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Abstract: The reuse and recycling of products, leading to the utilization of wastes as key resourcesin a
closed loop, is a great opportunity for the market in terms of added value and reduced environmental
impact. In this context, producing carbonaceous anode materials starting from raw materials derived
from food waste appears to be a possible approach to enhance the overall sustainability of the
energy storage value chain, including Li-ion (LIBs) and Na-ion batteries (NIBs). In this framework,
we show the behavior of anodes for LIBs and NIBs prepared with coffee ground-derived hard
carbon as active material, combined with green binders such as Na-carboxymethyl cellulose (CMC),
alginate (Alg), or polyacrylic acid (PAA). In order to evaluate the effect of the various binders on
the charge/discharge performance, structural and electrochemical investigations are carried out.
The electrochemical characterization reveals that the alginate-based anode, used for NIBs, delivers
much enhanced charge/discharge performance and capacity retention. On the other hand, the use
of the CMC-based electrode as LIBs anode delivers the best performance in terms of discharge
capacity, while the PAA-based electrode shows enhanced cycling stability. As a result, the utilization
of anode materials derived from an abundant food waste, in synergy with the use of green binders
and formulations, appears to be a viable opportunity for the development of efficient and sustainable
Li-ion and Na-ion batteries.

Keywords: sustainability; food waste-derived hard carbon; binder; Li-ion batteries; Na-ion batteries

1. Introduction

Ensuring access to affordable, reliable, sustainable, and modern energy for all is a massive
challenge in modern society, facing the exponential industrial development, the population growth,
and the depletion of fossil fuels [1]. Concerning electrochemical storage and conversion of energy,
some of the most widespread practical technologies today include Li-ion batteries (LIBs), Na-ion
batteries (NIBs) and supercapacitors [2,3]. Li-ion batteries are the most developed energy storage
devices due to their high energy density, long cycle life, and light weight [4]. LIBs are often used in
portable electronics such as computers or power tools, mobile devices, and, progressively, in electric
vehicles and stationary battery storage systems [5,6]. Regardless of the rapid market growth for these
electrical devices, lithium use is potentially limited by material shortages [7,8]. If it will prove unable
to meet the high demand, lithium'’s leading role now may make room for Na-ion batteries, at least
for less demanding applications. NIBs are commonly used in large-scale electrical energy storage [9].
Currently, NIBs have drawn significant attention as a potential alternative for LIBs, despite their lower
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performance, because of their lower cost and their similar electrochemical properties, as well as the
higher abundance of sodium in nature (Earth’s crust and oceans) [9-11].

Graphite is the standard anode material for LIBs. It provides theoretical capacity of 372 mAh g~ [8],
resulting in limitations in meeting the high-energy-devices market demands, such as those dictated
by electrified vehicles. Regarding its utilization in NIBs, the possibility of storing Na in graphite is
very limited, due to their larger ionic size and the low thermodynamic stability of the sodium—graphite
intercalation compounds, resulting in poor electrochemical performance as anode material [12-15].

In order to overcome these limitations, significant effort has been made in the research related to
hard carbons—nongraphitizable carbons—as advanced anode materials for both LIBs and NIBs, as a
result of their similar electrochemical properties with graphite [16-20].

Hard carbon (HC) consists of single layers of carbon atoms that are arranged in a planar hexagonal
network, but irregular and disordered along the c-axis [21-23]. Hard carbons that are produced from
pyrolysis of polymers, combustion of saccharides, and biomass precursors are considered the most
promising electrode materials due to their ability to provide high capacity and high-rate capability [2].
Besides the advantages, a large drawback of hard carbon use is its irreversible capacity because
of the irreversible reactions occurring between the electrolyte and carbon groups followed by the
decomposition of electrolyte and the formation of a solid electrolyte interphase (SEI) layer during the
first insertion. This irreversible capacity is smaller in NIBs [23].

On the other hand, reusing and disposing waste materials are critical issues regarding
environmental challenges [24]. Besides, a growth in population and the improvement of technology
has led to an increased demand for energy, resulting in potential issues of raw materials availability.
As a result, the use of alternative sources of carbonaceous materials seems to be a key challenge to
improve the overall sustainability of LIB and NIB technology.

Food waste, such as coffee grounds, can be used as a great source of hard carbon due to its
substantial availability worldwide, presenting high market potential as cheap raw material for LIBs
and NIBs anode production.

Binders not only need to give high adhesion strength of the electrode film to the substrate, but also
need to provide a good contact between the active materials and conductive carbon black [25-27].
Among the binders, poly(vinylidene difluoride) (PVDF) binder is extensively used in commercial
batteries due to its sufficient binding strength and good electrochemical stability for both LIBs and
NIBs [25,28-30]. However, PVDF requires the use of N-methyl-2-pyrrolidone (NMP) as a solvent
during slurry preparation and casting. As a consequence, the major drawbacks of organic-based
electrode sheets include the high cost, toxicity, and flammability [25,28].

