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Abstract: In the present study, LiFePO4/CNF self-standing cathodes for LIBs are synthesized by
electrospinning. A lower active material amount (12.3 and 34.5 wt%) is used, compared to the
conventional tape-casted cathodes (70-85 wt%). The characterization techniques (XRPD, SEM, TEM,
EDS, Raman spectroscopy, and thermogravimetry) confirm that the olivine-type structure of LiFePO,
is maintained in the binder-free electrodes, and the active material is homogeneously dispersed into
and within the carbon nanofibers. The electrochemical investigation demonstrates that higher Li*
diffusion coefficients (1.36 x 10~ cm?/s) and improved reversibility are reached for free-standing
electrodes, compared to the LiFePO, tape-casted cathode (80 wt% of active material) appositely
prepared for comparison. The 34.5 wt% LiFePOj, self-standing cathode displays a lower capacity
fading, good reversibility and stability, enhanced capacity values at C-rates higher than 5C, and a
good lifespan when cycled 1000 cycles at 1C and further cycled up to 20C, compared to the tape-
casted counterpart. Notably, the improved electrochemical performances are obtained by only the
34.5 wt% of active material. The results evidence the relevant role of the CNF matrix suitable to host
LiFePOy, to promote electrolyte permeation and contact with the active material, and to increase the
electronic conductivity.

Keywords: LiFePOy; olivine; self-standing electrode; carbon nanofibers; cathode; electrospinning;
lithium-ion batteries

1. Introduction

In recent years, many efforts have been devoted to the development and search for
new, renewable, and sustainable energy systems (such as solar and wind), to address
the crucial issues of increasing energy demands, the consumption of traditional fossil
resources, global warming, and environmental pollution [1]. Among rechargeable batteries,
lithium-ion batteries (LIBs) have been demonstrated to be suitable energy storage systems:
they are widely applied in small devices and represent mature technology for hybrid- and
plug-in electric vehicles. LIBs display good safety, high-power density, superior energy
storage capacity, and stable cycle lifetimes [2-8]. These appealing requisites are achieved
thanks to the development of more and more well-performing active material/carbon
nanocomposite electrodes [9-12].

Among the LIBs” components, cathode materials play a crucial role, as their low
electrochemical capacity (<200 mAh/g) limits the battery performance. Therefore, it is
urgent to develop performant and low-cost cathode materials for LIBs. Several cath-
ode materials, such as lithium-transition metal oxides (LiCoO,, LiNiO,, and LiMn,Oy)
and lithium-transition metal phosphates (LiFePOy) have been systematically investigated
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in recent decades, and their physicochemical properties, structure, microstructure, and
lithiation—delithiation mechanism have been studied [13-20]. LiFePO,4 has been demon-
strated to be an appealing cathode material ever since its suitability as a host matrix for
lithiation / delithiation processes was discovered [21-23]. It has a high theoretical capacity
of 170 mAh/g, and it is low-cost, safe, environmental-benign, and non-toxic [24]. LiFePOy
displays an olivine-type structure, and it is thermally stable at up to 270 °C. Despite the
aforementioned appealing features, the electrochemical performances of LiFePOy are lim-
ited by its poor electronic conductivity (107 to 1071 S/cm) [25] and inadequate Li-ion
diffusivity (about 10~ cm? s71) [26]. These drawbacks can be solved by several strate-
gies, such as surface decoration [27-29], the doping/substitution of the transition metal
ion [30-32], morphology control, and particle size reduction [33,34].

In the case of electrode materials, both ionic and electronic conductivities are crucial
factors affecting the electrochemical performance. Among the conducive carbon additives
used to enhance the electronic conductivity, reduced graphene oxides (r-GO), carbon
nanotubes (CNTs), and carbon nanofibers (CNFs) represent a good choice. In particular,
CNFs exhibit high electronic conductivity and a one-dimensional carbon structure, which
favors the easy access of electrolytes. Based on these features, several active material /CNF
composites have been synthesized and investigated, and flexible/free-standing cathodes
with enhanced electrochemical performance were fabricated [35,36], based on lithium
transition metal oxides [37,38], phosphates [39-42], and silicates [43—45].

The electrospinning technique has been recently regarded as a suitable strategy for
preparing free-standing electrodes for LIBs and SIBs [25,46-50]. Self-standing electrodes
represent the suitable choice for power sources of flexible electronic equipment and wear-
able devices [51-54]. They are pliable and lightweight, as the use of heavy current collectors
and insulating binders required in conventional slurry-casting electrodes is avoided. Active
material/carbon nanofiber (CNF) hybrids can be easily synthesized by electrospinning,
and self-standing electrodes with enhanced electrochemical performances are obtained:
CNFs offer a highly porous 3D network that hosts the active material, allowing for the easy
permeation of the electrolyte and exhibiting excellent electronic conductivity and mechani-
cal properties. The continuous conductive network and the interconnected porosity give
rise to faster electron and ion transport, compared to the traditional stacked 1D electrode
architecture [55].

