd
o
1

Relative intensity
w
T
1

Relative intensity
Potential (V) vs Li

L L L
500 1000 1500 2000 2500 3000 3500 4000 15 20 25 30

Il L L 2_5 1 1 1 Il Il Il
35 40 45 50 0 4 8 12 16 20 24 28

Wavenumber (cm™) 20 (°) CuK, Specific capacity (mAh.g!)

Figure 3: Comparison between LFP nanoparticles before (blue curve) and after five washing with
chloroform/methanol mixture (red curve) by FTIR (a), powder X-ray diffraction (b) and galvanostatic
cycling (c). Electrochemical tests were realized using composite made of 80% of active material mixed
with 20% of carbon Super P and galvanostatically cycled between at C/20 rate and using LP30 as the

electrolyte.

3.3 Oleylamine removal using weak acid treatment
Washing OlIAm-LFP with an aqueous solution of LiPFs (such a solution is instable and leads
to the in-situ generation of HF) was previously reported to be very beneficial as prior
treatment to the carbon coating step.[*”? This step is importance since it allows not only to

clean the surface by removing oleylamine, but also to increase the specific surface area by



creating surface roughness, which makes the carbon coating more adhesive. On the basis of
that study, the acidic treatment seems to be a good alternative since the protonation of the
amine will provoke the departure of the capping agent through the quaternization of the free
amine and generation of a positively charged entity (strong electrostatic repulsion with the
surface). However, it is well-known that LFP can dissolve in acidic media, so this step should
be managed very carefully. To prevent this latter, we investigated the washing of the OlAm-
LFP nanoparticles with acetic acid, a weaker acid, with a higher pKa than HF (4.5 against 3.1
for HF), to successfully perform oleylamine removal.*?! Different concentrations of acetic
acid (pure acetic acid, 0.1M and 0.01 M in bi-distilled water) were tested to optimize the
removal of the capping agent whilst limiting either surface attack or delithiation of the
material (surface formation of FePOs). Note that in the case of pure acetic acid, the material
partially dissolved, and the obtained solid turns to a grey/blueish colour indicating that a
chemical reaction took place. Interestingly, by increasing the concentration, signals related to
oleylamine at 2922 cm!, 2854 cm™!, 1410 cm™ and 1260 cm™! progressively disappear which
implies that the capping-agent is removed efficiently (Figure 4a). Nevertheless, in all the
cases it is important to note the strong modifications of the signals from LFP at 660 cm,
980cm!, 1170cm™, 1240 cm’'; this latter completely vanished, which suggests the probable
transformation of the inorganic surface (FTIR in a diffuse reflectance mode shows only
material surface).’”) XRD analysis carried out on these samples confirms chemical
delithiation and formation of FePOu, observed at 17.9°, 22.8°, 30.1/30.7° (Figure 4b).l**
When using 0.1 M or 0.01 M acetic acid solutions, these peaks appear less intense meaning
that chemical delithiation took place on the surface of the nanoparticles to form core-shell
particles (Core-Shell-LFP) as confirmed by HRTEM imaging (Figure 4d). After these
treatments, the electrochemical activity was improved following the rise of acetic acid

concentration which increased with respectively 52 mAh.g”! and 72 mAh.g™!, for 0.01M and



0.1M concentrations, but remains far from the theoretical capacity (Figure 4c). In the case of
pure acetic acid, the capacity was still low at 63 mAh.g"! and a change in the shape of the

oxidation curve is observed.
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Figure 4: Comparison between LFP nanoparticles before (black curve) and after washing with pure acetic
acid (red curve), 0.1 M acetic acid solution (green curve) and 0.01 acetic acid solution (blue curves) by
FTIR in diffuse reflectance mode (a) and powder X-ray diffraction (b). Electrochemical tests performed
with LFP nanoparticles before (black curve) and after washing with pure (red curve), 0.1 M (green curve)
and 0.01 (blue curve) acetic acid solutions. Active materials were mixed with 20% of carbon Super P and
galvanostatically cycled at C/20 rate and using LP30 as electrolyte. High-Resolution Transmission
Electronic Microscopy micrographs of OlIAm-LFP nanoparticles washed with a 1M aqueous acetic acid
solution (d).

3.4 Grafting of redox molecule through a ligand exchange reaction
Another possible alternative to avoid the time and energy-consuming formation of carbon

coating is to take benefit of organic-based compounds chemically grafted on the particles.



