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ABSTRACT

Keywords: Novel porous NaSICon-typed phosphate materials Nij 5V2(PO4)3/C (NVP/C) and Mn; 5V2(PO4)3/C (MVP/C) are

NaSICon introduced as anode materials for Li-ion batteries. The materials were prepared via sol-gel method with

)éPS q annealing under argon flow. The structural, morphological, and electrochemical investigations of the materials
perando

Jahn-Teller distortion
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1. Introduction

as anodes for Li-ion batteries were conducted. The samples crystallized in a distorted triclinic system with a PT
space group. The two synthesized anode materials exhibited a conversion mechanism, displaying reversible
initial charge capacities of 495 mAh.g~! and 550 mAh.g~! at 0.2C rate for NVP/C and MVP/C, respectively. Both
materials showed better cycling stability at high rates and good rate capability performances with high
coulombic efficiencies. For long term cycling, the materials can maintain a good reversible capacity for 1000
cycles, although a continuous decrease was noticed during the first cycles. The structural changes and the SEI
growth impacting the electrochemical performances of the materials were evidenced via in operando XRD and X-
ray photoelectron spectroscopy, leading to the understanding of the lithiation/delithiation reaction mechanism
involved in the studied phosphates.

capability, and safety concerns [2]. Consequently, safer, cost-effective,
and environmentally benign anode materials with high energy density

Over the last decades, Li-ion batteries (LIBs) have been considered as
the principal, unrivaled, and most efficient energy storage systems.
Despite the progress that this technology has known, the electro-
chemical performance of current commercialized LIBs is unable to meet
the new requirements of the growing energy demands [1]. The devel-
opment of high-performing electrode materials becomes a necessity. At
this time, the vast majority of LIBs available in the market mainly rely on
graphite as an anode material. However, graphite suffers from several
issues, such as limited specific capacity (372 mAh.g 1), poor rate

should be developed. To face these challenges, various materials were
explored, including polyanionic NaSICon phosphate-based compounds.
These materials are thermodynamically stable and the presence of the
polyanion (PO4)° strengthens the transition metal-oxygen bonds pre-
sent in compounds avoiding any potential oxygen release from the
electrode material. Additionally, (PO4)® improves ionic conductivity
through providing 3D channels for rapid diffusion of Li* [3,4].
LiTia(PO4)3 was the first NaSICon-structured material reported as an
anode for LIBs by Delmas et al. [5]. The material crystallizes in the
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rhombohedral system with R3c space group, and further investigation
demonstrated that it exhibits a two-phase mechanism during the
discharge-charge process. Following the same trend, numerous Ti-based
NaSICon phosphates were investigated as potential negative electrodes
[6,7]. However, titanium assures the transfer of only one electron
through its redox couple Ti*'/Ti®" during discharge-charge process
with a working voltage close to 1 V. Conversely, vanadium is known for
its multiple valences, and the possibility of reducing V3* to lower va-
lences allows V-based materials to be applied as anodes. Therefore, the
switch towards V-based NaSICon phosphates became a preference.

LisVa(PO4)s was demonstrated to operate as an anode material
owing to the redox couple Vv3+/v2t whether in a rhombohedral form (r-
LVP) [8,9] or monoclinic form (m-LVP) [10]. Nevertheless, there are
several challenges surrounding this material. While the highest capacity
reported for the m-LVP as an anode material was 162 mAh.g ', in a
potential range of 1.0-3.0 V [11], the r-LVP could only be synthesized
via ion exchange reaction on sodium counterpart NagVa(PO4)s (NVP),
which is more thermodynamically stable [9].

In a previous work, the investigation of Fe; 5V2(PO4)3/C as an anode
revealed that this material, crystallizing in PT space group, exhibits a
conversion mechanism. It displays an exceptional cycling behavior with
high reversible specific capacity, starting from the second cycle, reach-
ing 600 mAh.g ! and high stability at long term cycling in a large po-
tential range of 0.01-3.0 V [12]. To the best of our knowledge, there are
no electrochemical studies reporting V-based NaSICon phosphates with
transition metals Mn, Fe, and Ni as anode materials for LIBs. In other
research works, it was demonstrated that the involvement of nickel in
anode materials contributes to the charge transfer of Li" ions and the
reduction of polarization [13]. Thus, the reversibility of the specific
capacity and discharge rate were improved. Moreover, manganese's
ability of self-polarization, and capability of enhancing ionic conduc-
tivity and electrochemical reaction kinetics [14], make this transition
metal a worthy choice for perspective anode materials.