Beyond the economic and environmental perspective, another concern is the migration-controlled
drying kinetics of PVDF binder, which is associated with the migration of PVDF to the surface
due to the flow of NMP during the slow evaporation, which may affect adhesion, mechanical
resistance, and charge/discharge efficiency [29]. Moreover, due to the likely formation of stable LiF
and unsaturated >C=CF- bonds at high temperatures, there are possibilities of exothermic reactions
between the fluorine contained in PVDF and lithiated graphite or metal lithium, which may trigger
thermal runaway of electrolyte and cell [26].

As alternative approaches, researchers have been investigating nontoxic, inexpensive, more easily
processable, and high-drying-rate binders, such as Na-carboxymethyl cellulose (CMC), Na-alginate
(Alg) and poly(acrylic acid) (PAA). These binders can be dissolved in water and can be easily disposed
at the end of the battery life, so they are called green binders [25,29].

In this context, we show here the results of research about electrochemical performances of anodes
based on a coffee ground-derived hard carbon (CGDHC) as active material, and CMC, alginate, PAA or
PVDF as binders. Among the natural-derived binders, CMC is made by the insertion of carboxymethyl
groups into natural cellulose [28], while alginate is made of natural polysaccharide extracted from
brown algae [28]. Investigations about the use of PAA binder have also been carried out, because
of the PAA ability to form strong hydrogen bonds with active materials and current collectors due
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to carboxylic acid functional groups [26], uniform distribution, proper swelling, and high binding
ability [30].

As a consequence, anode materials for LIBs and NIBs prepared with food waste-derived hard
carbon promise cost breakdown and environmentally benignity, and together with the use of aqueous
binders enable considerable improvements of the overall sustainability of batteries (see Figure 1).
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Figure 1. Procedure used to obtain cheap and environmentally friendly food waste-derived hard
carbon anode materials and electrode processing with aqueous binders.

In this context, the focus of the current research is understanding the impact of binders on
properties and behavior of electrodes based on hard carbon derived from coffee grounds, and especially
the effects given by the different physical structures of the electrodes toward the electrochemical
response in LIBs and NIBs.

2. Experimental

2.1. Synthesis of Coffee Ground-Derived Hard Carbon

Samples of hard carbon were synthesized through chemical acid activation of coffee grounds.
The procedure adopted for preparing coffee grounds hard carbon (labeled as CGDHC) is as follows.
Initially, coffee grounds were dried at 80 °C for 3 days in an oven overnight for removing most of
the water from the materials before use. Afterward, the dried powders were ground and treated
with dilute hydrochloric acid (HCI) solution for three days to improve the pore development in the
carbon structure. Then, materials were washed with ultrapure water until around pH 7 was eventually
reached in the residual liquid, and were dried at 80 °C overnight. This was followed by pyrolysis of the
obtained materials in a tubular furnace at 970 °C for 6 h under argon atmosphere after a heating ramp
of 10 °C min~!, to obtain carbonized coffee grounds powder. During carbonization, small molecules,
such as H,O, CO,, and N;, among others, are released, resulting in high porosity materials with low
particle density for a heat treatment temperature near 1000 °C [21]. Finally, the obtained powder was
ground in an automatic ball mill for 4 h to yield the CGDHC active material (agate jar of 50 mL and
agate ball diameter 10 mm, ball-to-powder weight ratio of 4:1).

2.2. Material Characterization

X-ray diffraction technique was used to investigate the crystal structure of the prepared materials
(Bragg-Brentano geometry, Cu-Kao, A = 1.54059 A). The morphologies of the powder and the electrodes
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with different binders were captured using scanning electron microscopy (a FESEM Cambridge
Stereoscan 360 electron microscope). Raman spectra were performed for the CGDHC powder and the
electrodes, before and after a 12 h OCV period, using a Horiba IHR 320, wavelength 532 nm. Pore
characteristics of the CGDHC materials were investigated by N, adsorption/desorption isotherms
at —195.8 °C using a Micromeritics ASAP 2020 instrument. Prior to the adsorption/desorption
measurement, the CGDHC sample had been outgassed for 12 h at 300 °C. The specific surface area and
pore size distribution values were calculated by the linear plot in the relative pressure range and the
density function theory (DFT), respectively.

