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Particle nanosizing and coating with an ionic
liquid: two routes to improve the transport
properties of NazV,(PO4),FO,+
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NazV,(PO4),FO, is a promising candidate for practical use as a positive electrode material in Na-ion bat-
teries thanks to its high voltage and excellent structural stability upon cycling. However, its limited intrinsic
transport properties limit its performance at fast charge/discharge rates. In this work, two efficient
approaches are presented to optimize the electrical conductivity of the electrode material: particle nano-
sizing and particle coating with an ionic liquid (IL). The former reveals that particle downsizing from
micrometer to nanometer range improves the electronic conductivity by more than two orders of magni-
tude, which greatly improves the rate capability without affecting the capacity retention. The second
approch dealing with an original surface modification by applying an IL coating strongly enhances the
ionic mobility and offers new perspectives to improve the energy storage performance by designing the
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1. Introduction

Human-induced climate problem is already impacting the
weather and producing extreme climate in every inhabited
region across the world such as frequent heatwaves, heavy pre-
cipitation, droughts and tropical cyclones." To face this problem,
the main solution is based on limiting the cumulative CO, and
other greenhouse gas emissions. To do so, one of the major
methods is to convert the fossil fuel-based power station, led by
coal-fired power plants, into alternative energy like solar and
wind energy accompanied by performant energy storage
systems, which can store the additional power during peak pro-
duction periods and supply it to the grid during low hours to
reduce burden on the electric grid. Complementary to the widely
used lithium ion batteries, sodium ion batteries are environmen-
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electrode materials’ surface composition.

tally friendly and a reliable choice for large-scale energy
storage.” Among the various families of positive electrode
materials, despite weight penalty versus layered oxides, polyanio-
nic ones attract much attention thanks to their high average
operating potential and structural stability. The most studied
and promising are NASICON Na;V,(PO,);,>” Na,MnV(PO,);,%°
Na FeV(PO,); """ and vanadium phosphate oxyfluoride series
NaV*', V') (PO,),F;_,0, (NVPFO,).">"* Dealing with this latter,
NazV*",(PO,4),FO,, the most oxidized member of NVPFO, family,
exhibits a slightly lower average working potential than that of
NazV**,(POy4),F; (~3.8 V vs. Na/Na* for NVPFO, versus ~3.95 V vs.
Na/Na" for NVPF for a similar capacity).'>"* However, oxygen for
fluorine substitution enhances Na® mobility and stabilizes the
structure at overcharged states, making NVPFO, and mixed
anionic NVPFO, still of interest for practical purposes.'**®
Nazv*', V' (PO,),F;_,0, is composed of V,Og,F;_, bi-
octahedral units, which are connected by PO, groups to gene-
rate a three-dimensional structure. Although the robust frame-
work supported by PO,*>~ groups leads to stable long cycling
capability, the isolated transition metals in this structure
result in rather low intrinsic electronic conductivity.'®
Additionally, Notten et al. have recently demonstrated that the
poor rate performance of NVPF is related to the low Na'
diffusion coefficient in the material."” The authors have shown
that hard carbon diffusion coefficient is one order of magni-
tude higher than that of the polyanionic material. Thus, the
NVPFO, family materials suffer from significant capacity loss
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at high charging/discharging rates. In recent years, numerous
methods such as the application of a carbon coating or the for-
mation of composites with carbons (carbon nanotubes,
reduced graphene oxides or amorphous carbons),"®>" partial
transition metal substitution (Al, Cr, Mn, Y, Zr, Ga, etc.)**™>®
and morphology design (flower, sand rose, nano/micro-sphere,
nano/micro-cube, etc.)**>* have been proposed to overcome
this problem. Among the various synthesis methods, mor-
phology control and hybridization with a carbon-based con-
ductive phase are often carried out by hydrothermal/solvo-
thermal synthesis.***> However, this synthesis process leads
most often to partial oxidation of vanadium and to a V**/v**
ratio difficult to be controlled in the final composition, which
drastically affects the energy storage performance and thus
makes it difficult to evaluate the sole influence of
morphology.>*3%73° Recently, Olchowka et al. have reported an
original ionothermal synthesis method leading to NVPFO, par-
ticles coated with an EMI TFSI ionic liquid (IL).** Their energy
storage performance appears promising, even if the effect of IL
coating is not fully understood yet.*°

In this work, NazV,(PO,),FO, was synthesized by three
different methods (solid-state reaction, ionothermal and solvo-
thermal syntheses) to investigate the effects on the electrical
properties of particle downsizing and of formation of an ionic
liquid coating. For each compound, the final V** oxidation
state, as well as the composition, was meticulously confirmed
by combining X-ray diffraction and different spectroscopic
characterization methods. The influence of the particle size
and IL coating on electronic and ionic conductivities was
investigated by electrochemical impedance spectroscopy,
whereas electrochemical tests allowed us to evaluate the
impact on the energy storage performance.

