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ARTICLE INFO ABSTRACT

Keywords: The utilization of lithium-ion batteries (LIBs) is currently pervasive as high-performance energy storage tech-
Self-Standing nology. While graphite anode and LiFePO4 (LFP) cathode can be regarded as a baseline for improvements in the
Free-Standing field of materials, their utilization is now revamping at production level, mainly because of their cost, safety and
]é;:;gy Density acceptable performances. In this context, many different approaches have already been explored to boost cell
LFP performance by optimizing its design. Nevertheless, further improvements can still be achieved to make com-

mercial batteries more performing and reduce the costs, such as optimization of current collectors design. In this
regard, an easy coating technique is applied to produce self-standing electrodes of both Graphite and LFP with
high areal loadings, demonstrating their application in a Li-ion full cell with improved energy density. Both
electrodes are first tested in lithium half-cells, displaying suitable interfacial and ion transport properties and
good cycling performance and capacity retention. Furthermore, coin-type full cell delivers good cycling per-
formance and excellent coulombic efficiency at C/3, with a limited capacity fade over 300 cycles and an initial
energy density of about 240 Wh Kg, .. ... Moreover, the self-standing electrodes are used in single-layer pouch
(SLP) cell format, showing promising results for possible upscaling, despite further optimization are needed. The
obtained results ultimately lead to the possibility of using this electrode design to further decrease cost and
weight of commercial batteries, especially for application in electronic devices, increasing at the same time the
achievable energy density.

1. Introduction

Nowadays Li-ion batteries (LIBs) are undoubtedly among the most
used energy storage technologies for everyday life and have quickly
become the preferred choice for application in electronic devices (i.e.
smartphones, smartwatches, laptops) and in power electric vehicles
(EVs), eventually aiming to a low-carbon society [1,2]. Despite the
already established characteristics, there is still an increasing trend to-
wards further improving specific energy densities to ensure higher
driving ranges, due to political and economic advantages [3,4]. Several
engineering techniques have been explored to maximize the energy
density of the cells at the material level, either studying novel materials
or modifying existing ones [5,6]. When it comes to electrode materials,
graphite and LiFePO4 (LFP) are considered as the state-of-the-art for the
anode and cathode side of commercial batteries, respectively [7].
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Indeed, bearing in mind economic aspects, they are among the cheapest
solutions compared to other chemistries, especially when considering
the cathode side, which accounts for a large part of the battery cost [3,
8]. LFP possesses a flat voltage plateau at 3.5 V vs. Lit/Li, with
impressive thermal stability and a very stable structure upon prolonged
charge/discharge cycling, which make this material highly attractive
despite its relatively low energy density [9,10]. On the other hand,
graphite has a very suitable structure for reversible intercalation of Li*
ions without relevant volume expansion [11,12], which makes it a
desirable material despite its lower intercalation capacity if compared to
other systems such as Si-based anodes [13,14]. Hence, because of their
safety, low cost, and established performance, the utilization of these
commercial materials is not going to be abandoned soon at production
level [15]. Nevertheless, they can be regarded as the baseline for further
technological improvements. In this context, many approaches have
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been already explored in the literature to boost cell performances, which
involve the optimization of electrode design parameters, such as
porosity, electrode loadings, slurry composition and particle size
[16-18]. Indeed, in the design of a Li-ion battery, the whole weight of
the device plays an important role, and each component must be finely
tuned to maximize the energy density [5,6]. This implies, for example,
that an ideal electrode would be composed of a high active material
loading (to increase capacity) and a thin current collector (to reduce
inactive weight) [19].

The optimization of the current collector has also been the study
object of some works, mainly focusing on surface modifications of the
Cu/Al foils [20-22]. However, despite all the possible optimizations, the
current collector itself remains as a “dead” weight inside the battery. In
this regard, the production of self-standing electrodes would be an
interesting approach to effectively reduce the weight of inactive com-
ponents and enhance the cell energy density, although their fabrication
poses several challenges on a large scale. Indeed, the preparation of
self-standing (SS) electrodes has already been explored for analytical
purposes, but either etching with acidic solutions or peeling with razor
blades were necessary to perform the delamination of the active material
from the current collector [23-26]. Moreover, in many cases the use of
several plasticizers or other polymers is necessary in the production
process to guarantee better mechanical properties, despite increasing
the range of used materials and the costs involved in the fabrication [25,
27,28]. In a more recent work, it was demonstrated that self-standing
PVdF-based electrodes could be prepared via a versatile and
cost-effective way, to produce “micro-reference” electrodes for EIS
measurements [29]. The procedure simply involves coating the
PVdF-based slurry onto a thin layer of commercial CMC (pre-coated on
the chosen current collector), which can later be dissolved by water to
delaminate the whole electrode coating.