Herein, two novel NaSICon-typed materials Ni; 5V2(PO4)3/C and
Mn; 5V2(PO4)3/C are explored. The synthesis conditions, structural and
morphological properties, as well as electrochemical behavior of the
prepared materialsas anodes for LIBs are reported. An in-operando X-ray
diffraction and ex-situ X-ray photoelectron spectroscopy were carried
out with the aim of understanding the structural changes and the reac-
tion mechanism during cycling.

2. Experimental section
2.1. Synthesis process

Nij 5V2(P0O4)3/C (NVP/C) and Mn; 5V2(PO4)3/C (MVP/C) were pre-
pared via the sol-gel synthesis method. The solution was obtained by
dissolving in deionized water and phosphoric acid H3PO4 (Sigma-
Aldrich, >85 %), stoichiometric amounts of ammonium metavanadate
NH4VO3 (Sigma-Aldrich, 99 %) along with nickel (II) acetate tetrahy-
drate Ni(CH3COO)4-4H20 (Sigma-Aldrich, 98 %) for NVP/C or manga-
nese (II) acetate tetrahydrate Mn(CH3COO)4-4H20 (Sigma-Aldrich, 98
%) for MVP/C. During the synthesis, citric acid was added with a molar
ratio of 2 to 1 citric acid to the final product, as an in-situ carbon coating
agent and to ensure chelation and reduction of vanadium. The solution
was heated in an oil bath at 80 °C to form the gel, which was later dried
at 100 °C overnight. The obtained product was ground in an agate
mortar and thermally treated at 800 °C for 10 h under argon flow with a
heating rate of 2 °C.min .

2.2. Materials characterization

The thermogravimetric analysis was conducted via LABSYS evo to
determine the adequate thermal treatment temperature for the synthesis
of the samples and to evaluate occurring chemical or compositional

changes. The analysis was performed under argon flow with a ramp of
5 °C.min !. An additional TGA was conducted under air for the syn-
thesized materials with a ramp of 5 °C.min ! in order to deduce the
carbon content.

X-ray diffraction (XRD) was carried out using a Bruker D8 diffrac-
tometer with Cu-Ka radiation (a1 = 1.54056 10\). The XRD patterns were
collected between 10° and 65° (20) with a step size of 1°/min. The
morphologies and size distributions of the synthesized materials were
inspected using high-resolution scanning electron microscopy (HR-SEM)
in a Zeiss Gemini500-Field emission. To obtain a surface-sensitive im-
aging at nanoscale resolution, images were recorded at low voltage (1
kV) with an in-lens secondary electron detector. Raman Spectroscopy
was performed using a LabRAM HR Evolution Raman spectrometer
(HORIBA Scientific).

Nitrogen adsorption measurements were performed using the guest-
free (evacuated) samples on 3-Flex Surface Characterization Analyzer
(Micromeritics) at pressures up to 1 bar. In a typical experiment, about
60 mg of each sample was transferred (dry) to a glass sample cell and
firstly evacuated at room temperature using a turbo molecular vacuum
pump and then gradually heated to 160 °C at a rate of 5 °C.min ', held
for 6 h and cooled to room temperature. The cryogenic temperatures for
the nitrogen sorption measurements were controlled using liquid ni-
trogen baths at 77 K. The apparent surface areas were determined from
the nitrogen adsorption isotherms collected at 77 K by applying the
Brunauer-Emmett-Teller (BET) model. Pore size distribution analysis
was performed using a BJH adsorption model system.

In operando measurements were recorded using a setup developed at
the KIT in close cooperation with the STOE & Cie GmbH [15,16]. The
diffractometer uses an Ag-source (E = 22.123 keV, A = 0.55942 10\) with
a focusing Ge 111 monochromator. A Dectris MYTHEN 2 2K double
detector with a fixed distance between both detectors of little less than
the width of a module (approximately 18°of 20) is mounted at a radius of
130 mm from the central axis of the goniometer. The diffraction patterns
were performed in the 20 range of 0 to 36°, with the effective angular
resolution of 0.015° with the acquisition time of 20 min per pattern.

The electrochemical cells used for the in operando XRD measure-
ments consist of a 2032-type coin cell with a Kapton window (125 mkm
thickness of the Kapton film) for the beam entrance. The electrochemical
tests within in operando cells were accomplished using a galvanostatic
system pAUTOLAB-FRA2, TYPE III controlled by NOVA.