2. Experimental section
2.1 Material preparation

NVPFO, materials were synthesized by three different
methods. NVPFO,-Iono was obtained by ionothermal syn-
thesis. a-VOPO,-2H,0 (homemade) and NaF (molar ratio of 2/
3) were placed in a Teflon Parr autoclave with 6 mL of
EMI-TFSI (1-ethyl-3-methyl-imidazolium bis(trifluoromethyl-
sulfonyl)imide) and heated at 220 °C for 10 hours, similar to
the conditions described in our previous work.*® The polycrys-
talline powder was recovered by centrifugation and washed
with ethanol. NVPFO,-Nano was obtained by solvothermal syn-
thesis. A stoichiometric mixture of VO(acac), (Sigma-Aldrich),
NaF (Sigma-Aldrich) and H3;PO, (molar ratio of 1/1.5/1) was
placed in a 100 mL Teflon Parr autoclave with a mixture of
4.5 mL ethanol/4.5 mL distilled water and heated at 180 °C for
10 hours. NVPFO,-Bulk was prepared by a solid-state reaction
of VPO, (homemade), VOPO, (homemade), NaF (Sigma-
Aldrich) and Na,CO; (Sigma-Aldrich) taken in a molar ratio of
1:1:1:1, as described earlier.** Mechanical grinding was first
applied in order to get a homogeneous mixture, and then the
resulting powder was pelletized and heated under argon flow

8664 | Nanoscale, 2022, 14, 8663-8676

View Article Online

Nanoscale

in a gold crucible at 550 °C for 2 hours. VPO, and VOPO, were
obtained from an «-VOPO,-2H,0 homemade precursor. First,
a-VOPO,-2H,0 was obtained by heating 5 g of V,05 (Sigma-
Aldrich) in a mixture composed of 40 mL of phosphoric acid,
110 mL of nitric acid (Sigma-Aldrich) and 130 mL of distilled
water at 100 °C for 3 hours. The resulting yellowish powder
was washed with acetone. Freshly obtained VOPO,-2H,0 was
dehydrated at 250 °C under O, to produce VOPO,. The latter
was then reduced under argon/hydrogen flow at 890 °C for
2 hours to synthesize VPO,.

2.2 Characterization techniques

X-ray diffraction (XRD) measurements were carried out using a
BRUKER D8 ADVANCE diffractometer in 6-6 configuration,
equipped with a Cu Ky, », X-ray source. The acquisition was per-
formed in the 20 angular range of 10°-140° with a step size of
0.0197°. The Rietveld refinements were performed using the
FullProf Suite.*?

Scanning electron microscopic (SEM) images were acquired
without any conductive deposition using a Hitachi Model
S-3400N microscope. Gold deposition was made on the
NVPFO,-Bulk sample to improve the quality of the images.
SEM-FEG (field emission gun) images were obtained using a
Hitachi SU-70 microscope. Transmission electron microscopy
(TEM) was carried out using a Tecnai spirit G2 microscope.
The powder was sonicated for 20 min in ethanol before the
analysis.

The chemical analysis of the Na, P and V contents was per-
formed by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) using a Varian Model 720-ES spectrometer,
after a complete dissolution of the powders into a concen-
trated hydrochloric acid (HCI) solution.

X-ray photoelectron spectroscopy (XPS) spectra were
recorded using an Omicron Argus X-ray photoelectron spectro-
meter for an applied power of 280 W and a monochromatic Al-
Ko radiation source (1486.6 eV). Charge correction was done
by calibrating the C 1s peak at a binding energy of 284.8 eV.

Raman spectra were recorded using a confocal LabRAM HR
Evolution micro-spectrometer from Horiba, with a 633 nm
laser source. They were collected in the range of
100-1300 em™*, using a 10.6 mm (NA 0.5) focal length lens
and with an acquisition time of 20 s and 40 accumulations.

Magic angle spinning nuclear magnetic resonance (MAS
NMR) experiments were carried our using standard Bruker
2.5 mm MAS probes at a spinning frequency of 30 kHz. *'P
MAS NMR spectra were recorded using a Bruker Avance III
100 MHz spectrometer at a resonance frequency of 40.6 MHz.
A Hahn echo sequence was used synchronized with one rotor
period rotation, with a 90° pulse of 1.1 ps and a recycle delay
of 1 s. H;PO, 85% (Sigma-Aldrich) was used as an external
reference for 0 ppm chemical shift. >>Na MAS-NMR spectra
were recorded using a Bruker Avance 500 MHz spectrometer
equipped with an 11.7 T widebore magnet (operating at a
Larmor frequency of 132.3 MHz for **Na). A short pulse length
of 1.1 ps corresponding to a selective n/8 pulse determined
using a 0.1 M NaCl aqueous solution was employed. Chemical

This journal is © The Royal Society of Chemistry 2022
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shifts were referenced relative to an aqueous 0.1 M NacCl solu-
tion at 0 ppm. The spectral width was set to 1 MHz and the
recycle delay of 0.5 s, which was long enough to avoid T, satur-
ation effects. The baseline distortions resulting from the
spectrometer dead time (5-10 ps) were removed computation-
ally by using a polynomial baseline correction routine.