In the present work, the latter approach was innovatively used to
realize self-standing electrodes of commercial graphite and LFP
(labelled as C6_SS and LFP_SS, respectively) with high mass loadings (i.
e. ~7 mgem 2 and ~ 11 mg em™?, respectively), with the aim to fabricate
a functional Li-ion full cell with enhanced energy density. It is worth
noting that this approach utilizes materials already present in the bat-
tery production supply chain, indicating easier input in the
manufacturing process [30]. The produced self-standing electrodes were
initially characterized in terms of structure and morphology by using
X-ray diffraction (XRD) and scanning electron microscopy (SEM), and
subsequently electrochemically evaluated in lithium half-cells by cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
galvanostatic cycling to assess their interfacial, ion transport and elec-
trochemical properties. Subsequently, the electrodes have been coupled
in a C6_SS|LFP_SS coin-type full cell to particularly investigate capacity
retention, coulombic efficiency, and energy density, important param-
eters for application in relevant cell formats. In this regard, a
proof-of-concept single-layer pouch (SLP) cell has been fabricated. The
obtained results could possibly pave the way to the use of self-standing
electrode design in commercial batteries with reduced costs and weight,
coupled with enhanced energy density.

2. Experimental section
2.1. Preparation of self-standing electrodes

LiFePO4 (LFP, Sigma-Aldrich) and graphite (KS15, Timcal) were
chosen as cathode and anode, respectively, in order to prepare self-
standing electrode with a procedure already reported in literature
[29] (see photographic images of the different steps in Figure S1,
Supporting Information). A 5 % wt solution of sodium carboxymethyl
cellulose (CMC, Sigma-Aldrich, average molecular weight ~ 250000 g
mol!) in water was prepared and cast by a doctor blade tool on copper
foil (MTI Corp., thickness ~ 15 um) and dried for 3 h on a hot plate at 90
°C to create a thin layer (see Figure S1a). The electrode slurries were
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obtained by dispersing the active material (either LFP or graphite),
polyvinylidene fluoride (PVdF 5130 Solef®) binding polymer, carbon
black (C65 carbon, Imerys) in 80:10:10 and 90:5:5 wt ratios for LFP and
graphite, respectively, in N-methyl-2-pyrrolidone (NMP,
Sigma-Aldrich). The slurries were stirred at room temperature until
homogenization (about 3 h), and then cast by doctor blade over the CMC
thin layer (Figure S1b). The obtained tapes were dried for 3 h on a hot
plate at 70 °C, until complete NMP evaporation. After that, the coatings
were immersed in water to dissolve the CMC layer until the complete
detachment of the self-standing electrodes, labelled as C6_SS and LFP_SS
for graphite and LiFePOy, respectively (Figure Slc-e). The obtained
self-standing coatings were dried to evaporate the excess of water
(Figure S1f), cut into disks with diameter of 12 mm, and dried for 3 h at
120 °C under vacuum to remove possible residual traces of water and
NMP solvent. The final active material loading ranged from 7 to 8 mg
em? for C6_SS and from 10 to 11 mg em’? for LFP_SS, as normalized to
the electrode geometric area (1.13 cm?).

2.2. Materials characterization and cell assembly

Scanning electron microscopy (SEM) images of LFP and graphite
powders, LFP_SS and C6_SS samples were acquired by a Zeiss Sigma 300
field emission (FE-SEM) microscope. Energy dispersive X-ray spectros-
copy (EDS) was performed on the SEM images through a X-ACT Cam-
bridge Instruments analyzer. X-ray diffraction patterns (XRD) of
powders and electrodes were collected using a Bruker D6 Phaser (40 kV,
15 mA) with non-monochromated Cu Ka radiation (A = 1.5408 A) and
adopting a Si-strip SSD160-2 detector with 160 channels. Scans were
performed in Bragg-Brentano mode in the 26 range from 15° to 60° at a
rate of 0.4 s step! and a step size of 0.02°. CR2032 coin-type lithium
half-cells (Hohsen Corporation) were assembled by using either LFP_SS
or C6_SS 12 mm-diameter working electrodes and a 14 mm-diameter
lithium metal disk as counter electrode, separated by a 16 mm-
diameter glass fiber Whatman® GF/A disk. The CR2032 coin-type full
cell was assembled by using a 12 mm-diameter LFP_SS cathode, a 12
mm-diameter C6_SS anode, and a 16 mm-diameter glass fiber What-
man® GF/A separator. A negative-to-positive (N/P) reversible capacity
ratio of 1.1 was used. A 1 M solution of lithium hexafluorophosphate
(LiPFg) dissolved in a 1:1 (v/v) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (LP30, Solvionic, France) was used as elec-
trolyte for all cells, which were assembled and sealed inside an Ar-filled
glovebox (Jacomex GP Campus, Oz and H,0 content lower than 1 ppm).