2.3. Electrodes Preparation and Cell Assembling

Various electrodes were prepared by mixing 80% of active material with 10% of conductive carbon
C65 and 10% of different binders, including CMC, alginate, PAA, and PVDF binders. The slurries
were casted onto aluminum foil for NIBs and onto copper for LIBs by using a doctor blade to acquire
a homogenous thickness film. The solvents used for CMC, PAA, alginate, and PVDF binders were
water, ethanol (due to faster drying and better performances), water, and N- methylpyrrolidone (NMP),
respectively. After drying the coatings, the electrodes were cut and dried again under vacuum at
120 °C overnight to evaporate solvent residues and to yield the electrode layers. Cells were assembled
in a glove box (Jacomex GP-campus, oxygen and moisture content less than 0.8 ppm) using T-shape
polypropylene Swagelok-type 3 cells. Lithium metal (Sigma-Aldrich) was used as the counter and
reference electrodes for LIBs and sodium metal (Alfa-Aesar) were used as the counter and reference
for NIBs. For all cells, a glass fiber disk (Whatman GF/A) was used as separator, while 1 M LiPFq
in ethylene carbonate (EC):dimethyl carbonate (DMC) 1:1 /v (preformulated by Solvionic, France)
and 1 M NaClOy (Sigma-Aldrich) in EC:PC (Sigma-Aldrich) 1:1 /v were used as electrolytes (400 uL)
for LIBs and NIBS, respectively. After assembly, the cells were removed from the glove box for
electrochemical characterization.

2.4. Electrochemical Characterization

All electrochemical tests were carried out using a VMP-2Z multichannel electrochemical
workstation by Bio-Logic (France). Cyclic voltammetry of the samples for LIBs and NIBs were
carried out at a scanning rate of 0.05 mV/s in the voltage between 0.02 to 2.2 V to assess the topotactical
reaction of Li for LIBs and of Na for NIBs in the synthetized materials. Galvanostatic charge/discharge
tests of the electrodes were collected with the voltage ranging between from 0.02 and 2.2 V. All voltages
are given vs. Li*/Li and Na*/Na couples for LIBs and NIBs, respectively. For both LIBs and NIBs, 1C
rate was assumed as 300 mA/g with respect to active material mass. In order to evaluate the interfacial
behavior of electrodes, electrochemical impedance spectroscopy was carried out at each tenth cycle at
E=05V.

3. Result and Discussion

3.1. Chemical, Structural, and Morphological Characterization of the Material

Chemical, structural, and morphological characteristic of pristine coffee grounds was carried out.
Scanning electron microscopy (Figure Sla) reveals pores at the micrometer scale. Elemental analysis,
carried out on pristine and final powders, reveals (Figure S1b,c) the presence of minor amounts of
nitrogen in both samples, which can enhance conductivity of the sample. The presence of N is also
evidenced in FTIR analysis (Figure S1d) of the pristine coffee grounds, while after the high-T thermal
treatment, a flat signal typical of a conductive carbon material is observed.

According to XRD patterns of graphite and soft and hard carbon reported in the literature, the level
of structure disorder and the interlayer distances increase from soft to hard carbon [22]. Figure 2a
illustrates the X-ray diffraction patterns of the CGDHC synthesized according to the procedure reported
in the Experimental and calcinated at T = 970 °C for 6 h. The XRD diffraction pattern exhibits very
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broad features, referring to (002) and (100) planes of hard carbon, at 26 around 23° and 43° [8,14].
No impurity-related peaks are observed from the XRD patterns, which indicate the absence of other
phases. The interlayer spacing dgp, and the stacking height L. were obtained by following Equations (1)
(Bragg’s law) and (2) (Scherrer), respectively [23,31]:

dooz = )\/2 Sin(eooz) (1)

where A = 0.154 nm and
L. =09A /ﬁo(]z COS(9002) 2)

where Bggp is equal to one-half of the width of the 002 peak.
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Figure 2. Structural and morphological investigation of the CGDHC powder. (a) XRD pattern. (b) Raman
spectrum. SEM images of coffee ground-derived hard carbon (CGDHC) powder at a magnification of
10 kX (c) and 40 kX (d).

Additionally, the number # of graphene stacking layers was determined by dividing L. by dggp [23].
The results are presented in Table 1. Notably, the interlayer spacing of the CGDHC powder is calculated
to be 0.386 nm, which is higher than that of graphite (0.335 nm), facilitating Na* ion insertion/extraction
between carbon layers [32].

Table 1. Crystallographic parameters calculated by XRD and Raman data analysis.