Indeed, in the past, dyes like BMABP (4-[bis(4-methoxyphenyl)amino]benzylphosphonic
acid) or Z907Na (amphiphilic heteroleptic ruthenium complex) and conducting polymers,
such as PANI, PPy, PEDOT, were successfully employed to solve conductivity issues.[?%?234
371 Through another approach, non-conjugated redox-active polymers based on TEMPO and
thianthrene moieties have been associated with positive electrode materials to boost
charge/discharge kinetics using redox potential overlapping.[>>?638 With this in mind, this
work intends to bring a new dimension by focusing on single molecules directly grafted on
the surface of the electroactive material. Exploration of surface grafting by chemical
anchoring is of interest since controlling the surface organization could first maximize surface
conductivity by electron hopping and/or ionic diffusion®! and secondly afford an additional
capacity. Two well-known redox probes were used as references for our study: 4-Carboxy-
TEMPO displaying a redox activity at 3.5V vs Li/Li* that fits the LFP redox potential, and
another one well below, 2-carboxy-anthraquinone with redox activity situated at 2.4V vs.
Li/Li*. Carboxylic acid function was preferred for grafting since it has a natural affinity with
metal cations!“**!! facilitating charge transfer reactions, compared with phosphonic acid.!*

Ligand exchange was carried out in dichloromethane to facilitate the removal of oleylamine,

and the excess of solvent and redox molecule (Figure 5).
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Figure 5: Scheme illustrating oleylamine removal by surface anchoring of redox-active organic molecules

possessing the carboxylic acid function.

In both cases, ligand exchange was successful since oleylamine signals were removed from

the FTIR spectra, concomitantly with the appearance of characteristic peaks of the grafted



redox molecules (Figure 6a and b). For TEMPO-based hybrid LFP (TEMPO-LFP), signals
attributed to the methylene group of the nitroxide derivative are observed at 2993 cm™!, 2929
cm! and 2854 cm™!. Other characteristics peaks are also distinctly depicted at 930 cm™!, 1133
cm, 1175 cm!, 1250 cm™, 1345 cm™!, 1412 cm™! and 1458 cm™!, the good preservation of this
derivative upon grafting is evidenced with only a small frequency shift in the spectra. Another
important information underlined by FT-IR is the proof of chemical grafting through the
absence of band corresponding to residual ungrafted carboxylic acid (normally observed at
1691 cm) and the presence of the carboxylate band observed at 1533 cm’’. The latter
indicates that the redox molecule is strongly associated with the surface through a
coordinative anchoring and presumably via a bidentate mode.[43] Similar conclusions can be
made for the anthraquinone-based hybrid LFP (AQ-LFP) , which displays characteristic peaks
of the anthraquinone core at 1286 cm™, 1325 cm’!, 1403 cm™, 1481 cm™, 1597 cm’!, 1679 cm
"and appearance of the carboxylate band at 1551 cm™ (initially present at 1710 cm™ in its
acid form). Note that no modifications on the XRD pattern are observed, indicating that

FePO4 was not formed during grafting, in constrat with the acetic acid treatment (Figure 6¢).
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Figure 6: Comparison between OIAm-LFP nanoparticles before (black curve) and after ligand
exchange reaction with 4-carboxy-TEMPO (red curve) and 2-carboxy-anthraquinone (blue curve) by
FT-IR in diffuse reflectance mode (a and b) and powder XRD patterns (c). The corresponding

starting redox molecules are displayed in doted lines on FT-IR spectra.



The electrochemical activity of organically modified LFP was then studied under the same
conditions as OIAm-LFP and using the same formulation and battery conditions. It is
interesting to note that different behaviours are evidenced for the two hybrids materials. When
modified with anthraquinone, no major effect was observed on the electrochemical curve,
except for a very small improvement of the capacity (+15 mA.g!), coming from the grafted
anthraquinone clearly identified around 2.4V vs. Li/Li* (Figure 7a and b). On the contrary,
with TEMPO the electrochemical activity changes drastically (Figure 7c). First, the capacity
of the hybrid increases drastically reaching more than 100 mAh.g! in the first cycle. More
importantly, the curve shape becomes very flat with a smooth plateau, associated with low
polarization. This is very intriguing since solid solution curve type are generally obtained with
very small particle size, notably for LFP.[44] In the present case, a pure biphasic behaviour is
obtained. This fact could be explained by the very high reaction kinetic of TEMPO and fast
charge transfer between organic molecule and material when molecule is grafted compared
with simple blending of LFP with PTMA polymer.
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Figure 7: Potential-composition profiles and their corresponding derivatives of OlAm-LFP (a), AQ-LFP
(b) and TEMPO-LFP (c). The electrochemical activity of single molecules is also displayed as dotted line
(b and c). Active materials were mixed with 20% of carbon Super P and galvanostatically cycled at a C/20
rate and using LP30 as the electrolyte.