2.3. Electrochemical tests

The electrochemical process and the interphase characteristics of
LFP_SS and C6_SS in lithium cell were investigated by cycling voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) at room
temperature (T = 25°C). CR2032 Li|LFP_SS and Li|C6_SS coin cells were
subjected to CV with a scan rate of 0.1 mV s in the 2.5-4.2 V vs. Li*/Li
and 0.01 — 2.0 V vs. Li*/Li potential ranges, respectively. EIS mea-
surements were collected at the open circuit voltage (OCV) of fresh cells,
and at bias potentials of 2.0 V and 2.5 V vs. Li*/Li for C6_SS and LFP_SS,
respectively, after 1, 5, and 10 CV cycles, by applying an alternate
voltage signal of 10 mV in the 200 kHz — 100 mHz frequency range. The
EIS spectra were analyzed via the non-linear least squares (NLLS) fitting
method using the Equivalent Circuit software by Boukamp (only fits
with )(2 values of the order of 10~ or lower were considered) [31,32].
Additional CV tests were performed within the same potential limits at
scan rates of 0.05, 0.10, 0.15, and 0.20 mV s to determine the Li*
diffusion coefficients. Galvanostatic cycling tests were performed at
room temperature (T = 25°C) to determine charge/discharge perfor-
mances of Li|[LFP_SS and Li|C6_SS CR2032 half-cells. Rate capability
tests were performed by increasing the current rate from C/20 (1C =170
mA g for LFP_SS and 372 mA g™ for C6_SS) to C/10, C/5, C/2 1C, 2C,
5C, then restoring the current rate to C/20, in the 2.5 -4.2 V and 0.01 —
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Fig. 1. SEM-EDS analysis of the (a-e) C6_SS and (f-1) LFP_SS. In detail: (a-c, f-h) SEM images at different magnifications and (d-e, i-1) corresponding EDS elemental
maps of (d, i) C, (e) F, (j) O, (k) P, and (1) Fe. XRD patterns of (m) C6_SS and (n) LFP_SS compared to corresponding reference diffractograms (ICSD #53781 and ICSD

#290336, respectively).

2.0 V voltage ranges for LFP_SS and C6_SS, respectively. Galvanostatic
cycles at the C/3 rate were carried out for LFP_SS and for C6_SS within
the same voltage ranges, after 2 activation cycles at C/10. The C6_SS|
LFP_SS CR2032 full cell was galvanostatically cycled at C/3 rate (1C =
170 mA g_l) in the 0.5 - 4.2 voltage range after two initial activation
cycles at C/10. CV and EIS were carried out by using a VMP-3 multi-
channel electrochemical workstation with an integrated frequency
response analyzer (Bio-Logic), while the cycling tests were performed by
using a BCS-805 battery tester (Bio-Logic).

2.4. Single layer pouch (SLP) cell assembly and testing

The SLP electrodes stacking was performed in a dry room with a dew
point lower than -40°C (Il Disgelo S.r.l., Torino) by using dried self-
standing graphite anode and LFP cathode. The anode and cathode
layers were cut in the dimensions 5.8 x 4.5 em? and 5.7 x 4.4 cm?,
respectively, by a manual MTI puncher (MTI Corporation, USA). Celgard
H1612 was used as separator (Celgard, Asahi Kasei Group). The elec-
trolyte filling was performed in an Ar-filled glovebox MBraun LabMaster
Pro (M. Braun Inertgas-Systeme GmbH, Germany). The electrolyte was 1
M LiPFg in ethylene carbonate (EC):dimethylcarbonate (DMC) 1:1 vol.
(Solvionic, France). An OCV period of 24 h was used before cycling the
SLP cell, which was cycled at the constant current of 0.5 mA in the 0.5 —
4.2 V voltage range using an N/P ratio of 1.1. The cycling test was
performed using a Bio-Logic battery tester at room temperature (T =
25°C).