The electrical properties of NazV,(PO,4),FO, compounds
were investigated by electrochemical impedance spectroscopy
(EIS). For this purpose, the powders were pressed into pellets
of 13 mm diameter applying 200 MPa by means of a uniaxial
press. Prior to pressing, NVPFO,-Nano and NVPFO,-Bulk
powders were mixed with camphor (about 2 wt%) to provide
enough mechanical strength allowing the extraction of the
pellets from the die after pressing. Subsequently, the pellets
were heat-treated at 250 °C for 1 h under air to evaporate the
camphor. Contrary to the two other samples, NVPFO,-Iono
could be well pelletized without camphor. Moreover, the evap-
oration of camphor at 250 °C would decompose the IL. Finally,
gold electrodes were sputtered on the parallel and opposite
faces of each pellet to ensure electrical contacts. EIS measure-
ments were performed using a Solartron 1260 Impedance/Gain
Phase Analyzer in the frequency range between 1 MHz and 1
Hz, with an applied root mean square voltage of 100 mV, 10
points per decade and 20 measures per point. Impedance of
all the samples were measured under heating and cooling in
air on a two-probe sample holder and over the temperature
range of 100-300 °C. Among them, NVPFO,-Iono was left at
300 °C for 6 h to completely remove the IL and then taken for
the cooling process.

The electrochemical performance of the materials were
tested in CR2032-type coin cells. The cells were assembled in
an argon-filled glovebox (H,O, O, < 0.1 ppm), with sodium
metal as the counter electrode. The positive electrodes were
prepared as a mixture containing an active material, carbon
black, and polyvinylidene fluoride (PVDF) in NMP (N-methyl-2-
pyrrolidone) in the ratio of 88/7/5 (by wt%). After two hours of
thorough mixing, the black ink was casted as a flat film by a
doctor blade on an aluminum foil and dried in an oven at
80 °C. Disks were cut, pressed under 5 tons and, finally, dried
overnight at 80 °C under vacuum. The electrodes have a typical
active mass loading around 4.5-5 mg cm 2. A homemade elec-
trolyte containing a 1 mol L™ solution of NaPF, (Strem
Chemical; 99%) in ethylene carbonate and dimethyl carbonate
(EC/DMC = 1/1) with 2 wt% of fluoroethylene carbonate (FEC)
was used for all the electrochemical tests. The assembled cells
were cycled in a galvanostatic mode, from C/20 to 2C cycling
rates between 2.5 and 4.3 V vs. Na'/Na. The theoretical capacity
being 130 mA h g ' (corresponding to 2 Na“ reversibly
extracted from NVPFO,), the rate C/20 corresponds to the
exchange of 2 Na' in 20 hours. Galvanostatic intermittent titra-
tion technique (GITT) measurements were performed in half-
cells versus Na after three cycles of formation at C/20. GITT
measurements of NVPFO, involved a series of 30 min galvano-
static charge/discharge at C/25 followed by relaxation up to
1 mV h™' between 2.5 and 4.3 V to achieve a nearly steady
state.

This journal is © The Royal Society of Chemistry 2022
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Full cells HC/NVPFO,-Nano were tested in CR2032-type
coin cells with a mass ratio of m(NVPFO,)/m(HC) = 2.35. The
positive electrode possesses a diameter of 16 mm (~9 mg),
whereas the negative electrode is slightly smaller (15 mm). The
assembled full cells were cycled in the galvanostatic mode,
from C/20 to 2C cycling rates (based on NVPFO, electrode) in
the voltage range of 2.5 to 4.3 V and in the same electrolyte, as
described previously.

3 Results and discussion

3.1 Structural and morphological characterization

The powder XRD patterns illustrated in Fig. 1 and the Rietveld
refinements presented in Fig. S11 confirm that the three syn-
thesis methods (solid-state reaction, solvothermal and
ionothermal) lead to the synthesis of the pure
NazV**,(P0O,),FO, (NVPFO,) phase. For each compound, all the
diffraction peaks could be indexed in the space group P4,/
mnm, and the lattice parameters, reported in Table 1, are in
good agreement with those of NazV*',(PO,),FO,, the end
member composition of the Na;v**, ,v*'(PO,),F;_,0, (0 <y
< 2) solid solution.">*%*

Additionally, ICP analyses confirm the expected cationic
ratio (Table S1}). A comparison of the X-ray diagrams (Fig. 1)
clearly shows differences in the diffraction peak width and pre-
ferential orientation, suggesting huge variations in the crystal-
lite size and morphology within the series of NVPFO,. Indeed,
compared to observations made for NVPFO,-Nano and
NVPFO,-Bulk, the very intense (002) reflection observed for
NVPFO,-Tono suggests an oriented particle growth in the (ab)
plane leading to platelet (2D) morphology. Furthermore, dis-
similar diffraction peak broadening, highlighted in the inset
of Fig. 1, unveils disparate crystallite sizes caused by the

(002) (002)
(111)
(113) NVPF02-|On0 155 160 165 17.0 175
(111)|| (200)  (220) (222) 2Theta (")
S
>
G AA M NVPFO,-Nano
=
L
£ MJ\_/L/\M_
J‘L ' NVPFO,-Bulk
; L ke
1 | mre i | nuwreni NI I |
T T T T
10 20 30 40 50 60
2 Theta (°)