As concerns LiFePOy, promising electrochemical performances have been obtained
by preparing LiFePOy—carbon nanofibers composites. The effective gain in specific capac-
ity and cycling performance for conventional tape-casted cathodes of LiFePO,/carbon
nanofibers synthesized by dry mixing or electrospinning [26,56,57] and for electrospun
free-standing electrodes [25,47,48] has been demonstrated. In the latter case, the fur-
ther enhancement of the electrochemical performances has been obtained by synthesiz-
ing LiFePO,/carbon nanofibers enriched with other carbonaceous sources, such as re-
duced graphene oxide (rGO) or multi-walled carbon nanotubes (MWCNTs) [58,59]. The
procedures adopted to synthesize the electrospun self-standing electrodes are based on
(i) LiFePOy precursor additions to the polymer solution before electrospinning, (ii) the
electrospinning of the CNFs, and the addition of the LiFePO, precursors by dip—drop
coating, or (iii) the dispersion of active material into the polymer solution to be electrospun.
The active material’s amount typically approaches that used for conventional tape-casted
electrodes: 70-85 wt%.

Based on the above-mentioned advantages of the CNF matrix to host LiFePO;, ac-
tive material, we synthesize and characterize self-standing LiFePO,/CNF cathodes with
lower LiFePO4 amounts (10 and 30 wt%) to investigate if good electrochemical perfor-
mances can be achieved at high C-rates and cycle indexes, also by using low active-material
contents. The free-standing electrodes are prepared by the simplest electrospinning pro-
cedure, and commercial LiFePOj is used. LiFePO4 was added to a polyacrylonitrile in a
N, N-dimethylacetamide solution and electrospun. The obtained sheets underwent stabi-
lization and carbonization processes, and the free-standing cathodes were obtained. They
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were characterized by X-ray powder diffraction and Rietveld structural and profile refine-
ment, Scanning Electron Microscopy, energy dispersive spectroscopy, transmission electron
microscopy, Raman spectroscopy, and thermogravimetry to investigate the structure, mor-
phology, and active material dispersion of CNFs. The electrochemical performances of
the LiFePO,/CNFs and LiFePO, tape-casted (80 wt% of active material) cathodes are
compared. A scheme of the synthetic approaches used for the electrodes’ preparation is
shown in Figure 1. Improved capacity at high C-rates and cell lifespan are achieved by only
30 wt% of active material being loaded into the CNF matrix.

Tape casting method Electrospinning approach

Ink of 80%LiFePO,, Solution of 8%PAN in DMAc
10%active carbon and with 10% or 30% of LiFePO,
10%binder in 1mL of NMP powder

Electrospinning
Tape casting IE[ © l 2 Ii

technique
Horizontal setting

The Blade movement

¢

Ink Solution
Aluminium Substrate

['] 2

3h at 100°C in an oven Stabilization in air and carbonization at 750°C in N,
LiFePO, slurry 10%LiFePO, /CNF and 30%LiFePO, /CNF

Figure 1. Scheme of the synthetic approaches used for the electrodes’ preparation.

2. Materials and Methods
2.1. Materials

All the chemicals employed were reagent-grade or of a higher quality: lithium iron
phosphate (LiFePOy; Aldrich 759546, Milano, Italy), 1 M lithium hexafluorophosphate in
ethylene carbonate/diethylene carbonate EC/DEC (1:1 v:v) electrolyte (Aldrich 746746,
Milano, Italy), carbon acetylene black powder (Alfa Aesar 39724, Aldrich, Milano, Italy),
Poly(vinylidene fluoride) (PVdF; Kynar; Aldrich, Milano, Italy), 1-Methyl-2-pyrrolidone
(NMP; Aldrich 328634, Milano, Italy), Polyacrylonitrile (PAN: (C3H3N),; Aldrich 181315,
Milano, Italy), and N,N-dimethylacetamide (DMAc: CH3CON(CHj3),; Aldrich D137510,
Milano, Italy).

2.2. Synthesis
2.2.1. LiFePOy Self-Standing Cathodes

Two self-standing LiFePO4/CNF cathodes containing the 10 and 30 wt% of active
material (commercial LiFePO,) were prepared, and hereafter named 10%LiFePO, /CNF and
30% LiFePO,/CNE. In total, 0.188 g (10 wt%) or 0.564 g (30 wt%) of commercial LiFePO,
was dispersed into 25 mL of DMAc, sonicated for 1 h, added to 1.88 g of PAN (8 wt%),
and stirred at 60 °C overnight. The obtained suspension was electrospun (EFO50—Starter
Kit Electrospinning of SKE Research Equipment, C/O Leonardino S.r.1, Bollate, Italy) with
horizontal settings at the following operating conditions: 10.5 mL dispersion, 3.5 mL/h
flow, 16 Gauge needle, applied voltage 18 kV, needle—collector distance 18 cm, deposition
time 3 h, and controlled humidity lower than 20%. The obtained sheets were removed from
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the aluminum support and stabilized in air for 30 min at 100 °C, 30 min at 200 °C, and
finally 2 h at 260 °C (heating ramp: 5 °C/min). Finally, the fibers were carbonized at 750 °C
for 2 h (heating ramp: 10 °C/min) in a nitrogen atmosphere. A scheme of the process is
shown in Figure 1.