3. Results and discussion

The morphological and structural characterization of the self-
standing electrodes (see Figure S1 for photographic images) has been
performed by SEM, EDS, and XRD. The main results are reported in
Fig. 1. The SEM images at various magnification for C6_SS (Fig. 1a-c)
indicate the presence of flake-like particles with a smooth and uniform
surface, as confirmed by the SEM micrographs of the KS15 graphite
powder reported in Figure S2a,b. Therefore, the morphology of the
C6_SS electrode, compared with already reported results for graphite
electrodes, suggests its suitability for application in Li-ion batteries [33].
Furthermore, the EDS mapping of C (Fig. 1d) and F (Fig. le) reveals
homogeneous distribution of carbon and fluorine, derived from PVdF
binder, without the presence of impurities. Analogously, the SEM im-
ages at different magnification of LFP_SS (Fig. 1f-h) reveal the expected
submicrometric primary particles of LFP aggregated into micrometric
secondary particles, homogeneously blended into the electrode film. The
submicrometric primary particles morphology reflects the LFP powder
morphology reported in Figure S2c,d. The agglomeration of sub-
micrometric primary particles for olivine cathode materials can ensure a
short diffusion pathway for Li* ions and limited side reaction with the
electrolyte, as already reported [34]. Moreover, the EDS mapping of C
(Fig. 1), O (Fig. 1j), P (Fig. 1k), and Fe (Fig. 11) of the self-standing
electrode reveals homogeneous distribution of the various elements
without impurities. The experimental XRD patterns of C6_SS and LFP_SS
are reported in Fig. 1m and Fig. 1n, respectively, compared with the
reference diffractograms for graphite (ICSD #53781) [35] and LiFePO4
(ICSD #290336) [36]. The images show indexable crystalline structures
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Fig. 2. (a, ¢) CV and (b, d) EIS measurement performed on (a, b) Li|C6_SS and (c, d) Li|LFP_SS cells. CV potential ranges 0.01 —2 V vs. Li*/Liand 2.5 - 4.2 V vs. Li*/
Li for C6_SS and LFP_SS, respectively; scan rate 0.1 mV s’ EIS performed at the OCV of the cells and after 1, 5, and 10 CV scans (inset reports magnification in the
middle-high frequency region); frequency range 200 kHz — 100 mHz; alternate voltage signal amplitude 10 mV. T = 25°C.

Table 1

NLLS analysis of the Nyquist plots reported in Fig. 2b obtained by performing EIS
on a Li|C6_SS cell. NLLS analysis were carried out through a Boukamp software
and only fits with a x? value of the order of 10~ or lower were considered [31,
32].

Cell Equivalent R; (@) Ry (Q) Ri=Ri+R> ¥*
condition circuit Q)
ocv R(R1QDR2Q2) 7.8+ 7.7 15.5+ 0.8 1x
Q 0.7 0.4 10°
After 1 cycle  Ro(R1Q1)(R2Q2) 1.1+ 6.0 £ 7.1+0.3 5 x
Q 0.2 0.2 107°
After5cycles  R(R1Q1)(R2Q2) 1.6 + 4.2 + 5.8+ 0.4 3 x
Q 0.3 0.2 10°°
After 10 Re(R1Q1)(R2Q2) 1.9+ 3.3+ 5.2+0.3 2 %
cycles Q 0.2 0.2 10°

for both samples without the presence of any impurities, as confirmed by
EDS analysis and by the diffractograms of KS15 and LFP powders re-
ported in Figure S3a and Figure S3b, respectively. In summary, both
structural and morphological features of C6_SS and LFP_SS electrodes
indicate their possible application in energy storage devices [33,37].

The electrochemical behavior of C6_SS and LFP_SS electrodes has
been investigated in lithium half-cells by combining CV and EIS mea-
surements, as reported in Fig. 2.

The CV response of C6_SS depicted in Fig. 2a reveals four peaks
during the first cathodic scan at 0.65 V vs. Li*/Li (peak 1), 0.35 vs. Li*/
Li (peak 2), 0.14 vs. Lit/Li (peak 3), and 0.02 vs. Li*/Li (peak 4). Peaks 1
and 2 correspond to the irreversible electrolyte decomposition to form a
solid electrolyte interphase (SEI) film on the electrode surface, mainly
ascribed to the reduction of the carbonate solvents composing the
electrolyte solution [38]. However, peaks 3 and 4 are ascribed to the
typical, reversible stage intercalation process of Li* into graphite.
Furthermore, the subsequent CV profiles suggest a remarkable