Fig. 1 X-ray diffraction patterns of NVPFO,-lono (green curve),
NVPFO,-Nano (red curve) and NVPFO,-Bulk (black curve). The red ticks
correspond to theoretical positions as reported in ICDD 01-083-7199.
The inset shows the enlargement of the (111) and (002) reflections.
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Table 1 Lattice parameters obtained by the Rietveld refinement of the
XRD patterns, coherent domain sizes calculated using the (220) and
(002) reflections

X . (220)  (002)  Space

a(A) c(A) (nm) (nm)  group
NVPFO,-Tono  9.0098(1)  10.6278(1) 52 52 Pd,/mnm
NVPFO,-Nano  9.0214(2)  10.6216(3) 23 21 P4y/mnm
NVPFO,-Bulk  9.0330(1)  10.6137(2) 64 70 Pd,/mnm

different synthesis conditions. The coherent domains calcu-
lated using the Scherrer equation are reported in Table 1, and
they reveal that the high-temperature solid state reaction leads
to the biggest crystallites (~70 nm), whereas the solvothermal
synthesis to the smallest ones (~20 nm). Moreover, the similar
coherent domains calculated with the (002) and (220) reflec-
tions suggest an isotropic crystal growth for all synthesis
routes, despite an anisotropic particle growth by the ionother-

Fig. 2

8666 | Nanoscale, 2022, 14, 8663-8676

View Article Online

Nanoscale

mal reaction. Finally, the internal strains generated by limited
crystallite sizes distributed within the oriented primary par-
ticles result in difficulties to perfectly fit the peak profile
during structural refinement, which could explain the slightly
different lattice parameters within the NVPFO, series (Table 1
and Fig. S17). Consequently, the chemical composition has to
be confirmed by local environmental characterization tech-
niques such as ss-NMR, as it will be done later.

SEM, SEM-FEG (Fig. 2) and TEM images (Fig. S2t) further
confirm the various morphologies of NVPFO, materials
obtained by the different synthesis methods. NVPFO,-Iono,
which was obtained by a topochemical reaction from layered
a-VOPO,-2H,0,* was characterized by aggregated flakes with
an average length of around 5-10 pm and a thickness of
100-200 nm (Fig. 2a, b and S27). The small fragments that can
be distinguished probably come from pieces of big flakes.
HRTEM analyses further revealed that the platelets exhibit the
(220) crystallographic planes through lattice fringes obser-

)]

(a and b) SEM images of NVPFO,-lono. (c and d) SEM-FEG images of NVPFO,-Nano. (e and f) SEM-FEG images of NVPFO,-Bulk.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr01080a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 May 2022. Downloaded on 3/14/2026 6:19:49 PM.

Nanoscale

vation (Fig. S3a and bt), which perfectly fit to the exalted
intensity of the (002) diffraction peak observed by XRD. Thus,
it can be concluded that the Na" diffusion channels along the
[110] and [110] directions are situated in the plane of the
flakes (Fig. S4T). NVPFO,-Nano synthesized by a solvothermal
process presents a quite different morphology (Fig. 2c and d).
It was characterized by aggregates made of randomly agglom-
erated spherical secondary particles of diameter ~ 500 nm.
These latter were constructed with smaller primary particles of
size around 30 nm, which is in good agreement with the crys-
tallite size determined by XRD (Table 1). The different lattice
fringes observed by HRTEM (Fig. S3f) for NVPFO,-Nano
(0.32 nm (220), 0.53 nm (002) and 0.55 nm (111)) support the
spherical morphology of the small primary particles and the
absence of preferential orientation. Finally, the shape of
NVPFO,-Bulk obtained by the high-temperature solid-state
reaction approximates to cubes varying from hundreds of

943 |
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Fig. 3 Raman spectra of NVPFO,-lono (green), NVPFO,-Nano (red) and
NVPFO,-Bulk (black). The band marked with a star on the Raman spec-
trum corresponds to the EMI TFSI ionic liquid.
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nanometers to several micrometers (Fig. 2e and f). Moreover,
the thickness of NVPFO,-Bulk cubes makes the lattice fringe
measurement impossible.

The series of NVPFO, was further characterized by various
spectroscopic techniques to probe the Na, P and V local
environments and confirm the composition deduced from
Rietveld refinements. As illustrated in the Raman spectra in
Fig. 3, all materials possess the typical signature of NazV,(PO,)
FO, with peaks at 539 cm™, 943 em™', 1010 cm™ and
1052 ecm ™" attributed to the vibrations of V-0, V=0 and phos-
phate groups respectively.*>***> As reported in our previous
work on the topochemical reaction mechanism happening
during the ionothermal synthesis of NVPFO,, the ionic liquid
functionalizes the particle surface to create an IL coating,
which can be seen as an “artificial solid electrolyte inter-
face”.”® This latter, which in some cases stabilizes the elec-
trode material upon cycling and favors ionic adsorption on the
surface and/or alkaline diffusion through the material,*®™*® is
observed on the NVPFO,-Iono spectrum (Fig. 3) and on
HRTEM images (Fig. S5t). Indeed, the band marked with a
star on the Raman spectrum is in rather good agreement with
those expected for the EMI TFSI ionic liquid.**> IL can also
be detected on the surface of NVPFO,-Iono by XPS analysis
that reveals the presence of N 1s and S 2p peaks originating
from the imidazolium ring and TFSI respectively (as shown by
the surveys in the energy range of 0-1100 eV in Fig. S61 and by
the quantification given in Table S2t). Meanwhile, the F 1s
spectra (Fig. 4a) clearly show a signal at 684.1 eV for all the
compounds, corresponding to fluorine in the polyanionic
materials, whereas NVPFO,-lono presents a second peak at
688.6 eV, which is in agreement with the presence of CF; from
EMI TFSL***** However, this IL coating does not seem to
affect the inorganic core phase. The V 2p XPS spectra of the
NVPFO,, series are presented in Fig. 4b, and the spectrum of
each compound exhibits two broad peaks at 517.3 eV and
524.8 eV corresponding to the V 2p;, and V 2p,,, transitions.
These binding energies are consistent with the expected ones
for this polyanionic material with the V** environment and