A pure CNF sample was also synthesized by electrospinning 8 wt% PAN in a DMAc
solution for comparison with self-standing electrodes’ characterization.

2.2.2. Tape-Casting Cathode

The 80 wt% of LiFePOy, 10 wt% acetylene carbon, and 10 wt% PVdF binder (Kynar)
were dispersed in NMP [60] and stirred for 2 h. The slurry was tape-casted (Doctor Blade
coating technique) on aluminum foil (current collector) and dried at 100 °C for 3 h. A
scheme of the process is shown in Figure 1. The electrochemical performances of the tape
casting cathode and the self-standing electrodes will be compared and discussed.

2.3. Cell Assembly

The Swagelok-type cells are assembled in an Argon-filled dry box (M. Braun H,O <
0.1 ppm Oy < 0.1 ppm). In total, 1 M LiPFg in EC:DEC (1:1 v:v) is used as the electrolyte
(1 mL), the diameter of the cathodes is 1 cm with a thickness of about 180 um, and 30 um for
self-standing and tape-casted, respectively, and lithium foil is used as a counter-electrode
(1 cm diameter).

2.4. Characterization Techniques

A Bruker D5005 diffractometer (Bruker, Karlsruhe, Germany) is used for X-ray powder
diffraction (XRPD) data collection. Use was made of the Cu K« radiation, curved graphite
monochromator on the diffracted beam, and scintillation detector. The data collection is
performed in the 16-80° 20 range, step size 0.03°, and counting time of 22 s/step. The
TOPAS 3.0 software [61] is used to apply the Rietveld refinement to the commercial LiFePO,
and LiFePO,/CNF samples.

A Zeiss EVO MA10 (Carl Zeiss, Oberkochen, Germany) microscope, equipped with
an energy dispersive detector for the EDS analysis, is used to collect SEM micrographs on
gold-sputtered samples (20 kV, secondary electrons images, and working distance 8.5 mm),
and to obtain the element distribution maps of the samples.

A JEOL JEM-1200EXIII equipped with a TEM CCD camera Mega View III transmission
electron microscope is used for TEM analysis. The samples are dispersed in water; a drop
of about 0.7 pL is deposited on the Ni grid and dried.

Thermogravimetric data are collected with a TGA Q5000 IR apparatus interfaced with
a TA 5000 data station (TA Instruments, Newcastle, DE, USA). The measurements are
performed in the 25-750 °C temperature range in air (heating rate: 10 °C/min).

Raman measurements are performed at room temperature using an automated and
integrated confocal microRaman spectrometer, XploRA Plus HORIBA Scientific, equipped
with an Olympus microscope BX43. Laser red light at 638 nm is used for excitation, tuning
the 90 mW incident power by a set of neutral filters with different optical densities. The
spectrometer is equipped with a motorized xy stage, on which the investigated samples
are positioned. The spectral resolution is about 2 cm~!. An open electrode CCD camera,
with a multistage Peltier air-cooling system, is used as a detector. The measurements are
performed using a 50x magnification objective with a spatial resolution of the order of
4 microns. The spectra are acquired with a mean integration time of about 20 s and a
number of accumulations equal to 10. All the reported data are obtained as the average
spectrum, sampling the materials in several different regions.

The electrochemical performances are investigated using a Swagelok cell at ambient
temperature in the 2.5-4.0 V voltage range. An Autolab PGSTAT30 potentiostat (Eco
Chemie) is used for cyclic voltammetry (CV). The CV data are processed with GPES
V4.9 software. A Neware-4000BTS Battery Testing System at different current rates is
used to obtain the galvanostatic charge/discharge profiles. The electrochemical impedance
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spectroscopy (EIS) measurements were performed using an Autolab PGSTAT30 potentiostat
(Eco Chemie). The EIS spectra were acquired at OCV in the 10°-10~2 Hz frequency range
with an amplitude potential of 1 mV.

3. Results and Discussion
3.1. LiFePOy4 and LiFePO4/CNF Characterization

In Figure 2, the X-ray diffraction patterns of the pure CNFs, LiFePO,, 10%LiFePO,/CNF,
and 30%LiFePO,/CNF samples are shown. The peaks of the LiFePO, powder compare well
to those deposited in the JCPDS database (PDF# 40-1499) and pertain to the orthorhombic
olivine-type crystal structure with the Pnma space group (a = 10.3268(1) A, b = 5.9975 A,
¢ = 4.6945 A) [62]. The pure CNF sample displays a broad band at about 25°, distinctive of
the amorphous phases. In the LiFePO,/CNF samples, both the amorphous component and
the crystalline olivine-type structure are detected. The amorphous band is less pronounced
in the 30%LiFePO4/CNF sample, which contains a higher amount of active material. As
expected, the LiFePO4 powder is successfully loaded into carbon nanofibers by electro-
spinning. The Rietveld refinement of the diffraction data is carried out on the LiFePOy
and LiFePO4/CNF samples, based on the structural model reported in [62]. The refined
lattice parameters, cell volume, and discrepancy factors are reported in Table S1, and the
calculated and experimental patterns are shown in Figure S1. The refined model properly
fits the experimental diffraction data. The LiFePOy lattice parameters and cell volume of
the LiFePO, /CNF samples are well compared to the pure LiFePOy4 ones. The carbonization
process at 750 °C in N does not affect the olivine-type crystal structure.