reversibility of the redox processes related to peaks 3 and 4, modest
polarization, and a relatively fast kinetics of the Li" (de-)intercalation
[39]. To further investigate the stability of the SEI formation on C6_SS
electrodes, EIS measurements were performed at the OCV condition of
the cell as well as after 1, 5, and 10 CV cycles at the bias potential of 2.0
V vs. Li*/Li. The corresponding Nyquist plots are reported in Fig. 2b.
The shape of the Nyquist plots reflect the blocking-electrode behavior
expected by the different states of charge of the cell at which EIS have
been collected, characterized by the presence of a medium-high fre-
quency semicircle accounting for the interface, and a low-frequency
tilted line representing the cell geometrical capacity. Therefore, the
impedance spectra may be represented by the equivalent circuit R(R;Q;)
Qg, including in series the electrolyte resistance (R.), one or two constant
phase/resistance elements (R;Q;) mainly accounting for the SEI formed
at the electrodes, and a constant phase element related to the cell
capacitance (Qg) at the low-frequency end [31,32]. Table 1 reports the
calculated resistance values, as calculated by non-linear least squares
(NLLS) fits of the impedance data [31,32]. Low overall values of the total
interface resistance (R;), which decreases from about 15.5 Q at the OCV
to about 5.2 Q after 10 CV scans, are reported, suggesting the formation
of a stable SEI on the electrode surface. This is the signature of a pro-
gressive improvement of the electrode/electrolyte interface, which thus
may favor the reaction kinetics [38,40]. Additionally, the overall low
resistance values obtained for C6_SS also suggests a good wettability and
conductivity of the electrode.

The CV response of LFP_SS is shown in Fig. 2¢, indicating the
occurrence of an oxidation process revealed by peak centered at about
3.7 V vs. LiT/Li during the anodic scan, which is almost completely
reversed into a reduction peak at about 3.2 V vs. Li*/Li during cathodic
scan, with the total (de-)insertion process ascribed to the Fe®t/Fe2t
redox couple. It is worth noting that the CV profiles exhibit a high po-
larization, probably related to the higher resistivity of the self-standing
LFP_SS electrode compared to a typical one adopting Al current collector
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Table 2

NLLS analysis of the Nyquist plots reported in Fig. 2d obtained by performing EIS
on a Li|LFP_SS cell. NLLS analysis were performed through a Boukamp software
and only fits with a x? value of the order of 10~ or lower were considered [31,
32].

Cell Equivalent R, () Ry () Ri=R; +R, xz
condition circuit Q)
OoCVv Re(R1Q1)Qq 391 + / 391 +4 5 x
4 10
After 1 cycle Re(R1Q1)(R2Q2) 81+3 212+ 293 + 4 1 x
Qg 2 107
After 5 cycles  Ro(R1Q1)(R2Q2) 29+2 98+2 127+3 1x
Q 10*
After 10 Re(R1Q1)(R2Q2) 19+1 90 +1 109 £1 4 x
cycles Q 10°°

[41,42]. This behavior is more evidenced for LFP cathode with respect to
graphite anode, due to the particularly lower conductivity of the former
[42]. The high polarization could also be related to the high thickness of
electrodes (110 pum) related to their high areal loading (~ 11 mg cm'z),
probably causing a slow complete wettability of the electrodes [43].
Nevertheless, the good reversibility of the process suggests, also in this
case, a relatively fast Li" (de-)insertion kinetics in the olivine lattice
[44]. It is worth noting that the first cycle in Fig. 2¢ is slightly different
compared to the subsequent ones, indicating also for the positive elec-
trode the formation of a suitable passivation layer on the electrode
surface. To clarify this aspect, Fig. 2d shows the EIS measurements
conducted on LFP_SS electrode in the same conditions already described
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for C6_SS. Analogously to C6_SS, the Nyquist plots generally reflect the
blocking-electrode behavior expected for the fully-discharged state of
the cell (i.e., at about 3 V vs. Li*/Li at the OCV, and at 2.5 V vs. Li*/Li
after the CV scans) upon which the EIS have been collected, and can be
represented by the same equivalent circuit already described (Re(R;Qy)
Qg) [31,32]. Table 2 reports the interface resistance values obtained by
NLLS analysis [31,32], revealing high interface resistance values,
related with the already described high resistivity of the LFP_SS
configuration. Nevertheless, R; values decrease from about 391 Q at the
OCV to about 109 Q after 10 CV cycles, suggesting also in this case the
formation of a suitable and stable passivation layer at the electro-
de/electrolyte interface, which may favor the reaction kinetics [45], in
addition to a contribution from the progressive electrode wetting,
particularly relevant for the thicker LFP_SS cathode.