a b a — i
) — NVPFO,-lono ) E 517.2eV i Vv 2p;, EXEEOZ 'r\fjmo
688.6ev — NVPFO,-Nano V2py, - NVPng'BaI'l‘:
— NVPFO,-Bulk 524.7 eV = 2-Bu

3 3V
s < i
2 z :
= c :
=1 5 ;
8 8

695 660 Gé5 68’0 555 52‘0 51‘5 5;0

Binding Energy (eV)

Fig. 4

This journal is © The Royal Society of Chemistry 2022

Binding Energy (eV)

(a) F 1s XPS spectra and (b) V 2p XPS spectra for all the NVPFO, materials.
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demonstrate for NVPFO,-Iono that the IL coating does not
affect the electronic structure of vanadium present near the
surface.”

For all compounds, the **Na ss-NMR spectrum (Fig. 5a)
reveals a main peak at ~77 ppm, whose position is mainly due
to the hyperfine interaction between the Na' nucleus and the
unpaired electron of paramagnetic V** ions and is characteristic
of the Na(OV*"), environment.'*>® The absence of signals at a
higher isotropic shift confirms the absence of V** in these
phases and validates the NazvV**,(PO,)FO, composition,'*>%*1>¢
Meanwhile, the broader signal for NVPFO,-Nano could be the
consequence of disorder due to particle downsizing.** *'P ss-
NMR spectra obtained for all NVPFO, show a very intense signal
at ~0 ppm corresponding to the P(OV**), local environment
(Fig. 5b).°® Once again the absence of signals induced by the
Fermi contact shift at ~1500, 3000 ppm, 4500 ppm or
6000 ppm, as previously observed for the Na;V,(PO,),F;,0,
series, excludes the existence of V** in the compounds.***® The
enlarged area in Fig. 5c¢ unfolds more details on the signal
located around 0 ppm. Three distinct signals are observed for
NVPFO,-Bulk that most probably correspond to the inequivalent
local environments for the phosphorus. However, the signals of
NVPFO,-Nano and NVPFO,-Iono are broader, asymmetric and
less resolved due to the small changes on the local environment
brought by the nanosizing/specific morphology.”” Therefore,
the use of different synthesis methods allows to obtain
NazV*",(PO,4)FO, materials with extremely different particle size,

View Article Online
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with and without coating, thus offering an ideal series to study
the particle downsizing and IL coating effects on the transport
properties and energy storage performance.

3.2 Transport kinetics and energy storage performance

The energy storage performance of the three NazV,(PO,),FO,
samples was first evaluated by cyclic voltammetry and galvano-
static measurements in the half-cell configuration. The elec-
trode formulation (88 wt% active material/7 wt% carbon black/
5 wt% PVDF) and the mass loading of ~5 mg cm™> were
expected to emphasize on the influence of different NVPFO,
electrode materials. Fig. 6a—c shows the galvanostatic charge-
discharge curves obtained within the potential window 2.5-4.3
V vs. Na'/Na at different current intensities, whereas the revers-
ible capacity evolution depending on the C-rate is represented
in Fig. 6d. All electrode materials exhibit two reversible pla-
teaus or pseudo-plateaus at around 3.6 and 4 V vs. Na'/Na,
attributed to the V>'/V*" redox couple that is activated by
reversible Na' extraction and in perfect agreement with the
values reported in the literature.">*® Sharma et al. reported
that the reaction mechanisms upon charge and discharge are
composed of first-order transitions (two-phase transition) sep-
arated by second-order ones (solid solution).”® At C/20,
NVPFO,-Nano and NVPFO,-Iono exhibit similar reversible high
capacities (~115 mA h g™ and ~110 mA h g™ respectively),
close to the theoretical one (130 mA h g™'). However, NVPFO,-
Nano possesses a much better capacity retention when the

V4+
) V4+
a) D b) )
\Q Ve PO,
\ v \
NVPFO,-lono NVPFO,-lono
|
NVPFO,-Nano NVPFO,-Nano
NVPFO,-Bulk NVPFO,-Bulk
200 150 100 50 0 6000 4000 2000 O 200 0 -200
3 (ppm) 3 (ppm) § (ppm)

Fig. 5 (a) 2°Na solid-state MAS NMR spectra of NVPFO,-lono (green), NVPFO,-Nano (red) and NVPFO,-Bulk (black). (b) Corresponding 3P solid-

state MAS NMR spectra. (c) Enlargement of the signals around 0 ppm.
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from C/20 to 2C.

charge rate increases up to 2C. Meanwhile, the discharge
capacity of NVPFO,-Bulk already merely reaches 67 mA h g™* at
C/20 and quickly drops when the current becomes higher. The
full initial capacity recovering after several cycles of fast
charge/discharge clearly shows that the difference in perform-
ance mainly originates from the kinetics limitations specific to
the electrode material.