—Pure carbonized CNFs at 750°C

—LiFePQOq4

—10%LiFePO4/CNF
\ 30%LiFePO4/CNF

3
z
7
i

r—r— TR
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Figure 2. X-ray patterns of LiFePOy, 10%LiFePOy, /CNF, 30%LiFePO4/CNEF, and pure CNF carbonized
at 750 °C.

The Raman spectroscopy aimed to further assess the crystalline quality of the dif-
ferent samples and to evaluate the carbon coating. In Figure 3, the Raman spectra from
10%LiFePO, /CNF and 30%LiFePO4/CNF samples are shown in the range of 200-1800 cm !
together with that from CNF sample, reported for comparison. In the inset, the Raman
spectrum from commercial LiFePO4 powder is reported as well.
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Figure 3. Raman spectra of LiFePOy4, 10%LiFePO4/CNF, 30%LiFePO,/CNE, and pure CNF, car-
bonized at 750 °C.

For the LiFePO,4 sample, we obtain a Raman spectrum perfectly consistent with the
expected Raman yield of the olivine structure. The main Raman band at 950 cm ! is due to
the v intramolecular stretching mode of the PO43~ unit. Close to this mode, at slightly
higher energies, v, and v3 modes due to symmetric and asymmetric P-O bonds vibrations
are detectable [63,64].

Between 400 and 700 cm™!, other Raman features are detectable. The weak and
broadened features prevent a clear assignment, but at these energies, bending modes of
PO,3~ are active together with PO,3~ deformation modes. Below 400 cm ! the Raman
signals are due to the external modes of the olivine structure, composed mainly of whole-
body translatory and vibrational motions of the PO,3~ ions and translatory motion of the
Fe?" ions. All these features clearly indicate a well-ordered olivine structure. When the
Raman spectrum is collected from carbon-coated samples, a different behavior is observed.
The signal from LiFePOy is completely overwhelmed by the intense carbon-related Raman
features, with two broadened bands peaking approximately at around 1350 and 1590 cm !
due to sp>-type amorphous carbonaceous material (D-mode) and to the sp? graphite-like
(G band). The absence of an olivine Raman signal is not surprising, because the different
Raman cross-sections and the CNFs present in the samples prevent the excitation of the
inner olivine structure.

It is interesting to compare the carbon crystal qualities of different samples looking
at the intensities of G and D modes. Indeed, it is well known that the integrated intensity
ratio between G and D bands is a parameter of choice to verify the quality of carbon
materials [65]. In this case, the ratio Ig/Ip for 10%LiFePO,/CNF and 30%LiFePO4/CNF
is equal to 0.71 and 0.68, respectively. These values are very similar to that obtained from
CNF samples (Ig/Ip = 0.67).

Figure 4 displays the SEM and TEM images of the LiFePO, powder. The SEM image
(Figure 4a) shows aggregates of a micrometric size composed of nanometric particles. The
agglomerates’ surface is irregular but defined, and the sub-particles display a homogeneous
morphology. The TEM micrograph (Figure 4b) confirms the presence of aggregates of
rounded nanoparticles (see also Figure 52 in Supplementary Information) with diameters
ranging between 13 and 155 nm.
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Figure 4. SEM ((a): 30kX) and TEM (b) images of LiFePOy.

Figure 5 shows the surface and cross-section SEM images of the self-standing cathodes.
The 10%LiFePO,/CNF sample (Figure 5a—c) consists of LiFePO4 micrometric agglomerates
dispersed between and into the CNFs. The CNFs have diameters of about 250 nm, and
the sheet thickness is about 200 um. Figure 5d-f show the SEM images of the surface and
cross-section of the 30%LiFePO,/CNF sample. As for the 10%LiFePOy4/CNF self-standing
electrode, LiFePOy agglomerates greater than 1 um are spread into CNFs with a diameter
of about 80 nm. In this sample, the agglomerates of active material embedded into the CNF
diameter are more evident. The sheet thickness is about 180 um.

Figure 5. SEM images of the surface ((a): 9kX, (b): 25kX) and cross-section ((c): 130X) of the
10%LiFePO,4/CNF sample. SEM images of the surface ((d): 9kX, (e): 25kX) and cross-section ((f): 170X)
of the 30%LiFePO,/CNF sample.

Figure 6 shows the TEM images of the self-standing samples. The TEM investigation
confirms the SEM results: in both the 10%LiFePO4/CNF (Figure 6a,b) and 30%LiFePO,/CNF
(Figure 6¢,d) samples, the LiFePO, agglomerates are present between and within the
nanofibers. For the 10%LiFePO4/CNF electrode, the agglomerates are formed by sub-
particles with nanometric sizes ranging between 45 and 72 nm. The CNFs display variable
diameters in the 90-250 nm range. In the case of the 30%LiFePO4/CNF sample, the
agglomerates are larger and connect nanofibers. The CNF diameter ranges between 200
and 330 nm.
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Figure 6. TEM images of the 10%LiFePO,/CNF (a,b) and 30%LiFePO4/CNF (c,d) samples.