To investigate the ion transport properties of LFP and graphite in the
self-standing configuration, the Li" ion diffusion coefficients were
calculated through the Randles-Sevcik method [46]. Fig. 3 shows the CV
responses at different scan rates of C6_SS (Fig. 3a) and LFP_SS (Fig. 3c).
The values of the peak current (I,) related to the electrochemical fea-
tures of the two materials increase by increasing the scan rate (v),
following a linear trend of I, vs. V2, as confirmed by coefficient of
determination (R?), thus suggesting lithium diffusion as the
rate-determining step of the redox processes (see Figure S4 and
Figure S5 for the related plots for C6_SS and LFP_SS, respectively). The
obtained values of the slope (de/dle/ 2) have been used to determine the
Li" diffusion coefficients D¢y (cm2 s"l) for C6_SS and LFP_SS, according
to the Randles-Sevcick equation (Eq. (1)) [46]:

1E-8
(b)
"o 1E-9- |
oy :
g ° : )
~ 4.79x 1070 3.96 x 1010
(@] B i
S1E-10
1E-11 . i .
N
Q QV
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A Qv

Fig. 3. Steady-state CV profiles with indexed peaks of (a) Li|C6_SS and (c) Li|LFP_SS cells at scan rates (v) of 0.05, 0.1, 0.15, and 0.2 mV st in the 0.01 -2 V vs. Li*/
Li and 2.5 — 4.2 V vs. Li*/Li potential ranges, respectively. Trend of D¢y at various SoC for Li* in (b) C6_SS and (d) LFP_SS calculated using Eq. (1), considering the
linear trends reported in Figure S4 and Figure S5 (Supporting Information), respectively. T = 25°C.
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D,
I, — 0.44632FAC, |- 7t = 2686x10°ACY /7Dy with T

= 298.15K (€8]
where I, is the peak current value (A), z = 1 is the number of exchanged
electrons for both materials [47,48], F is the Faraday constant (96485 C
mol’l), A is the electrodes geometric area (1.13 cmz), C is the Li" con-
centration within the olivine or the graphite bulk (mol cm'3), v is the
scan rate (V s'l), R is the gas constant (8.314 J Kl mol'l), and T is the
temperature (K). The values of D¢y for C6_SS and LFP_SS, as calculated
by considering the I, vs. 112 linear slope of the current peaks ascribed to
lithium intercalation into graphite and to the Fe®*/Fe?t redox couple,
during anodic and cathodic scans, are reported in Fig. 3b and Fig. 3d,
respectively. The obtained results for C6_SS (Fig. 3b) reveal for graphite
Dcy values of about 1071° cm? 5! for the considered peaks, comparable
with the ones obtained in other literature works [47 49]. Similarly,
LFP_SS (Fig. 3d) shows D¢y values of about 10° cm?s! , which are also
in this case in accordance with the ones reported in several literature
works [50,51]. Overall, as expected, the self-standing configuration does
not affect the Li™ ion transport into LFP and graphite bulk, suggesting
good diffusion features of the obtained electrodes.

The electrochemical performance of C6_SS and LFP_SS in lithium
half-cells subjected to galvanostatic cycling are reported in Fig. 4 and
Fig. 5. The rate capability of both materials (Fig. 4) is evaluated in terms
of voltage profiles (Fig. 4a and Fig. 4¢ for C6_SS and LFP_SS, respec-
tively) and specific capacity (Fig. 4b and Fig. 4d for C6_SS and LFP_SS,
respectively), by increasing the current from C/20 to 5C (1C = 372 mA
g'1 for C6_SS and 1C = 170 mA g'1 for LFP_SS). The cells show the ex-
pected shape of the voltage profiles at the various C-rates for both ma-
terials, characterized by the typical stage (de-)intercalation of lithium in

graphite for C6_SS (Fig. 4a) and by the presence of a plateau at an
average voltage of 3.45 V, ascribed to Fe>'/Fe?* redox couple, for
LFP_SS (Fig. 4¢), in agreement with CVs in Fig. 2a and Fig. 2¢, respec-
tively. Furthermore, the voltage profiles evidence an increase of polar-
ization by raising the current, which leads to the decrease of the capacity
of the two electrodes from 360 mAh g (i.e. 97 % of the theoretical
value) and 160 mAh g"1 (i.e. 94 % of the theoretical value) at C/20 for
C6_SS and LFP_SS, respectively, to about 15 mAh g’! for both materials
(i.e. 4 % of the theoretical value for the former and 9 % for the latter) at
5C, as indeed expected by the increase of the ohmic polarization. On the
other hand, the capacity trends of C6_SS (Fig. 4b) and LFP_SS (Fig. 4d)
reveal that the initial capacities are recovered for both electrodes by
decreasing back the current to C/20, thus suggesting a good capacity
retention and stability of the self-standing electrodes upon the stress
caused by increasing the current [52]. It is worth noting that for LFP_SS
the coulombic efficiency is low at lower currents (see Fig. 4d), probably
related to the occurrence of parasitic reactions in the cell, especially
relevant at low current rates. However, this issue seems to not affect the
performance of LFP_SS at higher currents, revealing higher coulombic
efficiencies.