Sample doo2 L. (nm) n Ip/lg L, (nm)
CGDHC-Powder 0.386 0.732 1.89 0.965 19.92
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The Raman spectrum of CGDHC powder, shown in Figure 2b, indicates two sharp and intense
peaks of D-band at ~1330.12 cm™~! and of G-band at ~1586.77 cm~!. The D-band “the defect-induced
band” is correlated with vacancies or the attendance of functional groups, whereas the G-band “the
crystalline graphite” corresponds to the graphitic vibrations [8,31]. The intensity ratio Ip/Ig value
describes the ratio between the degree of defects and the degree of graphitization. For CGDHC it is
calculated as 0.965, suggesting a relatively high-graphitization degree of hard carbon [8]. Moreover,
two broad peaks are located at around 2600 and 2950 cm~!, which correspond to 2D and D+G bands.
The 2D band is associated with the degree of graphitization and the D+G band is associated with
defect activated process for an elastic scattering [31]. The graphitic domain size of hard carbon sample
was also independently calculated from [20,23]:

Ly = (24x1070) A*(Ip/1g) ™ 3)

where L, is the graphitic domain size (nm) and A is 532 nm (shown in Table 1).

The crystallographic parameters were calculated using the equations and the results can be
found in Table 1, indicating a certain degree of graphitization besides a disordered structure of
CGDHC hard carbon powder [23,31]. As it can be seen in Figure 2c,d, the SEM images of the CGDHC
powder show block morphology and fine fragments. It can be mentioned that the particle size is
nonuniformly distributed.

Heat treatment under high argon flow plays a critical role in enhancing specific surface area and in
creating porosity by flushing away the released gases. Not only pyrolysis, but also acid treatment has
a considerable effect on enhancing porosity [21]. The N; adsorption/desorption isotherms were used
to study the porosity of CGDHC powder and the results are presented in Figure S2. The calculated
Brunauer-Emmett—Teller (BET) surface area, pore diameter (DFT theory), Barrett-Joyner-Halenda
(BJH) adsorption average pore diameter, and cumulative surface area of pores are 787.26 m?/g, 1.02 nm,
4.6 nm, and 541.01 m?/g, respectively. The high BET specific surface area and pore size distribution
of CGDHC material can provide good electrolyte ion accessibility to carbon layers, resulting in good
electrochemical performance [8].

3.2. Structural and Morphological Characterization of the Electrodes

In order to get information about possible modifications of the hard carbon layers arrangement
induced by the different binders used for electrodes formulation, Raman spectra was performed on the
CGDHC-based electrodes prepared with CMC, Alg, PAA, and PVDF binders, respectively labeled as
CGDHC-CMC, CGDHC-Alg, CGDHC-PAA, and CGDHC-PVDE. This information can be obtained by
calculating the ratio between the Ip and I bands. The comparison of Raman spectra of electrodes
with different binders for LIBs and NIBs is shown in Figure S3, while the calculated Ip/I; and L,
are presented in Table S1. As expected, all the Raman spectra present the same characteristic peaks
already observed for the powder at ~1345 cm™! (D-band) and ~1590 cm™! (G-band) [8], together with
two broad peaks in the range of 26502950 cm™~!, correlated to 2D and D+G bands [31]. Commonly,
the graphitization degree of hard carbon is bound to conductivity [23], while porosity and defects
enable surface storage processes (thus relevant for NIBs) [33]. However, in the present case the data
provide evidence, for all electrodes, of similar peak shapes and only small variations of the intensity
ratio between D and G bands. This behavior may be attributed to only minor interactions of the active
CGDHC and of the conductive additive with the functional groups. Therefore, we may exclude a
relevant role of the binder in modifying structural or conduction properties of the active materials.

On the contrary, the different binders are expected to play a key role in modifying aggregation
and morphology of the electrodes, as demonstrated by SEM images of CGDHC-CMC, CGDHC-Alg,
CGDHC-PAA, and CGDHC-PVDF electrodes, both for LIBs and NIBs. Figures 3 and 4 show the surface
morphology of the prepared electrodes for LIBs and NIBs, respectively. Two magnification levels
(1 and 40 kX) are shown. Among the electrodes prepared for LIBs (Figure 3), CGDHC-CMC shows a
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more homogenous particle distribution and lower aggregation at both higher and lower magnifications
(panels a and b), with no evidence of cracking. For alginate- and PAA-based electrodes (panels c and
d, and e and f, respectively), it appears that more particles are agglomerated and connected with
neighboring ones, tending to form more clusters. SEM images of CGDHC-PVDF electrode surface for
LIBs display some obvious intergranular and microcracks, as highlighted by arrows (panels g and
h). These results suggest that during the drying process the PVDFE-based electrode becomes brittle,
and eventually cracks keep growing on the surface of the electrode after pressing. It is speculated that
the existence of cracks may result in poor contact between particles and between particles and current
collectors [34]. Additionally, these cracks that form can expose further interfacial area to side reactions
and gradually lose active materials, potentially leading to inferior electrochemical performances in the
long run.