X-ray photoelectron spectroscopy (XPS) analysis was carried out via
Escalab 250 Xi spectrometer, with Al Ka radiation (hv = 1486.6 eV). The
tested electrodes were put on a sample holder with uPVC insulation tape
(3 M part number 655) and transferred to an Ar-filled glove box con-
nected to the spectrometer, to protect the samples from air and moisture.
The analysis was done employing a standard charge compensation mode
and an elliptic 325 x 650 pm X-ray beam spot. The core spectra were
recorded with a pass energy of 20 eV, noting that the step size was 0.15
eV and iterative scans at a dwell time was 500 ms. The binding energy
scale was calibrated from both NVP/C and MVP/C oxygen peak at 530.0
eV because of the solid electrolyte interface (SEI) formation which im-
pacts the binding energy of carbon contamination peak.

2.3. Electrode preparation and electrochemical measurements

To prepare the electrode materials, the slurries were formulated by
mixing 75 % of active material to 15 % of carbon black (Super P) to
enhance the electronic conductivity and 10 % of the binder Poly-
Vinylidene Fluoride (PVDF). The films were prepared by adding N-
methyl-2-pyrolidone (NMP) (Sigma-Aldrich, >99.0) to the powder,
spreading the suspension on copper foil which was later left to dry at
100 °C for 8 h was used as a solvent. The electrodes were cut via a
precision perforator with a diameter of 12.7 mm and vacuumed at
120 °C for 12 h before transferring them to an Ar-filled glove box in
order to assemble them in coin cells. The loading mass was around 3 mg.
The CR2032 coin cells consisted of the electrode material against



metallic lithium, while LiPFg dissolved in (1 M) EC: EMC (50:50 by
volume) served as the electrolyte. The cycling tests of the assembled coin
cells were carried out on a BioLogic MPG2 battery cycler at room tem-
perature, within the potential range 0.1-3.2 V and at various C-rates.
Cyclic voltammetry tests were recorded within the same potential range
and with a scan rate of 0.1 mV.s .

3. Results and discussion
3.1. Thermal characterization

During the synthesis, both materials NVP/C and MVP/C unveiled
that optimized conditions of thermal treatment are required. Thus,
TGA/DTA measurements were conducted to determine an adequate
temperature of phase formation.

The TGA curves shown in Fig. S1.a and b, traces the compositional
changes occurring during thermal treatment for the NVP/C and MVP/C,
respectively. The curves were recorded under argon flow in a

temperature range between 50 and 900 °C at 5 °C.min 1. For NVP/C
material, three stages of weight loss are observed in temperature ranges
of 50-200 °C, 200-800 °C, and 800-900 °C, while or MVP/C material,
only two stages of weight loss are detected in temperature ranges of
50-200 °C and 200-800 °C. In both cases, the first weight loss, which is
around 2.25 % for NVP/C and 1.91 % for MVP/C, could be attributed to
the departure of adsorbed water and volatile organic compounds. The
second significant weight loss, which is 32.03 % for NVP/C and 29.268
% for MVP/C, could be attributed to the decomposition of inorganic
carbon present in acetates CH3COO [17] as well as phase formation. An
additional weight loss of about 8.928 % is observed for NVP/C material
could be attributed to the decomposition of residual organic components
and formation of intermediate phases.

The obtained results showed that both materials are largely stable
until 800 °C. Thus, 800 °C is an adequate temperature for the thermal
treatment of both materials.

According to TGA under air of the prepared materials, conducted
between 30 and 900 °C at 5 °C.min 1, and shown in Fig. S1.c and d, the
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Fig. 1. Rietveld-refined XRD pattern of (a) NVP/C and (b) MVP/C. Vertical bars mark the calculated positions of the Bragg peaks of the product. Insets: Spatial

projection (a) NVP/C and (b) MVP/C.



estimated carbon content is around ~6 % and ~4 % for NVP/C and
MVP/C, respectively.

3.2. Crystal structure and morphology

The crystal structure and the purity of the prepared materials were
examined by X-ray diffraction. Fig. 1.a and b depict the XRD patterns of
NVP/C and MVP/C, respectively, as well as the spatial representations of
their crystal structures. The patterns indicate that both samples show
good crystallinity. Moreover, the absence of carbon peaks on both pat-
terns reveals an amorphous character of the carbon existing in NVP/C
and MVP/C materials.