This is supported by the evolution of polarization when the
charge rate increases, as illustrated in Fig. 7, which shows the
first derivative curves of the 2nd galvanostatic cycle (Fig. 6) per-
formed at C/20 and C/5.

At C/20, the average discharge redox potentials for all elec-
trode materials are observed at 4 V and 3.6 V vs. Na'/Na. These
potentials remain unchanged for NVPFO,-Nano when the
charge rate increases to C/5, whereas the values drop to 3.98 V
and 3.57 V for NVPFO,-Iono and 3.97 V and 3.52 V for NVPFO,-
Bulk. Similarly, the AE, (potential difference between charge/
discharge) increases for NVPFO,-Iono and more significantly for
NVPFO,-Bulk, which leads to a system with slower kinetics,
lower average discharge potential and, thus, lower energy
density. This clearly shows that the resistance R (sum of electri-
cal and ionic resistances) follows the trend Rpuik > Riono > Rnano
and, thus, strongly depends on the active material, as it is the
only variable parameter in this electrode series. Therefore, the
transport properties were further investigated to get a deeper
insight into the influence of the particle size and IL coating.

This journal is © The Royal Society of Chemistry 2022
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The complex impedance data of all the NVPFO, compounds
reveal quite distinct electrical behaviors. Fig. 8 depicts the
complex impedance plots of each NVPFO, sample recorded at
200 °C under heating, and also upon cooling for NVPFO,-Iono.
Here, the complex impedance data (Z*) have already been nor-
malized regarding the shape factor (//A, thickness over area) of
each sample, according to the relation Z* = Z*A/l giving rise to
the specific impedance (Z;*). This approach allows a straight
comparison between the impedance responses of samples. For
samples NVPFO,-Nano (Fig. 8a) and NVPFO,-Bulk (Fig. 8b),
the overall electrical resistivity can be promptly read at the low-
frequency intercept of the impedance data with the real part of
the specific impedance (Z). Thus, sample NVPFO,-Bulk is
about one order of magnitude more resistive than sample
NVPFO,-Nano. Indeed, sample NVPFO,-Bulk is so resistive that
its overall impedance is out of the equipment impedance
range at this temperature, thus explaining the dispersion of
impedance data in the low-frequency range. A common feature
between the electrical behaviors of these samples is the dis-
torted semi-circles probably caused by a joint contribution of
grains and grain boundaries in the high- and middle-fre-
quency ranges, respectively.39 In contrast, NVPFO,-Iono
(Fig. 8¢c) presents an impedance response completely different
from that of the other samples and even less resistive than
that of the sample NVPFO,-Nano. Its impedance response
combines a high-frequency semicircle probably linked to the
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Fig. 7 First derivative curves of the second cycle of galvanostatic charge discharge process of all the NVPFO, materials at C-rates of C/20 and C/5.

ionic transport enhanced by the IL coating and a low-fre-
quency highly depressed semicircle due to the electrode polar-
ization phenomenon. In theory, if the ionic liquid is rigidly
attached onto the surface of NVPFO, particles and only Na*
ions are mobile, a steep increase of the imaginary part of the
impedance should take place in low-frequency range.”” Since
this is not the case, we hypothesized that the ionic molecular
species that constitute the ionic liquid could also be relatively
mobile either because they are not grafted or because of the
high temperature employed for the impedance spectroscopy
measurements. In any case, the dependence of the real part of
permittivity on frequency reveals a logarithmic increase in the
relative permittivity in the low-frequency range typical of an
ion blocking effect, precluding the hypotheses of a majority
electronic contribution to the overall charge transport
(Fig. S77). Therefore, the electrical resistivity related to the Na*
transport can be roughly read at the middle-frequency real-
part projection of the specific impedance (Z') between the two
semicircles. Furthermore, once this sample is heated up to
300 °C and then cooled down, its electrical behavior changes
entirely (Fig. 8d) due to the degradation of the IL, whereas the
electrical conductivity is nearly the same upon heating and
cooling for the two other electrode materials (Fig. 9). In this
case, the final electrical behavior of NVPFO,-Iono is much like
that of NVPFO,-Bulk, highly resistive and with two impedance
contributions likely coming from grain and grain boundary
contributions. The polarization phenomenon caused by the
grain boundaries and the ion blocking effect can be visualized

8670 | Nanoscale, 2022, 14, 8663-8676

respectively as a middle-frequency pseudo plateau and low-fre-
quency logarithmic increase of the real part of permittivity
(Fig. S77).