Figure 3. SEM images of the surface of the CGDHC-based lithium-ion battery (LIB) electrodes
prepared with different binders at different magnifications. (a,b) Na-carboxymethyl cellulose (CMC)
binder; (c,d) alginate (Alg) binder; (e,f) polyacrylic acid (PAA) binder; (g,h) poly(vinylidene difluoride)
(PVDF) binder.
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Figure 4. SEM images of the surface of the CGDHC-based Na-ion battery (NIB) electrodes prepared
with different binders at different magnifications. (a,b) Na-carboxymethyl cellulose (CMC) binder;
(c,d) alginate (Alg) binder; (e f) polyacrylic acid (PAA) binder; (gh) poly(vinylidene difluoride)
(PVDF) binder.

SEM images of the electrode prepared for NIBs (Figure 4) show a very similar trend, with only
minor improvements for the alginate-based electrode, which in this case shows a lower degree of
agglomeration (panels c and d). For NIBs, the formation of clusters and aggregation of particles are
critically important and can be considered as an essential disadvantage due to the need of keeping a
large interfacial area exposed to electrolyte upon charge/discharge processes in order to exploit the
surface storage mechanisms [35]. As for the corresponding LIB anodes, some microcracks can be also
found on the surface of PVDF-based electrode for NIBs, additionally in this case because of the brittle
nature of the pressed CGDHC-PVDF film.

3.3. Electrochemical Behavior

In order to investigate the reaction processes taking place during the reversible Li storage and
investigating the impact of the different binders on the charge/discharge performance, all electrodes
underwent cyclic voltammetry (CV) at a scan rate of 0.05 mV/s, and galvanostatic cycles in the potential
window of 0.02-2.20V in half-cells vs. Li and Na. The voltammograms acquired during the first and



Energies 2020, 13, 6216 9 of 19

second cycles vs. Li are shown in Figure 5. For all electrodes, a large peak with an onset potential
around 0.75V is seen during the first cathodic scan, reflecting the first-cycle irreversible reactions of
electrolyte with electrode surface [30]. This peak is due to electrolyte decomposition and formation of
the surface protection layer known as solid electrolyte interphase (SEI), which results in irreversible
capacity [8,30]. This peak is not evidenced during the following cycles, suggesting that most of the
irreversible interfacial processes were completed during the first discharge. The peak is superimposed
to a large, reversible, flat profile, which reflects the reversible nature of Li surface storage by amorphous
carbon. At low potentials, all samples show a main, reversible peak with an onset potential around
0.1V, highlighting intercalation of Li* ions between carbon layers; this peak is maintained during the
subsequent scans, confirming the reversible nature of the Li intercalation. During the anodic scan,
the CVs of all samples confirm the reversibility of the low-potential peak around 0.1 V, bound to Li
deintercalation from carbon layers, and of the flat area extending up to higher potentials, bound to Li
storage at the carbon surface [36].

0.2
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Figure 5. CV profiles, acquired during the first and second cycles, of CGDHC-based LIB electrodes
prepared with different binders: (a) Na-carboxymethyl cellulose (CMC); (b) alginate (Alg); (c) polyacrylic
acid (PAA); (d) poly(vinylidene difluoride) (PVDF). Scan rate 0.05 mV s7L

Figure 6 shows the galvanostatic charge/discharge E vs. Q profiles of the CGDHC electrodes
prepared with different binders in Li half-cells. During the first cycle, all electrodes evidence a
capacity on the order of 600700 mAh g~! and the corresponding coulombic efficiencies of around 56%.
These values include a large contribution from irreversible capacity, which can be related to the high
specific surface area of the hard carbon material, resulting in massive decomposition of electrolyte at
the carbon surface and formation of the SEI layer [8,36-38]. The galvanostatic profiles confirm that this
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process starts at around 0.80 V and carries on until about 0.20 V, where it is overlapped by a broad
profile related to reversible Li* ion intercalation and storage at the nanopore surface [36]. These results
compare well with the features evidenced by the CV profiles.
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Figure 6. E vs. Q galvanostatic profiles, acquired during the first and second cycles, of CGDHC-based
LIB electrodes prepared with different binders: (a) Na-carboxymethyl cellulose (CMC); (b) alginate
(Alg); (c) polyacrylic acid (PAA); (d) poly(vinylidene difluoride) (PVDF). Cycling rate C/5.