Following a crystal structure refinement of NVP/C and MVP/C dif-
fractograms using the Rietveld method and considering Zn; 5V2(PO4)3
(PDF 00-051-1630) as a starting structural model, the diffraction peaks
of both patterns can be indexed based on a triclinic structure with space
group PT [18]. No impurity was detected. The unit cell parameters and
atomic coordinates of NVP/C and MVP/C are displayed in Tables S1 and
S3, respectively. Overall, the resulting crystallographic values calcu-
lated by applying Rietveld refinement are in agreement with those of Zn-
based [18] and Fe-based [12] NaSICon materials. The MVP/C lattice
parameters are higher than NVP/C ones which is expected as Mn?*
radius is bigger than Ni%*.

The structure consists of two types of dioctahedral edge-sharing
V2010 groups linked via PO4 tetrahedra forming a tridimensional
framework [V4PO24] . The metal cation M(1) (M = Ni, Mn) is located
in the center of the tunnel formed by the tridimensional framework
[V4P0O24]. Consequently, distorted MOg octahedra (M = Ni, Mn) are
formed. Moreover, the second metal M(2) (M = Ni, Mn) occupies the
border of the tunnel and forms a severely distorted trigonal bipyramid
MOs (M = Ni, Mn). Tables S2 and S4 display the most important metal-
oxygen distances in polyhedra forming the structure for NVP/C and
MVP/C materials. With the ionic radii of involved ions taken into
consideration, the obtained values from structure refinement are in
agreement with the reported ones in literature [12,18] confirming the
accuracy of the structural model.

Raman spectra of NVP/C and MVP/C, plotted in Fig. S2, shows
stretching (v; and v3) and bending (v» and v4) PO4 modes typically re-
ported for NaSICon phosphates [19]. The symmetric non degenerate PO
stretching modes, the antisymmetric doubly degenerate PO stretching
modes, the triply degenerate OPO bending modes, as well as the triply
degenerate antisymmetric and harmonic OPO bending modes are all
present for both materials [19]. Also, the presence of residual carbon
resulting from the in-situ carbon coating of the materials via citric acid
was confirmed. The two typical D- and G-bands, characteristic of carbon
are detected around 1325 cm ! and 1595 cm !, for NVP/C, and 1336
em ! and 1600 cm ! for MVP/C. The additional bands appearing
around 1400 cm ! and 1368 cm ! for NVP/C and MVP/C, respectively
are attributed to disordered carbon films [20,21]. The bands around
1532 cm ! 1508 cm ! for NVP/C and MVP/C, respectively, are attrib-
uted to the sp2 bonded carbon (D” band).

The morphologies of NVP/C and MVP/C powders were analyzed by
scanning electron microscopy (SEM). Fig. S3 illustrates the obtained
micrographs. The powders particles are relatively micrometric with
defined edges and non-homogeneous size distribution. Also, the micro-
graphs show the presence of pores, beneficial for the electrolyte pene-
tration and Li ions diffusion. This porosity is later confirmed and
evaluated by BET analysis.

The Nj sorption isotherms recorded at 77 K (Fig. S4.a and b) showed
that NVP/C and MVP/C exhibit fully reversible Type-V isotherm with
low energy of adsorption at low relative pressures, a characteristic of
mesoporous materials. The isotherms also contain hysteresis loops at
higher relative pressures (P/Py) which is indicative the presence of
mesoporosity within the structures of the prepared materials. The
Brunauer-Emmett-Teller (BET) model was employed to determine the

specific surface areas of the NVP/C and MVP/C materials. The BET
surface areas are about 18.5 m%g ! and 7.5 m2g ! for NVP/C and
MVP/C, respectively. The pore size distributions (PSDs) for NVP/C and
MVP/C were also assessed from the nitrogen adsorption data using BJH
model (insets in Fig. S4.a and b) and revealed the presence of pores with
non-homogeneous pore shape distribution. Moreover, the dominant
broad peaks of the PSDs appear in the 5-50 nm range confirming the
mesoporous character of the prepared materials. The PSD analyses also
evidenced the presence of some macropores within the structures of the
prepared materials with average pore diameters centered around 70 nm.
It is worth mentioning that this porosity could contribute to the capacity
[22] as it facilitates the electrolyte infiltration and thus the active
material-electrolyte contact [23].