The EDS analysis is applied to evaluate the LiFePO, powder distribution on the
surface (Figure 7) and within the cross-section (Figure 8) of the LiFePO,/CNF self-standing
electrodes. In both samples, the Fe and P distribution maps confirm that the agglomerates
detected between and within the CNFs are LiFePOy and the particles are homogeneously
distributed along the sheet thickness. This is beneficial for achieving good electrochemical
performance, and it is difficult to be obtained by dip- and drop-coating. From the EDS
elemental analysis, the atomic percentage of Fe and P is evaluated: we obtain a Fe:P mole
ratio of 0.60:0.69 and 1.41:1.49 for the 10%LiFePO4/CNF and 30%LiFePO4/CNF samples,
respectively. This result is consistent with the compound stoichiometry.

30pum

TSR
e Bt N

50um Fe 50um P

Figure 7. EDS analysis. 10%LiFePO,/CNF sample: investigated surface (a) and Fe (b) and P (c)
distribution maps; 30%LiFePO, /CNF sample: investigated surface (d) and Fe (e) and P (f) distribu-
tion maps.
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Figure 8. EDS analysis. 10%LiFePO,/CNF sample: investigated cross-section (a) and Fe (b) and
P (c) distribution maps; 30%LiFePO,/CNF sample: investigated cross-section (d) and Fe (e) and P (f)
distribution maps. The white frame in (a) and (d) indicates the mapped portion.

The thermogravimetric analysis is carried out to evaluate the weight percentage of
LiFePOy loaded within the carbon nanofiber sheets, to be compared to the amount used for
the self-standing electrode synthesis (10 and 30 wt%).

The thermogravimetric curves of 10%LiFePO,/CNE, 30%LiFePO,/CNF, and LiFePOy
samples are shown in Figure 9. The TG curve of the LiFePO4 sample compares well to the
literature data [66—68]. A small mass loss is detected below 200 °C, attributed to adsorbed
water release, and then a mass gain occurs in the 350-600 °C temperature range, and the
final mass value of 103.4 wt% is reached. The mass increase is attributed to the LiFePOy,
oxidation in air to form LizFe;(POy)3 and Fe,O3 [66-68]. In the case of the LiFePO,/CNF
samples, a mass loss due to adsorbed water release occurs below 200 °C, followed by a
relevant mass loss in the 400-650 °C temperature range. The latter mass change is attributed
to the simultaneous occurrence of two thermal events: (i) the oxidation of the carbon
component with CO, release (mass loss) and (ii) LiFePO, oxidation (mass uptake) [68]. The
carbon amount in the self-standing cathodes can be calculated as the difference between the
final masses of the LiFePO4 powder (103.4 wt%) and the LiFePO,/CNF samples (37.9 and
15.7 wt% for the 30%LiFePO,/CNF and 10%LiFePO4/CNF samples, respectively), and then
the active material amount can be evaluated. The LiFePOy, content in the 10%LiFePO4/CNF
and 30%LiFePO,;/CNF samples is 12.3 and 34.5 wt%, respectively, and compares well to
the synthesis values.
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Figure 9. TGA curves of 10%LiFePO4/CNF (red), 30%LiFePO4/CNF (green), and LiFePOy (blue).

3.2. LiFePOy and LiFePO4/CNF Electrochemical Characterization

The LiFePO, exhibits one well-known red-ox peak caused by the reduction and
oxidation of the Fe (II)/Fe (III) pair. The red-ox reactions are the following [69]:

Oxidation : xLiFePOy — xFePOy + xLit + xe™, (1)

Reduction : FePOy+ xLit + xe~ — xLiFePOy + (1 — x)FePOy. (2)

Iron is the transition metal ion donating or accepting electrons. When the Fe (II) is
oxidized to Fe (III), the lithium ions are extracted, while the reduction of Fe (III) to Fe
(I) leads to the insertion of metal alkali ions. The mechanism of Li insertion has been
extensively investigated [70].

3.2.1. Cyclic Voltammetry Analysis

The CV curves and charge/discharge profiles of the first three cycles at 0.05C of
the LiFePOy, 10%LiFePO4/CNF, and 30%LiFePO4/CNF samples are shown in Figure 10.
The anodic/cathodic peaks of the Fe (II) /Fe (III) red-ox pair are detected at 3.56/3.29 V,
3.50/3.37 V, and 3.50/3.35 V, respectively, and these peaks correspond to the respective
voltage plateaus in their charge/discharge profiles. In the case of the LiFePOy tape-cast
electrode, the CV curves and the charge/discharge profiles are quite overlapped, confirm-
ing a good electrochemical reversibility. The anodic/cathodic peak intensity current is
0.35/—-0.27 A/g, and the AV is 270 mV, indicating a relevant polarization phenomenon.
For 10%LiFePO4/CNF and 30%LiFePOy4/CNF self-standing samples, the peak’s current
intensity increases as the cycles increase, indicating a progressive activation of active par-
ticles available for Li ions” insertion/extraction, as reported in the literature [48]. This is
confirmed by the charge/discharge curves, too. The current intensities for the two samples
are 0.045/—0.030 A/g and 0.24/—0.20 A/g, respectively; the values are lower than for the
tape-casted electrode, according to the lower active material amount (12.3 and 34.5 wt%)
present in the self-standing electrodes. For both samples, the AV is in the 130-150 mV range
and lower than the tape-casted one, underling a smaller overpotential and polarization
phenomenon for self-standing electrodes.
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Figure 10. Cyclic voltammetry and charge/discharge curve of LiFePOy (a,b), 10%LiFePO,4/CNF (c,d),