The stability of the electrochemical lithium (de-)intercalation pro-
cess of C6_SS and (de-insertion) process of LFP_SS in half-cell has been
further investigated by repeated charge/discharge cycles at a constant
C-rate of C/3. The corresponding capacity values are shown in Fig. 5.
This current rate has been chosen for both electrodes according to the
rate capability test results, where C/3 appeared to guarantee both a
relatively high capacity for the C6_SS electrode and a relatively high
coulombic efficiency for the LFP_SS one, avoiding the described possible
side effects (two preliminary cycles at C/10 current had been carried out
to allow the formation of a suitable SEI at the electrode/electrolyte
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interface of the electrodes) [40,45]. The voltage profiles of the tests
performed on C6_SS (Fig. 5a) and LFP_SS (Fig. 5¢) show the well-defined
behaviors already described, with a maximum capacity of about 295
mAh g for the former and 140 mAh g™! for the latter after the activation
cycles, in full agreement with the rate capability tests. It is worth noting
that the irreversible formation of the SEI at the first cycle on C6_SS
electrode (see inset of Fig. 5a) is in agreement with the result observed
during CV test (see Fig. 2a). The C6_SS cell (Fig. 5b) reveals a coulombic
efficiency of 57 % at the first cycle, related to the already described SEI
formation, which increases and ranges from about 99 % to 100 % during
the subsequent ones, with a slightly oscillation of the capacity values
probably related to minor temperature oscillations during the test,
which affect the intercalation kinetics of the material. Moreover, the
LFP_SS cell (Fig. 5d) shows a coulombic efficiency of 95 % at the first
cycle, which increases and ranges from 97 % to 99 % during the sub-
sequent ones, with a remarkable capacity retention. Relevantly, the
obtained results reveal the expected high stability of the olivine struc-
ture [42], associated with good capacity values and high coulombic
efficiency for both electrodes, mandatory features for the possible
application in a Li-ion system [53], thus suggesting the suitability of
C6_SS and LFP_SS as candidate electrodes for application in enhanced
energy density systems [6].

In this regards, Fig. 6 reports the electrochemical performance of a
C6_SS|LFP_SS coin-type full cell at the constant current rate of C/3 as
referred to the cathode active material mass (1C = 170 mA g_}), after
two activation cycles at C/10, with a negative to positive capacity ratio
(N/P) of 1.1. The voltage profiles of Fig. 6a reflect the combination of
the respective anode and cathode signatures. In particular, the profile of
the first cycle (see inset in Fig. 6a) evidences the formation of the SEI
layer at the electrodes surface, while all the cycles are characterized by a
voltage plateau at about 3.3 V ascribed to Fe3*/Fe?* redox couple.

Furthermore, the profiles reveal a maximum capacity of about 130 mAh
8o, in line with the data obtained for the half-cells (see Fig. 5d). The
cycling trend reported in Fig. 6b shows a good stability of the cell, which
exhibits a coulombic efficiency of 76 % at the first cycle, due to the
abovementioned SEI formation, which raises and reaches 99 % after 15
cycles, as depicted by the magnification of the coulombic efficiency
values represented in Fig. 6¢. Particularly, after initial cycles, the cell
possesses very high coulombic efficiency values approaching 99.5 % for
all the measurements, key parameter for the stability of the device [54].
Furthermore, the cell exhibits a capacity retention of 70 % after 150
cycles and of 56 % after 300 cycles, which could be related to the high
loading of the electrodes adopted, which present an areal capacity of
about 1.5 mAh cm™. Indeed, high areal capacities coupled with satis-
factory cycling stability are important for the possible scaling up of the
cell prototype [6,53]. Fig. 6d reveals the gravimetric energy density of
the cell calculated by integrating the capacity as a function of the cell
voltage for selected cycles, normalized to the total mass of the
self-standing electrodes (anode + cathode), compared to the energy
density values predicted by adding to the same electrodes the weight of
Al (MTI Corp., 20 um thickness, 6.24 mg for 1.13 em? disk) and Cu (MTI
Corp., 15 pm thickness, 9.68 mg for 1.13 cm? disk) current collectors.
The cell reveals high initial gravimetric energy density for the
self-standing configuration (240 Wh Kg, !, ...), which decreases as the
cycles progress, due to the associated capacity fading, while maintaining
values over 130 Wh Kg, ! . after 300 cycles. It is worth noting that the
same electrodes, if coated onto Al and Cu current collectors, would
reveal lower energy densities, as expected by the increase of the cell
weight. Although, the gravimetric energy density of the entire cell,
either with self-standing electrodes or with additional current collectors,
should be lower as the contribution of other components (e.g. electro-
lyte, separator, cell casing) on the total weight is not considered here
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[55]. The obtained results for the full cell configuration based on
self-standing electrodes, especially the one related to the gravimetric
energy density, are promising for its possible application in higher en-
ergy density devices, such as portable electronic devices (i.e. smart-
watches). Particularly, the energy density obtained in this work is
similar to other achieved in literature with LiMng 7Fey 3PO4 as positive
electrode material [17], or in free-standing configuration coupled with
Li metal for LFP [56]. Furthermore, the achieved energy density for the
C6_SS|LFP_SS cell is also comparable with the ones obtained in config-
urations employing cathodes with higher working potential (i.e. LiCoOo,
LiNig.gMng 1C00.102) [57,58], confirming the improved performance of
the self-standing configuration also compared with higher energy den-
sity systems.