3.3. Electrochemical performance

The electrochemical tests were carried out on NVP/C and MVP/C as
negative electrodes versus Li'/Li within a potential range of 0.1-3.2 V.
The current densities at 1C are around 336 mA.g ! and 343 mA.g ! for
NVP/C and MVP/C, respectively. Fig. 2.a and b show the electro-
chemical behavior of NVP/C and MVP/C anodes, respectively, at 0.2C
rate during the first twenty-five discharge-charge cycles. Regarding
NVP/C material, a high initial discharge capacity is delivered by a Li//
NVP/C electrochemical cell reaching 880 mAh.g !. However, the
reversible charge capacity is around 495 mAh.g . This major capacity
loss is only remarkable in the first discharge-charge cycle as the per-
formance gradually stabilizes for the subsequent cycles.

Similarly, the initial discharge capacity delivered by Li//MVP/C is
noticeably high and reaches 933 mAh.g !, then drops to 537 mAh.g !in
the second discharge-charge cycle. The initial irreversible capacity loss
decreases significantly for the subsequent cycles, and by the twenty fifth
charge, a reversible charge capacity of 400 mAh.g ! is delivered. It is
worth noting that the charge capacity fading is less pronounced in the
case of MVP/C compared to NVP/C, as MVP/C is more structurally
stable than NVP/C.

Furthermore, the initial discharge profiles of the studied materials
show two plateaus for NVP/Cat 1.5V and 0.10 V, and two for MVP/C at
1.5 V and 0.21 V. Also, slopes at about 1 V, 0.75V, 0.51 V. The charge
profiles of NVP/C exhibit two plateaus around 0.5 V and 1.7 V, while the
charge profiles of MVP/C show similar ones around 0.46 V and 1.75 V.
Those reversible plateaus could be attributed to a sequence of phase
transition process [24].

For both anode materials, the loss in the initial discharge capacities is
linked to the SEI formation, which inhibits the electrolyte penetration as
well as structural changes. In Fig. 2.a and b, the shapes of discharge-
charge profiles change during the first charge implying a conversion
reaction upon lithiation-delithiation. This reaction mechanism is
confirmed by cyclic voltammetry and validated by X-ray photoelectron
spectroscopy as well as in-situ operando diffraction of synchrotron
radiation.

The cyclic voltammograms (CV) of NVP/C and MVP/C are displayed
in Figs. 2.c and d, respectively. During the first discharge, four cathodic
peaks appear around 1.1, 0.78, 0.5, and 0.1 V for NVP/C and three peaks
at about 1.32, 0.66, 0.21 V for MVP/C, in addition to a sloping curve
down to 0.1 V for both materials. This may be explained by the forma-
tion of new by-products. The peaks below 1.0 V, could be assigned to the
formation of species issued from the conversion reaction and the for-
mation of SEI along with the electrolyte side reactions [7]. Further, the
Li* insertion into amorphous carbon could also contribute to the broad
peak around 0.1 V. By the same token, starting from the first charge, the
CV profiles show two reversible anodic peaks, barely noticeable for
NVP/C around 1.0 and 2.3 V and two anodic peaks for MVP/C at about
0.9 and 2.2 V. The corresponding cathodic peaks show at 0.8 and 1.68 V
for NVP/C, and at 0.96 and 1.92 V for MVP/C. Those peaks are attrib-
uted to the oxidation and reduction of present transition metals (V, Ni
and Mn) [22].
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Fig. 2. The electrochemical discharge/charge profile in the potential range 0.1-3.2 V at 0.2C rate of (a) NVP/C and (b) MVP/C, Cyclic voltammetry test at 0.1 mV
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Furthermore, to evaluate the long-term cycling durability and sta-
bility of the anode materials NVP/C and MVP/C, the corresponding half-
cells were cycled at two fast rates 2C and 5C for 1000 cycles, and the
results are given in Fig. 3.a and b, respectively. For the first 100 cycles,
in the case of NVP/C (inset of Fig. 3.a), the discharge capacity of the
material is relatively higher at 5C rate, mainly due to electrochemical
kinetics [7]. The capacities of the material in the second cycle, at 2C and
5C rates are 312 mAh.g ! and 368 mAh.g !, respectively. These ca-
pacities decline by the 100th cycle to nearly 80 mAh.g . The material
manages to keep the obtained capacity reversible for the subsequent
900 cycles. The MVP/C anode material exhibits a relatively identical
behavior to NVP/C. Although the capacity declines from around 290
mAh.g ! in the second cycle to 82 mAh.g ! in the 100th cycle, the
material shows an improved and more stable performance under 2C rate
for the first 100 discharge-charge cycles (inset of Fig. 3.b). Further
cycling reveals another capacity drop around the 700th cycle at faster
rate 5C, from 70 mAh.g ! to 40 mAh.g 1. It is important to note that the
decay of the capacity upon cycling result mainly from the continuous
consumption of the active material during the conversion mechanism.
This conversion mechanism depends on the rate, the nature of the

transition metal and also on the electrolyte especially when a very low
cut-off voltage is used. This decomposition results on species, generally
nanocomposites, that cannot react with the inserted lithium to form new
alloys and thus increasing the capacity. Only a capacitive behavior
governs the mechanism for long term cycles where the formed nano-
composite continuous to store lithium without any electrochemical re-
action. To confirm this capacitive behavior, we conducted a multi-rate
CV study of the studied electrode materials.