and 30%LiFePO,/CNF (e,f).

Figure 11a,c,e display the cyclic voltammetry of tape-casted and self-standing elec-
trodes at different scan rates: 0.1 mV/s. 0.2 mV/s, 0.5 mV/s, and 1 mV/s. Figure 11b,d,f
show the capacitive and diffusive contributions at each scan rate for the three samples. The
data are analyzed to calculate the lithium-ion diffusion coefficient and the alkali metal-ion
faradaic contribution (diffusion control) and non-faradaic one (pseudo-capacitance control)
due to the creation of the double layer on the material surface. The relation between redox
current ip (A) and scan rate v (mV/s) reads as the following:

ip = k11/ + kz\/D

®)
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where v is the scan rate, ip, is the peak current, while k; and k; are adjustable parameters [71].
The diffusion contribution is controlled by the square root term, thanks to the evaluation of
the i, by the Randles-Sevick equation:

ip = 2.69 x 10°n3 ACVDv

(4)

with n number of transferred electrons, A area, C Li* concentration, and D diffusion
coefficient. The quantities are given in the CGS unit system and at standard conditions.
Using Equations (3) and (4), the diffusion coefficient D is calculated by evaluating the kj

term for the three samples.
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The tape-casted LiFePOy electrode (A = 0.78 cm?) exhibits diffusion coefficients for
anodic and cathodic peaks of 4.66 x 107!2 cm?/s and 3.34 x 10712 cm?/s, respectively,
which compare to those in the literature [71]. The same analysis can be carried out for
the 10%LiFePO4/CNF and 30%LiFePO,/CNF cathodes as well. The free-standing elec-
trodes should benefit from the 3D structure, suitable for increasing the active material
surface. Indeed, the effective areas A cannot be easily estimated, and we calculate an
equivalent cathodic and anodic diffusion coefficient by using the area of the electrode
section, as already done in the literature with other self-standing electrodes [72]. For
10%LiFePO,4/CNF, the anodic diffusion coefficient is 5.08 x 1014 cm?/s, while the ca-
thodic one is 1.82 x 10~!* cm?/s. The result is congruent with the low amount of the active
material, as the Fe (II)/Fe (III) redox pair has a lower current intensity than the tape-casted
counterpart (see Figure 11a,c). Instead, the anodic and cathodic diffusion coefficients of the
30%LiFePO4/CNF cathode are 1.98 x 10~ cm?/s and 1.36 x 10~ cm?/s, respectively,
consistent with the value found in the literature [73]. Enhanced D values of about four
times are obtained compared to the tape-casted electrode. The result is also aligned with
the values of current intensity (Figure 11a,e). The advantage of a higher active surface,
which is reached with 30 wt% of the active material powder added to the CNF self-standing
structure, compared to the 80% of the tape-casted electrode, is envisaged.

Figure 11b,d,f compare the diffusion and reaction (capacitive contribution) control at
different CV sweep rates of the tape-casted and free-standing cathodes. The 10%LiFePO,/CNF
and 30%LiFePO,/CNF samples show enhanced diffusion contributions at high scan rate
values compared to the tape-casted counterpart, as expected in the presence of the very
porous CNF sheets. Indeed, the non-woven nanofibers provide an easy electrolyte diffusion,
which promotes contact with the active material [74]. It is also qualitatively confirmed
by the contact angle analysis, dropping 5 uL of the electrolyte on the electrode surface
(Figure S3). The electrolyte completely permeates the electrode within 50 ms, contrary
to the slurry electrode, which shows a contact angle in the range of 32°-45°, as reported
in the literature by Wang and coworkers [75]. Moreover, the 30%LiFePO,/CNF shows a
diffusion control gain of about 18% at the highest scan rate (1 mV/s) with respect to the
slurry, confirming the results of the coefficient diffusion. Notably, for all electrodes, the
anodic and cathodic peaks clearly move toward right and left, respectively, as the scan rate
increases, but this trend is lowered for self-standing cathodes (Figure 11a,c,e): the Fe (II) /Fe
(IIT) redox peak overpotentials of the LiFePO4 sample are 303 mV, 486 mV, 774 mV, and
1237 mV as the scan rate increases, against 124 mV, 143 mV, 189 mV, and 236 mV for the
10%LiFePO,4/CNF, and 185 mV, 239 mV, 335 mV, and 422 mV for the 30%LiFePO,/CNF,
and this implies more reversible redox processes in the free-standing cathodes than in the
tape-casted one.