During the second cycle, the discharge capacity of CGDHC-CMC is 421.86 mAh g~! at 0.2C, while
lower values of 360.19, 350.37, and 350.17 mAh g_l are obtained for CGDHC-Alg, CGDHC-PAA,
and CGDHC-PVDF, respectively. According to these results, the enhanced capacity of an electrode
using CMC for LIBs can be attributed to improved mechanical and interfacial properties and uniform
electrode morphology [29]. In fact, the highest capacity could be assumed to the more homogeneous
distribution of conductive carbon and CMC binder between active materials, resulting in enhanced
interparticle electrical contact, as reported by Wang et al. for graphite LIBs electrodes [29,39].
The electrode prepared with alginate binder also delivers capacity improvement with respect to those
prepared with PAA or PVDE. This result confirms the hypothesis that PVDF-based electrodes can be
affected by poor electrochemical properties, with respect to other binders, due to migration-controlled
drying kinetics [29], exothermic reactions as mentioned in the introduction [26,40], desquamation of
electrode particles (fall-off from copper foil) [25], cracking of the electrode as shown in SEM, and low
flexibility, which leads to breaking the contact between active materials and conductive carbon upon
cycling [26,41].

Figure 7a displays the discharge capacity values obtained by cycling at C/5-rate in Li-ion half-cells
the CGDHC electrodes prepared using the different binders. Some differences are revealed in terms
of capacity values and capacity retention. At C/5, the CMC-based electrode shows higher capacity
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values through all over the investigated cycles in both conditions, because of a homogenous coating
on the copper electrode. The capacity values for alginate- and PAA-based electrodes are initially
lower, but they then exhibit better capacity retention, while the PVDF-based electrode shows slightly
lower capacities. In order to further evaluate the effects of binders for LIBs, the capacity retention also
were evaluated at 2C for 500 cycles as shown in Figure 7b, where the differences become even more
marked, with the highest capacity values obtained by the CMC-based electrode and the lowest values
by the PVDF-based one. However, the PAA-based anode is able to retain performances upon long
cycling. This could be related to appropriate mechanical properties of the PAA-based electrode [26],
a more desirable conformation of polymer in the composite, and a more effective and stable SEI layer
formation in fewer cycles, thus hindering agglomeration of polymer by electrostatic repulsion [29,42].
It is noteworthy that among different binders in LIBs, PAA also can form strong hydrogen bonds with
active materials and substrate due to its chemical structure (carboxylic acid moieties interacting with
polar groups at the edges of carbon planes) [26].
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Figure 7. Cycle performance of CGDHC-based LIB electrodes with different binders. Cycling rate C/5
(a) and 2C (b).

In order to clarify the interfacial behavior of electrodes based on different binders, electrochemical
impedance spectroscopy (EIS) was carried out every tenth cycle at E = 0.50 V, confirming the reasons
why changing binders can considerably improve the electrochemical performances. Figure 8a—d
demonstrates the Nyquist plots recorded using different binders. All impedance dispersions show
similar features: (i) a semicircle at high frequencies related to migration through passivation layer,
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which is partly overlapped by (ii) a semicircle at middle frequencies related to interfacial charge-transfer
process; (iii) a sloped line at low frequencies associated with Li* ion diffusion in the bulk of the active
materials [43]. EIS data were fitted using the equivalent circuit noted as Rej(Rsgr Csgr)(Ret Ca1) WG in
the notation of Boukamp. R}, Rsgr, and Rt are associated with the resistances of electrolyte, of SEI film,
and of the charge-transfer process, while Cggy, Cqj, and C;j are the capacitances related to passivation
layer, electric double layer, and differential intercalation, respectively. W is the Warburg impedance,
describing Li* ion diffusion [44]. The calculated values of Rggy and Rt are reported in Figure S4.
The CMC-based electrode shows the lowest R values, thus revealing improved kinetics and enhanced
stability of its interfacial behavior. For the PVDF-based electrode, the high initial values of Rt and the
subsequent contraction may be explained by rearrangements of the electrode/electrolyte interface due
to initial morphological instability.
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Figure 8. Nyquist plot of CGDHC-based LIB electrodes prepared with different binders: (a) Na-carboxymethyl
cellulose (CMC); (b) alginate (Alg); (c) polyacrylic acid (PAA); (d) poly(vinylidene difluoride) (PVDEF).
E=0.50V; 10 mHz < f < 100 kHz.