The dependence of the overall electrical conductivity on the
inverse of the temperature was plotted by applying the linear-
ized form of the Arrhenius-like relation (eqn (1)), which is
mostly used for ionic conductors but sometimes also applied
for electronic conductors:**~*

oT = 0y exp (_Ea) (1)

ks T

where o, is the pre-exponential factor, E, the activation energy
for ionic conductivity, kg the Boltzmann constant, and 7 the
absolute temperature. Following this methodology, the linear
fit slope is proportional to the activation energy, which there-
fore provides access to the energetic barrier of the mechanism
responsible for the electrical transport.®” Fig. 9 exhibits the
Arrhenius-like plots of the overall electrical conductivity of the
NVPFO, compounds synthesized under different conditions.
Overall, the dependence of the electrical conductivity on temp-
erature for NVPFO,-Nano seems to present a low (7 < 180 °C)
and a high (7 > 180 °C) temperature regime, due to the domi-
nating electronic transport at low temperatures and the mixed
ionic-electronic conducting behavior at higher temperatures.*®
The activation energy of the high-temperature regime is con-
siderably higher than that of the low-temperature one (Fig. 9).
Two activation energy regimes have also been visualized for

This journal is © The Royal Society of Chemistry 2022
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the micrometric NVPFO; compound reported in the literature
by Broux et al.®® Nevertheless, in that case, the transition took
place at a temperature around 130 °C and was attributed to a
structural change. Besides, in the low temperature regime, this
micrometric NVPFO; compound (obtained by solid-state syn-
thesis) shows much lower conductivity and higher activation
energy than NVPFO,-Nano studied in this work (Fig. 9). For
example, the conductivity and activation energy for the
NVPFO, reference are ~107'° S cm™ and 0.86 eV at 95 °C,
while they are 3 x 107 S em™" and 0.43 eV for NVPFO,-Nano at
100 °C.®* Likewise, NVPFO,-Bulk in this study also presents an
electrical conductivity much lower and an activation energy
higher than those of the NVPFO,-Nano compound. Thus, this
result indicates the strong enhancement of electronic conduc-
tivity induced by particle downsizing.

This journal is © The Royal Society of Chemistry 2022

The sample coated with the IL shows at low temperatures
an overall conductivity even higher than that of nanometric
NVPFO, (2.7 1077 Sem ™' vs. 3 x 1078 S em™ at 100 °C) and a
similar activation energy within errors of ~0.45 eV. However,
above 220 °C, the conductivity drops considerably probably
due to the IL decomposition. After six hours at 300 °C, the con-
ductivity of the sample gradually decreases upon cooling to
values two orders of magnitude smaller than those observed
upon heating (Fig. 9). The activation energy is almost doubled
compared with that observed under heating, suggesting a
totally different conduction mechanism. Meanwhile, the elec-
trical conductivity of NVPFO,-Iono under cooling is in the
same order of magnitude of that observed for NVPFO,-Bulk
with similar activation energies of ~0.85 eV, which indicates
the strong ionic conductivity improvement brought by IL

Nanoscale, 2022, 14, 8663-8676 | 8671
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coating. Barpanda et al. have demonstrated a lithium conduc-
tivity enhancement by IL grafting on lithium fluoride sulfate
compounds,”” thus in our case Na" conductivity in NVPFO,-
Iono would be strongly improved.

The Na" diffusion during redox reactions was investigated
through the CV analysis at different scan rates from 0.025 mV
s~' to 0.8 mV s~ in the potential range between 2.5 V and 4.3
V vs. Na'/Na to avoid possible electrolyte degradation
(Fig. 10a—c). Two oxidation and two reduction peaks, repre-
senting respectively the two plateaus in galvanostatic charge
and discharge curves, are observed for all the NVPFO,
materials. Interestingly, at high scan rates, the two oxidation
and reduction peaks strongly overlap for NVPFO,-Iono, which
suggests the absence of Na' ordering and a single-phase reac-
tion mechanism. This could be explained by the enhanced Na*
conductivity determined by impedance spectroscopy.
Furthermore, the overlap is globally less pronounced for
NVPFO,-Nano and even less for NVPFO,-Bulk, which, for
instance, exhibits two well-defined reduction peaks for all scan
rate ranges. Fig. 10d and Fig. S8t depict the evolution of the

8672 | Nanoscale, 2022, 14, 8663-8676

peak current intensity (i,) versus the square root of the scan
rate (v/?) that allows to estimate Na® diffusion coefficients
using the Randles-Sevcik equation (ESI Part S81 and Table 2).
Nanospherical NVPFO,-Nano reveals the best diffusion
capability of 4.06 x 107" em” s™' at the O, oxidation peak,
nearly one order of magnitude higher than the cubic NVPFO,-
Bulk with a calculated diffusion coefficient of 5.73 x 10~*> cm?
s~'. Quite surprisingly, IL-coated NVPFO, exhibits only an
intermediate diffusion coefficient during redox reactions (e.g
1.32 x 107" em® s7' for higher potential Na" extraction),
whereas a high ionic mobility is measured by impedance spec-
troscopy. It is thus possible that the ionic liquid coating only
enhances the Na' mobility on the surface of the electrode
material and at grain boundaries. During electrochemical
impedance spectroscopy measurements, NaTFSI can be
formed at the surface of NVPFO,-Iono, while the cationic part
of the ionic liquid attached on the NVPFO, surface transfers
its charge to an inorganic material.®* Thus, the measured con-
ductivity would be that of Na' in the IL coating. However, this
coating does not affect the Na* diffusion in the bulk of the

This journal is © The Royal Society of Chemistry 2022
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Table 2 Diffusion coefficients calculated from CV curves using the
Randles—Sevcik equation

NVPFO, material. Thus, Na' diffusion during oxidation/
reduction (CV or galvanostatic charge/discharge) is still limited
by solid-state diffusion within the bulk of NVPFO,. Na" extrac-
tion or insertion necessarily involves an electron transfer to

D(em®s™" NVPFO,-Nano NVPFO,-Iono NVPFO,-Bulk . o .