The relationship of the normalized peak current as a function of the square root of the
scan rate is also examined. The plot is shown in Figure 54 (Supplementary Information).
The obtained linear trend confirms some increase in the i, for the 30%LiFePO,/CNF
cathode compared to the tape-casted one for scan rates higher than 0.2 mV/s, according to
the enhanced diffusion control. Lower values are instead obtained for the self-standing
cathode, containing only the 12.3 wt% of active material. The electrochemical impedance
spectroscopy (EIS) analysis is performed on the cycled cathodes, and the Nyquist plot
and the equivalent circuit are shown in Figure S5 (Supplementary Information). The
improved electrochemical performance of the 30%LiFePO4/CNF cathode is confirmed by
the smaller charge-transfer resistance (147.15 () vs. 232.70 () and 239.94 Q) for the 12.3 wt%
self-standing and the tape-casted electrodes) and faster charge-transfer at the electrode—
electrolyte interface. The obtained charge-transfer resistances fairly compared to those
in the literature [58]. The larger slope of Warburg impedance for the 30%LiFePO4/CNF
cathode suggests a more favorable Li-ion transport in this self-standing electrode.
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3.2.2. Charge and Discharge Cycles

The charge/discharge data for LiFePOy, 10%LiFePO,/CNEF and 30%LiFePO4/CNF
samples are shown in Figure 12. The tape-cast cathode (Figure 12a) gives initial charge
and discharge capacities of 155.48 and 159.84 mAh/g, respectively. The average discharge
capacities are 153.07 mAh/g at 0.05C, 136.62 mAh/g at 0.1C, 123.40 mAh/g at 0.2C,
102.05 mAh/g at 0.5C, 80.10 mAh/g at 1C, 68.04 mAh/g at 2C, 52.95 mAh/g at 5C,
38.56 mAh/g at 10C, and 8.21 mAh/g at 20C. A capacity retention of 80% and coulombic
efficiency >99% are obtained at the end of the measurement.
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Figure 12. Charge/discharge cycles at different C-rates of LiFePOy, (a), 10%LiFePO4/CNF (b),
30%LiFePO,/CNF (c), and comparisons of the electrochemical performance (d).

The 10%LiFePO,/CNF (Figure 12b) exhibits an initial charge and discharge capacity
of 48.20 and 77.99 mAh/g, respectively. The average discharge capacities of 48.17, 27.34,
25.27,22.88, 20.36, 17.87, 13.97, 11.20, and 7.96 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C,
5C, 10C, and 20C, respectively, are obtained. The initial capacity is fully recovered with a
coulombic efficiency of >99% at the end of the measurements. Differently from the LiFePO,
cathode, the self-standing 10%LiFePO,/CNF one demonstrates increased capacity in the
first five cycles at 0.05C, confirming the availability of progressively activated particles for
lithiation/delithiation, as suggested by CV analysis (Figure 10c) and reported by Bachtin
and coworkers [48].

The 30%LiFePO,/CNF shows an initial charge capacity of 74.90 mAh/g and a dis-
charge capacity of 81.80 mAh/g at 0.05C (Figure 12c). The average discharge capacities at
0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C, and 20C are 85.15, 77.81, 74.52, 68.14, 61.68,
54.44, 43.11, 34.94, and 25.58 mAh/g, respectively. The capacity retention is 96.99%,
and the coulombic efficiency is >98%; the capacity retention is consistent with other
CNF-based composites for LIB cathodes [36]. As for the 10%LiFePO,/CNF sample, the
30%LiFePOy4/CNF cathode shows an increasing value of capacity in the first five cycles at
0.05C (see also Figure 10e,f).



Electrochem 2024, 5

237

Figure 12d plots the average discharge capacities vs. C-rate for the three investigated
cathodes. It demonstrates that the LiFePO, tape-casted electrode exhibits higher capacity
values below 5C. The capacity is comparable at 20C for the 10%LiFePO,/CNF and at 10C
for the 30%LiFePO4/CNF cathode. While the literature, slurry data taken from [76] are
even higher than other samples, but not at 20C, where the 30%LiFePO,/CNF self-standing
electrode gives the best performance. Moreover, the 30%LiFePO,/CNF shows a slower
capacity loss than other samples by changing the C-rate. These improved performances
are also confirmed by the higher diffusion coefficient evaluated by the CV analysis at
different scan rates. To conclude, the 30%LiFePO,/CNF exhibits (i) a slower capacity
fading, increasing the C-rate, (ii) good reversibility and stability of lithium storage, and
(iii) promising performances also at C-rates higher than 5C. The 30%LiFePO,/CNF’s good
cycling at high C-rates is due to the CNF 3D porous network, which guarantees an easier
diffusion of Li-ions. The consequence is a high-power density, as also reported in the
literature [74]. Compared with the self-standing LiFePOy4 cathode at 40% of active material
in the literature [48], with a specific capacity of about 10 mAh/g at 1C, we show at the same
C-rate a greater average value of 20.36 mAh/g for 10%LiFePO,/CNF and 61.68 mAh/g for
30%LiFePO, /CNEFE. Moreover, considering the study of Bachtin and coworkers [47], we can
compare similar self-standing electrodes with the commercial powder of LiFePOy. Their
capacity values at 1C compare fairly to ours, for non-chemically activated electrodes [47]. In
the case of the 10%LiFePO, /CNF sample, the poorer electrochemical performances than the
30%LiFePO,/CNF depends on the very low amount of active material. Based on this, we
carried out the long-term cycling only on the 30%LiFePO,/CNF and the LiFePO, cathodes.