The charge/discharge behavior of CGDHC-based electrodes was investigated in Na half-cells
as well, by performing cyclic voltammetry and galvanostatic cycles. The first- and second-cycle
voltammograms vs. Na are presented in Figure 9 for all electrodes with different binders (CGDHC-CMC,
CGDHC-Alg, CGDHC-PAA, and CGDHC-PVDF) in the potential range 0.02 to 2.20 V. Similar to what
was evidenced for LIBs, all electrodes show large peaks around or below 0.60 V, which can be attributed
to the reactions between electrolyte and surface functional groups, and the peak bringing to electrolyte
decomposition and SEI formation [30]. However, it should be noted that (i) the sloping baselines
starting around 0.60 V are more pronounced than for the corresponding LIB electrodes, and (ii) some
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differences arise among the different electrodes. In fact, the CMC- and PVDEF-based electrodes show
two features around 0.90 and 0.60 V, respectively, while the Alg-based electrode shows a single evident
feature around 0.50 V. The PAA-based electrode shows only a less pronounced shoulder around
0.6 V, mostly overlapped by the sloping baseline. These behaviors can be tentatively attributed to
(i) more pronounced surface storage of Na than Li, which extends over a broad potential window
below 1V, and (ii) interfacial SEI formation processes that are partly modified by the different binders
(possibly due to the higher surface reactivity and instability commonly found for NIBs with respect
to LIBs) [45,46]. The redox peaks occurring close to the 0.02 cutoff potential in all electrodes can be
explained by minor Na storage at the edges of carbon layers, or Na plating at the hard carbon surface
(bulk intercalation is not allowed). During the following charges and discharges, only reversible
processes occurring in a very broad potential range between 0.02 and 1.50 V are evidenced, signature
of the reversible surface storage of Na by amorphous carbon.
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Figure 9. CV profiles, acquired during the first and second cycles, of CGDHC-based NIB electrodes
prepared with different binders: (a) Na-carboxymethyl cellulose (CMC); (b) alginate (Alg); (c) polyacrylic
acid (PAA); (d) poly(vinylidene difluoride) (PVDF). Scan rate 0.05 mV 571

These results confirm that the electrochemical behavior of NIBs is similar to that of LIBs.
Nevertheless, in addition to the inability to store Na* ions by intercalation, two further issues may
arise: (1) the utilization of aluminum as current collector on the anode that is in contrast with LIBs,
leading to Al corrosion, and (2) more pronounced sensitivity to water traces [47]. Therefore, selecting
an appropriate binder can play a vital role in NIBs in terms of maintaining mechanical adhesion,
keeping ionic contact, and facilitating the formation of a stable interface with the electrolyte [30].
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Figure 10 shows the galvanostatic charge/discharge E vs. Q profiles of all electrodes during the
first and second cycles. The CGDHC-Alg, CGDHC-PAA, CGDHC-CMC, and CGDHC-PVDF at C/5 in
the voltage range between 0.02 and 2.2 V for NIBs in initial cycle deliver discharge capacity (including
reversible and irreversible processes) of 250.44, 263.38, 335.52, and 221.33 mAh g~!, respectively.
During the second cycle, the CGDHC-Alg, CGDHC-PAA, CGDHC-CMC, and CGDHC-PVDF exhibit
reversible discharge capacity of 173.51, 164.84, 152.62, and 115.97 mAh g~!, respectively.
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Figure 10. E vs. Q galvanostatic profiles, acquired during the first and second cycles, of CGDHC-based

NIB electrodes prepared with different binders: (a) Na-carboxymethyl cellulose (CMC); (b) alginate
(Alg); (c) polyacrylic acid (PAA); (d) poly(vinylidene difluoride) (PVDF). Cycling rate C/5.

Therefore, the coulombic efficiency of CGDHC-Alg and CGDHC-PAA electrodes is higher than
those of CGDHC-CMC and CGDHC-PVDE. The irreversible capacity loss in NIBs is due to the formation
of SEI film, which results in the decomposition of the electrolyte, and irreversible reactions include
the reaction between Na and surface functional groups and the sodium insertion into special defect
positions [30].

Asshown in Figure 11, among the four electrodes prepared with different binders, the CGDHC-Alg
demonstrates promising performances in NIBs, with a reversible discharge capacity of 173.51 mAh g™!
at C/5between 0.02 and 2.20 V, and an excellent capacity retention of 98% after 100 cycles. This behavior
can be related to the retained structural and morphological integrity of active material and interface
upon sodiation and desodiation [44], because of the strong binding between active materials
and the alginate binder, and the weak but effective hydrogen-bonding between -OH groups of
active material and -COOH groups of the alginate binder [44]. A contribution to the better
electrochemical performance of Alg-CGDHC electrode can also be related to the more homogenous
morphology, as shown in SEM images. The discharge capacity and capacity retention at 0.2C for
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CGDHC-PAA, CGDHC-CMC, CGDHC-PVDF electrodes are instead poorer, resulting in 138.05, 118.65,
and 88.44 mAh g1, corresponding to a capacity retention of 83.7%, 77.7%, and 76.3%, respectively,
after 100 cycles. Nevertheless, the electrode prepared with PAA shows a higher discharge capacity and
a better cyclability in comparison to those made with CMC or PVDEF, which can be ascribed to the
suitable swelling property, a more uniformly and thin passivation film upon sodiation that results in a
more stable SEI film, a better electrical contact between the particles and Al current collector, and a
better ionic conductivity on the surface of active materials [30].
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Figure 11. Cycle performance of CGDHC-based NIB electrodes with different binders. Cycling rate C/5.