Cyclic voltammetry tests of NVP/C and MVP/C at scan rates from 0.2
mV.s !to 0.45 mV.s ! are depicted in Fig. S5. At 0.2 mV.s ?, cathodic
peaks are observed around 0.97 V and 0.93 V for NVP/C and MVP/C,
respectively. The increase on scan rate leads to the disappearance of the
cathodic peak in the case of NVP/C while it gets broader in the case of
MVP/C. While no anodic peaks are shown for NVP/C, two anodic peaks
are detected for MVP/C at 1.1 V and 2.26 V. Moreover, the shape of the
CV curves tends towards a quasi-rectangular shape, which indicates a
capacitive contribution to the electrochemical process [25].

The differential capacity profiles (dQ/dV) of the first and fifth cycles
of NVP/C and MVP/C, exhibited in Fig. S6, confirm a pseudocapacitive
storage contribution starting from first charge for both materials, but
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Fig. 3. (continued).

more emphasized in the case of MVP/C. This pseudocapacitive contri-
bution is linked to the occurring phase changes and stresses on crystal
structures of the materials following Li ion insertion, which triggers
capacity fade and influences both materials cyclability [26].
Moreover, as depicted by Fig. 3.c and d, for the first 100 cycles both
materials show a good coulombic efficiency with the lowest values being
around 97 % for NVP/C and 95 % for MVP/C. In the subsequent 900
cycles, good capacity retentions are observed, which were about 76 %
for NVP/C and 74 % for MVP/C. For the first 2 cycles, the coulombic

efficiencies of the materials are lower than 90 %, however, they increase
afterwards and stabilize around 99.9 % until the 1000nd cycle.

The rate performances of NVP/C and MVP/C are represented in
Fig. 3.e and f, respectively. The rate capability tests were carried out at
incremental C-rates from 0.2C to 5C and back, with ten discharge-charge
cycles for each C-rate. Without taking into consideration the first
discharge-charge cycle, a specific capacity of nearly 400 mAh.g ! at
0.2C is noticed at the second cycle for NVP/C and 360 mAh.g ! for
MVP/C. However, those specific capacities decline by the 10th cycle



reaching 272 mAh.g ! and 282 mAh.g ! for NVP/C and MVP/C,
respectively. The detected significant capacity loss for both materials is
due to phenomena including SEI formation and side reactions resulting
in the appearance of new phases (such electrolyte decomposition to LiF,
LiyPF,0,, etc.) evidenced by X-ray photoelectron spectroscopy, or irre-
versible structural changes which were later confirmed by in-operando
measurements. Further, following the de-lithiation, the Jahn-Teller
distortion, generated by the unstable octahedrally coordinated Ni®*
and Mn3* of MOg (M = Ni, Mn), could likely contribute to the instability
during cycling [27]. Over and above, increasing C-rates could contribute
to a mild capacity decay as observed on Fig. 3.e and f. Later, the specific
capacities increased when decreasing C-rates, and approximate specific
capacities of 160 mAh.g ! and 152 mAh.g ! were maintained reversible
at 0.2C for NVP/C and MVP/C, respectively.

3.4. In-operando X-ray diffraction

In-operando X-ray diffraction was used to detect the changes
occurring on the crystal structure of the studied anode materials NVP/C
and MVP/C, during the first discharge-charge cycles at 0.2C rate in a
potential range of 0.1-3.2 V. The series of selected patterns are shown in
Fig. 4. To begin with, all the peaks of M; 5sV2(PO4)3/C (M = Ni, Mn) are
ascribed to the triclinic structure with PT space group in agreement with
the refined crystal structure presented before. Besides, sharp intense
peaks related to strong copper reflections were detected for NVP/C and
MVP/C.