( ) 2 2 2 compensate the charge (vanadium oxidation or reduction),
O, 4.06 x 107 1.32x 107" 5.73x 107" and as the electronic conductivity of micrometric NVPFO, is
0, 3.28x107"" 7.67 x 107" 2.43 x 107" low, this limits the intercalation/extracti d
R, 178 % 10-11 516 % 10-12 310x10-12  very low, this limits the intercalation/extraction processes an
R, 1.73x 10711 4.66 x 1072 1.08x10-2  thus Na' diffusion. Besides, GITT measurements confirm this

trend, as detailed in ESI Parts S8 and S9.}
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Fig. 11 (a) Evolution of reversible capacity upon long-term cycling at C/5 and (b) related coulombic efficiency of all the NVPFO, materials.
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that particle downsizing and IL coating does not lead to elec-
trode degradation or irreversible reaction that can be detri-
mental to practical application. However, the coulombic
efficiency of NVPFO,-Bulk is not stable (Fig. 11b). Starting
from the 20th cycle, the positive electrode suffers frequent cou-
lombic efficiency loss that might be due to the electrolyte
degradation, electric noise or the contact problem in the coin
cell. However, its worse electrochemical performance than
NVPFO,-Iono and NVPFO,-Nano at this charge and discharge
rate emphasizes the benefits of nanosizing and surface
coating.

Bearing in mind the very promising performance obtained
for nanospherical NVPFO,, a full cell NVPFO,-Nano versus
hard carbon was assembled and tested. Considering the elec-
trode composition (88% active material/7% C/5% PVDF), the
full cell shows excellent performance with an energy density of
320 W h kg™" at C/20 and 310 W h kg™ at C/10 (Fig. 12a). For
comparison, Iarchuk et al. reported the same energy density
for NVPFO, but with electrode loadings containing only 70%
of active material.®> Moreover, the full cell still exhibits 70% of
its initial capacity at 1C (Fig. 12b). The Ragone plot given in
Fig. 12c demonstrates the variation in energy density along
with the increase in power density. Compared to a recent study
reported by Notten et al.,, NVPFO,-Nano displays a similar
high-rate performance in full cells to an optimized carbon-
coated NVPF,'” which validates the extremely promising per-
formance of our electrode nano-material. Meanwhile, the long-
term cycling stability of full cells needs further optimisation as
the capacity retention remains limited around 70% after 56
cycles (Fig. S11t). A better balancing between positive and
negative electrode masses and other optimisations such as
electrolyte formulation would allow us to improve the long-
term capacity retention.

4. Conclusion

In summary, NVPFO, electrode materials have been syn-
thesized by three different synthesis methods, leading to a
series of NVPFO, with different characteristics, which allows
the investigation of particle size impact and the effect of an IL
coating on the electronic conductivity, diffusion capacity of
Na' and the energy storage performance separately. A set of
spectroscopic characterizations (NMR, XPS and Raman)
confirm the Na;V,(PO,),FO, composition for each compound
and reveal that the ionic liquid coating on NVPFO,-Iono does
not affect the vanadium nor the sodium local environment.
Electrochemical impedance spectroscopy measurements
demonstrate that particle downsizing improves the electronic
conductivity by more than two orders of magnitude in the low
temperature range, whereas the IL coating strongly enhances
the ionic mobility. For instance, NVPFO,-Nano and NVPFO,-
Iono present electrical conductivities around 3 x 107® S em™
and 2.5 x 1077 S em™" at 100 °C, whereas the one of NVPFO,-
Bulk is estimated below 107'° S em™". The broad and overlap-
ping redox peaks on CV curves for NVPFO,-Iono, in addition to

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr01080a

Open Access Article. Published on 23 May 2022. Downloaded on 3/14/2026 6:19:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

the slopping profile on GCD curves, suggest the absence of
Na' ordering during cycling which may be due to the
enhanced ionic mobility caused by the IL coating. Moreover,
when NVPFO,-Iono loses its IL coating upon thermal degra-
dation, the conductivity and activation energy become similar
to those of NVPFO,-Bulk, which confirms the beneficial role of
IL coating. Concerning energy storage performance, NVPFO,-
Nano demonstrates the best rate capacity retention, confirm-
ing that a good electronic conductivity of positive electrode
materials is primordial for high rate cycling, and its absence
cannot be fully compensated by improving the ionic diffusion.
Besides, NVPFO,-Nano performance in full cells is very promis-
ing considering the absence of carbon-coating or formulation
optimization. Finally, it was shown that particle downsizing
strongly increases the electronic conductivity, whereas an ionic
liquid coating enhances the ionic mobility, thus the next step
would be to combine both approaches to develop a more per-
formant electrode material.
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