In contrast, the inferior electrochemical properties of CGDHC-PVDF in NIBs can be related to the
formation of NaF due to the formation of thick films and of the binder di-fluorination [47].

In order to validate the effect of the interfacial properties toward the electrochemical behavior,
electrochemical impedance spectroscopy (EIS) was carried out for each tenth cycle at E = 0.5 V for NIBs
as well. The Nyquist plots are shown in Figure 12a—d. During the first cycle, the ac-impedance diagrams
show a different behavior with respect to following cycles, because of electrode activation. The data
were modeled by using the same equivalent circuit proposed for LIBs. According to the fit results
(shown in Figure S5), the Alg-based electrode exhibited lower and almost constant charge transfer
resistance values upon cycling, confirming its interfacial behavior stability. In contrast, the PVDF-based
electrode demonstrates a much higher R, which causes worse cycling behavior with respect to other
electrodes. This can be related to the cracks formed on the electrode, as revealed by SEM.

The performances obtained, which are summarized in Tables 2 and 3, are comparable to those
reported in literature for several types of hard carbon electrode materials (Table S2). This demonstrates
the feasibility of a hard carbon material obtained by a coffee ground precursor as a low cost and
environmentally friendly, active material for advanced negative electrodes for both LIBs and NIBs.
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Figure 12. Nyquist plot of CGDHC-based NIB electrodes prepared with different binders:
(a) Na-carboxymethyl cellulose (CMC); (b) alginate (Alg); (c) polyacrylic acid (PAA); (d) poly(vinylidene
difluoride) (PVDF). E = 0.5 V; 10 mHz < f < 100 kHz.

Table 2. Values of initial irreversible discharge capacity, initial reversible discharge capacity, capacity
retention, and coulombic efficiency of CGDHC-based LIB electrodes. Cycling rate C/5.

First First Second Capacity

Samples Discharge Charge Coulombic  Discharge Retention

Capacity Capacity Efficiency Capacity after 100
(mAh g-1) (mAh g-1) (mAh g-1) Cycles
CGDHC-CMC 732.4 399.1 54% 421.8 70.0%
CGDHC-Alg 616.0 346.3 56% 360.2 72.8%
CGDHC-PAA 581.3 330.7 57% 350.3 76.3%
CGDHC-PVDF 582.6 326.5 56% 350.1 73.7%

Table 3. Values of initial irreversible discharge capacity, initial reversible discharge capacity, capacity
retention, and coulombic efficiency of CGDHC-based NIB electrodes. Cycling rate C/5.

First First Second Capacity

Samples Discharge Charge Coulombic Discharge Retention

Capacity Capacity Efficiency Capacity after 100
(mAh g™1) (mAh g™1) (mAh g1) Cycles
CGDHC-CMC 335.5 113.0 34% 152.6 77.7%
CGDHC-Alg 250.4 163.2 65% 173.5 98.0%
CGDHC-PAA 263.3 151.0 57% 164.8 83.7%
CGDHC-PVDF 221.3 105.5 47% 115.9 76.3%

4. Conclusions

We have shown the synthesis of hard carbon material from a widely available food waste, with a
focus on understanding the impact of binders on the behavior of electrodes based on hard carbon derived
from coffee grounds. The crystallographic parameters indicate a certain degree of graphitization besides
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a disordered structure of CGDHC hard carbon. It was shown that the binder makes an important
contribution to the electrochemical performance for LIBs and NIBs. Changing over from commercial
PVDF binder to aqueous binders is becoming increasingly important in the production of greener batteries.
According to the electrochemical results, although the hard carbon electrode with CMC binder showed
highest reversible discharge capacity of 421.86 mAh g™, the PAA-based electrode exhibited better capacity
retention than those with other binders. The CGDHC based on water soluble binders not only showed
excellent capacity and cycling performance of the Li-ion battery, but also could decrease environmental
impact and cost, and is easier to use for the electrode preparation process. This also holds true for NIBs,
which are in their early stage of improvement in the research; the electrode utilizing alginate presented a
much enhanced performance with a capacity of 173.51 mAh g1, and an excellent cycling performance of
98% after 100 cycles. This work is beneficial and provides a way to the synthesis and the utilization of low
cost, greener, and sustainable electrode materials (hard carbons derived from a wide range of food wastes
together with the utilization of bioderived, aqueous binders), assessing the feasibility of application in
both LIBs and NIBs with state-of-the-art performance.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1996-1073/13/23/
6216/s1.
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