As illustrated in Fig. 4a, the NVP/C patterns show two main re-
flections at OCV located at 6.5° and 10.95° of 26 corresponding to 111
and 021, respectively. Both reflections show a slight shift towards low
two-theta angles simultaneously with the Li" insertion indicating
changes in the lattice parameters. The 111 reflection stands during the
charge where its intensity decreases gradually until it disappears.
However, the 021 reflection shows a significant broadening during Li™
insertion and disappears by the end of discharge.

For MVP/C, three reflections can be recognized which are 111,
1-11 and 021 situated at 6.5°, 7.55° and 10.95° of 20, respectively. All
over the discharge, the reflection 111 changes its position towards
lower two-theta angles while the new detected reflection 1-11 and the
021 reflection exhibit a clear peak broadening and weakening of in-
tensity, tending to disappear. In the subsequent charge, the patterns
conserved the same peaks with differences mainly in intensities.

It can be concluded that the crystallinity of the materials degrades
throughout the first discharge-charge process. Both materials exhibit

NVP/C

Cu

1 1 1
4 5 6 7 8 9 10 11 12 13 14 15 16
2-Theta (degree)

signs of amorphization of structure comprising the disappearance of
some peaks during the intercalation-deintercalation of Li ions. The shifts
of peaks towards low two-theta angles are indicative of slight expansions
of lattices for both materials. Such irreversible structural changes are
suggested to impact the electrochemical reversibility, thus leading to
undesirable performances during cycling.

3.5. Ex-situ X-ray photoelectron spectroscopy

The ex-situ X-ray photoelectron spectroscopy (XPS) technique was
performed to verify the electrode/electrolyte interactions by investi-
gating the elemental compositions, and the growth of SEI, built on the
surfaces of the electrodes of NVP/C and MVP/C and thus impacting their
electrochemical performance. The NVP/C and MVP/C pristine elec-
trodes (before cycling) consisted of Cu-foil on which the slurry is
deposited and were analyzed before cycling. The electrolyte used for
cycling involved LiPFg salt dissolved in (1 M) EC: EMC (50:50 by vol-
ume). Following the cycling of the anode materials at 1C rate, the
electrodes were recovered after the first discharge, the first charge, the
fifth discharge-charge cycle, and the 20th discharge-charge cycle. Figs. 5
and 6 illustrate the deconvoluted spectra of F 1s (a;-as), O 1s (b;-bs), C
1s (c;—cs) and P 2p (d;-ds) core levels of NVP/C and MVP/C, respec-
tively at the five different states mentioned previously. The parameters
used for the fitting as well as the binding energies are reported in
Table S5.1-5 for NVP/C and Table S6.1-5 for MVP/C.

Before cycling, the deconvoluted spectra of F 1s showed the presence
of semi-ionic C—F at 687.0 eV for NVP/C and covalent C—F at 687.9 eV
for NVP/C while only covalent C—F was observed for MVP/C at 688.4
eV [28]. The O 1s spectra showed the presence of an oxygen lattice 0%)
or transition metal (V, Ni)-oxygen peak at 530.9 eV for NVP/C [29]. This
peak was not observed for MVP/C sample most likely due to dominance
of other oxygenated deposited species and/or the disproportionation
reaction of Mn on the surface of the electrode with Mn?* dissolution into
electrolyte [30]. Furthermore, a peak showing at 532.2 eV for NVP/C
and 533.6 eV for MVP/C is related to P—=0 [31] and/or Li;CO3 [29]. In
the case of MVP/C, the peak around 534.0 eV is attributed to C-O-C [32].

As for C 1s, the spectra of both anodes reveal the presence of residual
carbon, carbon black through the dominating bonds of C=C [32] and
C—C [33], which are indicative of graphitization, as well as C—H [33]
C=0, O-C-O [33]. The presence of PVDF, on the surface of the electrodes
before proceeding to cycling, is evidenced through CHy peak around
~286 eV [34] and CF; peak around ~290 eV [35,36]. The P 2p spectra,
corresponding to the phosphorus contained in NVP/C and MVP/C, is
deconvoluted to (PO4)3 at ~133 eV [37] and P—O (P 2ps3,2) at ~134.0
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[ 1 1
1 Lii
3.2v . :
| 1
) I
g .
£ 1 1 '
o (B 1
P [
1 1 1
1
0.1V | 1
<
s [l
)
2
°
5\—
[l ‘
L T .
1 - 1S !
4 5 6 7 8 9 10 11 12 13 14 15 16

2-Theta (degree)

Fig. 4. Operando diffraction patterns during the first discharge-charge in a potential range 0.1-3.2 V at 0.2C rate for (a) NVP/C and (b) MVP/C.
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Fig. 5. XPS core spectra in the (a;—as) F 1s, (b;-bs) O 1s, (c;—cs) C 1s, and (d;—ds) P 2p regions, collected of NVP/C anode material at different cycling stages.

eV [36], as shown in Fig. 5-d4 and dg4.