As already mentioned, the promising results obtained in coin-cell
configuration suggest the application of the self-standing electrodes in
commercial batteries for portable electronic devices. Moreover, these
results may suggest a possible upscaling of the cell format to single layer
pouch (SLP) cells or cylindrical cells. Indeed, the evaluation of the
compatibility of the self-standing electrodes in a proof-of-concept SLP
cell is evaluated in Figure S6, Supporting Information. Figures S6a and
S6b reveal the photographic images of the LFP_SS electrode and of the
final SLP cell, respectively. Figure S6c¢c reports the electrochemical
response of the SLP cell cycled at the constant current of 0.5 mA with an
N/P ratio of 1.1. The cycling trend reveals an initial capacity of about 10
mAh (~ 60 mAh g1, which decreases reaching a final value of about 2.5
mAh (~ 20 mAh g!) after 20 cycles, and a coulombic efficiency of about
95 % after the initial cycles. Furthermore, the voltage profile of the
second cycle in the inset of Figure S6¢ shows the same shape described

above for full coin cell, with the presence of the combined features of
anode and cathode, respectively (see Fig. 6a). These results suggest a
partial operation of the LFP cathode, which limits the capacity of the
cell, as well as possible parasitic reaction and gas evolution inside the
cell after initial cycles, reflected in the poor cycle life and coulombic
efficiency [59]. As already mentioned, the LFP_SS and C6_SS electrodes
have been prepared without the use of any plasticizer other than PVdF
binder, thus the electrodes presented reduced mechanical properties
that may limit their application in industrial cell formats, especially
cylindrical cells [27,60]. Overall, the proof-of-concept SLP cell evi-
dences the compatibility of the self-standing electrodes in upscaled
batteries, despite further optimization are needed to improve the per-
formance. Indeed, these achievements, especially the one obtained in
coin-type full cell, lead to the possibility of using this cell design to
further decrease the raw materials cost and weight of commercial bat-
teries, enhancing at the same time the achievable energy density and
intrinsic safety.

4. Conclusions

In the present study we evaluated the use of an easy technique to
produce self-standing electrodes for application in a new design
graphite|LFP Li-ion full cell with enhanced energy density and lower
cost. The produced C6_SS and LFP_SS electrodes presented the expected
morphology and structure, also compared with the commercial material
powders, suitable for application in lithium cells. The investigation of
the electrochemical process by CV revealed the expected reversible
peaks of the Fe*>*/Fe?* redox couple for LFP_SS and the irreversible
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peaks related to SEI formation coupled with the reversible stage lithium
(de-)intercalation for C6_SS, with high polarization for the former
ascribed to the higher resistivity of the electrode without the current
collector. EIS measurements carried out upon CV confirmed the lower
conductivity of the LFP_SS electrode, however with a decrease of the
interfacial resistance upon cycling for both LFP_SS and C6_SS, suggesting
the formation of stable electrode/electrolyte interfaces on the electrodes
surface. The diffusion properties of the self-standing electrodes studied
by CV revealed values comparable with the literature, confirming good
lithium ion diffusion. The test in lithium half-cells showed satisfactory
rate capability from C/20 to 5C for both samples with a maximum ca-
pacity of about 360 mAh g and 160 mAh g! for C6_SS and LFP_SS,
respectively, with a good capacity retention at C/3 current. The C6_SS|
LFP_SS full cell with the N/P ratio of 1.1 cycled at the constant current
rate of C/3 (1C = 170 mA g_}!) revealed a capacity of about 120 mAh
.., suitable capacity retention of about 56 % after 300 cycles, very high
coulombic efficiency approaching 99.5 % and an initial energy density
of about 240 Wh Kg, . ... The proof-of-concept SLP cell shows the
compatibility of the self-standing configuration in upscaled devices,
despite further optimizations are needed. In particular, the energy
density values obtained for the cell assembled with self-standing elec-
trodes, compared with several literature results, are promising for the
possible implementation of this configuration in low cost and high en-
ergy density devices, avoiding the use of Cu and Al current collectors.
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