In Figure 13a, the long cycling of LiFePOy tape-casted electrode is shown. It is cycled
for five cycles at 0.05C, two hundred cycles at 0.2C, and finally fifty cycles at 1C. The
average coulombic efficiency is >97%, and the initial discharge/charge capacities are equal
to 145.4/147.6 mAh/g. The specific capacity progressively decreases, increasing the cycle
index, and reaches negligible values at the 230th cycle at 1C. The long charge/discharge
cycling for the 30%LiFePO,/CNF is shown in Figure 13b. The cathode is tested at 0.05C,
0.2C, 1C, 5C, 10C, and 20C for 5, 50, 1000, 100, 100, and 50 cycles, respectively. The initial
charge and discharge capacities are 71.3 and 77.3 mAh/g, and the average coulombic
efficiency is >98%. Even though the initial capacity is lower than the tape-casted electrode,
the self-standing cathode exhibits a slower capacity loss and demonstrates electrochemical
activity at C-rates higher than 0.2C, too. The average value of discharge capacities at
1C, 5C, 10C, and 20C are 35.2 mAh/g, 22.0 mAh/g, 169 mAh/g, and 14.9 mAh/g, and
the value of 57.4 mAh/g is obtained for further cycling (10 cycles) at 0.05C. The capacity
retention at the end of the measurement is 74.3% and is comparable to other lithium
transition metal phosphates [41], while it is 35.4% at the end of the 1000 cycles at 1C.
This is a good long cycling result, if compared to the LiFePO, self-standing cathode
reported in the literature [48], where capacity values of 30-40 mAh/g are obtained for over
200 cycles at 0.5C: the cell is tested for 750 cycles at 0.05C, 0.1C, 0.2C, and 0.5C. In our
work, similar capacity values are obtained at 1C for over 1000 cycles, and the electrode
can be further cycled at higher C-rates up to 20C. We can conclude that the self-standing
electrode with only 34.53 wt% of active material shows a longer lifespan than the tape-
casted one. This is due to the CNFs’ support, which limits the volume and structural
changes of the active material and guarantees a good permeation of the electrolyte and a
higher electronic conductivity.
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Figure 13. Long charge/discharge cycles of LiFePO, tape-casted (a) and 30%LiFePO,4/CNF self-
standing (b) cathodes.

4. Conclusions

In this study, we synthesize binder-free LiFePO,/CNF cathodes with lower active
material amounts than that used in conventional cathodes. The self-standing electrodes are
obtained by electrospinning, a simple and viable technique; the active material (commercial
LiFePQy) is dispersed in the polymeric solution to be electrospun. The obtained membrane
is stabilized and carbonized at 750 °C in a N, flow. The thermal treatments do not alter
the olivine-type crystal structure of LiFePOy, and the active material is homogeneously
dispersed into and within nanofibers. Compared to the tape-casted cathode (80 wt% of
LiFePOy), the low active material amount (10 and 30 wt%) implies the lowering of the
anodic/cathodic peak current intensity and of the charge/discharge capacity values at low
C-rates, but, notably, the CNF matrix allows for easier electrolyte diffusion and contact
with LiFePOj, particles, beneficial for obtaining (i) higher Li* diffusion coefficients, (ii) a
reduction in polarization effects, and (iii) improved reversibility at high C-rates. In the case
of the 30%LiFePO,/CNF sample, improved cycling performance and charge/discharge
capacity values are obtained at high C-rates by using only the 34.5 wt% of active material.

The obtained results suggest that the applied synthetic strategy is suitable for prepar-
ing self-standing cathodes with appealing electrochemical performances at high C-rates by
loading the active material in lower amounts than the traditional tape-casted cathodes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/electrochem5020014 /51, Figure S1: Rietveld refinement of the
X-ray diffraction data of the LiFePO,4 and LiFePO4/CNF samples; Figure S2: TEM images of the
LiFePOy4 nanoparticles; Figure S3: Electrolyte permeation in LiFePO, /CNF samples; Figure S4: Plot
of the normalized peak current as a function of the scan rate for the LiFePOy, 10%LiFePO,4/CNEF, and
30%LiFePO,4/CNF cathodes; Figure S5: Nyquist plot of the 30%LiFePO,4/CNF, 10%LiFePO4/CNF,
and LiFePO, cathodes. Table S1: Lattice parameters, cell volume, and discrepancy factors obtained
by the Rietveld refinement of the diffraction data of the LiFePO, and LiFePO,/CNF samples.
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