After the first discharge, it is found for both anode materials, that the
F 1s peak reveals the presence of new components through three new
peaks. The first peak showing around 685.0 eV for NVP/C and 686.0 eV
for MVP/C is attributed to LiF [33,38]. The second peak appearing

around 687.0 eV for NVP/C and 687.5 eV for MVP/C can be related to
LiyPFy0, [33] and/or P—F [39], while the last peak at 687.7 eV for NVP/
C and 688.7 eV for MVP/C is associated to and LiPFg [39] and/or PVDF
[33]. The new bonds are definitely resulting from electrolyte decom-
position. In the following discharge-charge cycles the intensity of the
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Fig. 6. XPS core spectra in the (a;-as) F 1s, (b;-bs) O 1s, (c;—cs) C 1s, and (d;—ds) P 2p regions, collected of MVP/C anode material at different cycling stages.

LiyPFyO, bond clearly decreases for both materials until disappearance.
By the 20th cycle, only two bonds LiF and LiPFg were still obvious,
although their intensities varied suggesting a regression in electrolyte
decomposition.

For NVP/C, and in addition to the bonds revealed before cycling, the
deconvolution of O 1s spectra shows the presence of two additional
peaks which are Li»O [37] at 528.7 eV and C—O [33] 533.5 eV. The two
peaks could be related to components resulting from the decomposition

of electrolyte. However, in the case of MVP/C, no further bonds were
observed on the Ols deconvoluted spectrum, and the revealed peaks
were identical to those noticed before cycling. This can be indicative of a
higher stability of oxygen in the case of MVP/C sample compared to
NVP/C sample. The new components attributed to electrolyte decom-
position were noticeable by the fifth cycle for MVP/C.

Similarly, the C1s fitted spectrum of NVP/C after the first discharge,
shows a new component around 282.9 eV which is Li carbide (LizCs)



[40]. This bond was noticeable after the first charge for MVP/C. Also,
the presence of an additional O-C=0 is remarked [31,41]. By the end of
the fifth discharge-charge cycle, all the bonds were kept unchanged and
identical to those reported on the 20th discharge-charge cycle.

The P 2p spectra of NVP/C and MVP/C following the first discharge,
showed the rise of new peaks, ascribed to components generated from
electrolyte interactions namely, P4019 (P [42], P—O (P 2p1/2)
[35,36], LixPFy0, [33], LixPFy [36,43] and LiPFe [38,43]. By the fifth
discharge-charge cycle, the intensities of the peaks (PO4)® and P—O (P
2p3/2) were stable while those of LixPFyO, Li,PF and LiPF¢ tended to
increase.

4. Conclusion

This work introduces two NaSICon-structured materials
M; 5V2(PO4)3/C (M = Ni, Mn) as anodes for Li-ion batteries. The samples
were prepared via sol-gel synthesis technique and the thermal treatment
was at 800 °C under argon flow. It was demonstrated that the materials
crystallize in a distorted triclinic structure with a P1 space group. Raman
spectroscopy confirmed the structure through the presence of bands
related to stretching and bending modes of PO4, PO and OPO. Also, it
evidenced the success of in situ carbon coating targeted during synthe-
sis. The particles size of prepared NVP/C and MVP/C is micrometric as
shown via SEM. The porosity of both materials was investigated by ni-
trogen sorption at cryogenic conditions. The electrochemical behavior
of NVP/C and MVP/C, as anode materials, was examined in a voltage
range of 0.1-3.2 V. The NVP/C anode delivered an initial discharge
capacity of 880 mAh.g ! while MVP/C delivered an initial discharge
capacity of 993 mAh.g !. By the following charge, the specific capacities
of NVP/C and MVP/C dropped to 495 mAh.g ! 550 mAh.g !, respec-
tively. Despite the initial irreversible capacity loss, the anode materials
demonstrated good performance at high C-rates and long-term cycling
stability as well as a high coulombic efficiency (~99.9). The effect of SEI
formation on the electrochemical behavior, was investigated and later
confirmed by operando diffraction of synchrotron radiations and ex-situ
X-ray photoelectron spectroscopy.
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