In this case, the electrochemical signal coming from the TEMPO-based molecule, initially
observed at around 3.6V vs. Li/Li* when tested as free molecule (doted line figure 7b), is
completely absent as if the redox molecule became inactive when grafted. Note also that the
polarisation is quite small. Most probably, the redox potential of TEMPO is affected by the
grafting process and is strongly associated with the LFP to give a new conjugated particle in
which the TEMPO acts as an electron mediator for charging/discharging LFP nanoparticles.
This phenomenon is explained by the overlapping of the redox potential coupled with the
spatial proximity between the redox probe and LFP surface, which favour fast electron
transfer (Figure 8). During oxidation, the nitroxide radical is fastly oxidized to an
oxoammonium reacting quickly with LiFePO4 to give FePO4 and forming back the nitroxide
radical. The inverse mediated reaction seems to be more difficult to achieve since coulombic
efficiency is not equal to 100%, traduced as limited charge transfer during reduction, perhaps

due to a slight mismatch of the electrochemical potential of the two redox systems.
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Figure 8: Representation of the charge transfer mechanism during oxidation in the hybrid TEMPO-LFP

positive electrode.



Following this interesting result, the activity of TEMPO-LFP at different current densities was
investigated. For the sake of clarity, they are compared with free-LFP obtained by washing
with an acetic acid solution (0.1M). At a C/30 rate, TEMPO-LFP displays a flat signal at
3.42V vs Li*/Li associated with a specific capacity of 108 mAh.g!, while free-LFP shows
large polarization (more than 500 mV) and a lower specific capacity of 81 mAh.g"! (Figure
9a). When increasing the rate to C-rate and 5C-rate, the difference between the different
compounds become more pronounced. At these speeds, TEMPO-LFP still shows a relatively
high capacity during the first oxidation with respectively 101 mAh.g! and 92 mAh.g™!, whilst
Free-LFP displays only 13 mAh.g"! and no capacity (Figure 9b and c). Going from C/30 to C-
rate induces an increase of the polarization especially for the reduction process, showing the
mediation process is strongly affected and appears to be less effective. This phenomenom can
be explained by the disrupting of the charge transfer between organic probe and LFP surface

for the reduction (overlapping less efficient to allow charge transfer during the reduction).
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Figure 9: Potential-composition profiles, associated capacity retention and coulombic efficiency of

Free-LFP (blue curve) and hybrid TEMPO-LFP (red curve) mixed with 20% of Csp and



galvanostatically cycled between 2.5-4V vs. Li/Li* and using LP30 as electrolyte at C/30 rate (a), C-
rate (b) and 5C-rate (c).

Even if the redox reactivity of the TEMPO is not perfectly aligned with the reduction
potential of LFP, it is interesting to note that such charge transfer concept, carried out directly
over the surface, allow to apply a continuous C-rate, compared with simple blending with a
nitroxide-based polymer. This, let us think that accordingly to a accurate surface organisation
or oligomer grafting, better performances could be improved, paving the way toward more
efficient materials without a carbon coating step and with improved storage performances. In
the future, it would be interesting to extend this approach to more oxidative materials like
NMC or LMO by tuning the redox potential of the redox probe, either by molecular design or
used of other mediators like phenothiazine or thianthrene[45—47] or by electrolyte engineering
using specific additives or solvents,[48] to make charge transfer as efficient as possible.
4. Conclusions

This study highlights, for the first time, the impact of grafting redox mediators and its redox
potential on the electrochemical properties of an inorganic material currently used in the field
of energy storage. A specific focus was made on the surface modification of LFP
nanoparticles obtained by a solvothermal method in the presence of oleylamine used as both
reducing and capping agent to limit particle size growth. Different methods were used to
remove the capping agent and allowed to underline the limitations of the LFP active material
without carbon coating, as previously reported. On the other hand, the exchange of the
capping agent and chemical grafting of a TEMPO derivative, exhibiting redox potential
overlapping the redox potential of LFP, has proven to be very interesting since it allows to
generate a charge transfer mechanism leading to the a drastic change of the electrochemical
signal and an improvement of the electrochemical performances. Even if the performances
remain behind the use of a carbon coating, it opens the way to a softer alternative which will

facilitate the formulation of electrodes by removing the energy-consuming heat treatment step



and could facilitate the recycling of the active material at the end of the battery assembly. In
the future, besides the exemplification of this approach with other electrode materials (NMC
or LMO) associated with phenothiazine or thianthrene derivatives, a deep understanding of
the molecule surface organization to favor electronic percolation phenomenom is mandatory

to clearly address the question of the definitive replacement of carbon-coating.
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