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Electrochemical Characterization of Charge Storage at

Anodes for Sodium-lon Batteries Based on Corncob Waste-
Derived Hard Carbon and Binder

Luca Bottoni,*® Hamideh Darjazi,”’ Leonardo Sbrascini,”’ Antunes Staffolani,”

Serena Gabrielli,”” Genny Pastore,”” Alessia Tombesi,” and Francesco Nobili'

Sodium-ion batteries (SIBs) represent a potential alternative to
lithium-ion batteries in large-scale energy storage applications.
To improve the sustainability of SIBs, the utilization of anode
carbonaceous materials produced from biomass and the
selection of a bio-based binder allowing an aqueous electrode
processing are fundamental. Herein, corncobs are used as raw
material for the preparation of hard carbon and it is also used
as cellulose sources for the synthesis of carboxymethyl cellulose
(CMQ) binder. The corncob-derived electrodes deliver a high

Introduction

Energy storage systems (ESSs) are drawing more and more
attention for the worldwide utilization of intermittent renew-
able energy sources (such as wind, solar, wave, etc.), since they
decrease the consumption of fossil fuels by enabling electric
transportation.? Among ESSs, secondary batteries are ideal for
numerous applications, and they represent promising
devices.®¥ Lithium-ion secondary batteries (LIBs) are widely
used in portable electronic devices, power tools, and electrified
vehicles® thanks to their high energy densities (up to
260 Whkg™' and 770 WhI™),® long cycle life, good rate
capability and low self-discharge. However, there are concerns
associated with the scale-up of MWh-class LIBs due to the
limited abundance and odd distribution of lithium on Earth
crust (are mainly located in remote and politically sensitive
areas of South America).’”® Thus, the challenges related to
lithium accessibility, together with the rapid growth of the
electric vehicles market,” are expected to increase its price,
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discharge capacity of around 264 mAhg ' at 1 C (300 mAg '),
with promising capacity retention (84% after 100 cycles) and
good rate capability. Additionally, this work expands the
fundamental insight of the sodium storage behavior of Hard
Carbons through an electrochemical approach, suggesting that
the reaction mechanism is controlled by capacitive process in
the sloping voltage region, while the diffusion-controlled
intercalation is the predominant process in the low-voltage
plateau.

giving uncertainty about the suitability of LIBs for other, less
demanding applications, such as the stationary energy storage.
In this context, sodium-ion batteries (SIBs) appear as a
promising candidate for substitution of LIBs in stationary ESSs
applications,” thanks to similar chemical properties of Na with
Li, more than 1000 times higher abundance of Na resources
than those of Li, wide distribution, and lower cost (0.50 $kg™
for Na,CO; vs 6.50 $kg™' for Li,CO,).*'" Even if LIBs and SIBs
share the same working principle,"" there are some differences
between these system. The larger ionic radius of Na™ (1.02 A
when compared to Li* (0.76 A) affects the transport properties
and phase stability, while the higher standard potential of
—2.71V for Na*/Na and the heavier molecular weight of Na in
contrast with Li (with a redox potential of —3.01V and a
molecular weight of 6.9 gmol™), prevent high theoretical
specific capacity and energy density."”? Nevertheless, the mass
of the charge carrier represent a small fraction of the overall
mass of the cell components, thus the gap in energy density
can be in practice mitigated by selecting high capacities host
structures along with high operating potential interval between
cathode and anode (i.e. high cell output voltage)."” Consider-
ing that the energy density of C/LiFePO, 18650 size commercial
LIBs is around 130 Whkg™', a same size and fully developed Na-
ion battery can reach 150 Whkg™" at best, making it suitable for
replacing LiFePO, batteries." Significant successes have been
achieved in the development of cathode materials for SIBs,
which mainly include layered transition-metal oxides, polya-
nionic compounds and metal hexacyanometalates. However,
the identification of suitable anode materials still remains
challenging for the development of SIBs"* because of the poor
Na storage capability by graphite. This is due to larger ionic size
of sodium and thermodynamic instability of sodium—graphite
intercalation compounds, resulting in poor electrochemical
performances." To the best of our knowledge, the best results
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obtained up to now with graphite anodes in SIBS are limited to
150 mAhg " when using ether-based electrolytes. However,
this performance is far from that obtained with LIBs
analogues."”

Therefore, different types of anode materials have been
proposed: alternative carbonaceous materials, metal oxides,
alloys and organic compounds."® Among them, Hard Carbons
(HCs) are the state of the art anode material for SIBs™'® thanks
to their promising overall performance, relatively low cost, wide
availability, and low operating voltage of ~0.1V vs. Na*/Na.*”
HCs, also known as disordered or amorphous carbons, are
composed by arrangements of graphene sheets stacked in the
short-range due to the Van Der Waals forces, but randomly
oriented in the long-range."” HCs are generally produced by
thermal decomposition of synthetic organic compounds and
biomass precursors. Lately, lignocellulosic materials (i.e., agricul-
tural and forestry by-products) are considered the best choice
as hard carbon precursors thanks to their environmentally-
benign and cost-effective features."? Several lignocellulosic
precursors have been used for synthesize HCs for SIBs such as
wood,”?" lignin,”? peanut and hazelnut shells,”**¥ pinecone,?”
sugarcane bagasse,”® pomelo and banana peels,”?® olive
leaves® and lotus stem.®” Among them, corncob, the core of
an ear of maize, represent an abundant and readily available
lignocellulosic waste considering that the maize has the largest
production globally with an estimate production of 1026 million
tons per year and the corncob account for around the 22% of
its weight. Since corncobs are low-value by-products, their
management usually involves the landfilling and open-air
burning, producing greenhouse gases and air pollution.®"
Therefore, using corncobs as raw material to improve the
sustainability of SIBs is particularly appealing.

Typically, the sodium storage mechanism in HCs involves
two distinct voltage regions: a sloping potential region (up to
0.1V vs. Na*™/Na) and a low potential plateau (<0.1V vs. Na*/
Na);®? however, the assignment of these regions to a specific
sodium storage mechanism is still controversial, considering the
complexity of hard carbon structure which implies the presence
of heteroatoms, defects, edges, lateral size and thickness of
graphitic domains and micropores in their structures.®® In 2000,
Steven et al. proposed the model of “intercalation-adsorption”
for HCs upon sodiation/desodiation process, meaning the
insertion of Na* ions between the layers at high potential, and
adsorption of ions in micropores at low potential.®” By contrast,
recent experimental findings have suggested the model of
“adsorption-intercalation”, meaning the adsorption of Na* ions
occur in the high-potential, while low-potential plateau corre-
sponds to intercalation between layers.®” More recently, the so-
called “three-stage model” was proposed by Bommier et al.
which involves the adsorption at surfaces sites in the sloping
region followed by the intercalation between graphene layers
in the low-voltage plateau and pore filling at the end of the
plateau region.®**? Finally, Zhang et al. present the “adsorption-
filling model”, where the sodium storage is governed by the
adsorption of Na*t at defect sites and disordered isolated
graphene sheets in the sloping region, while the plateau
capacity is due to the mesopore filling.*’*® Thus, in order to
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improve the understanding of the redox mechanisms and the
performances of HC materials, more extensive studies are
required, due to the inconsistency of the reported works.

Besides, the selection and optimization of the binder is
crucial to develop SIBs,? since it ensures the adhesion between
the electrode materials and the current collector and binding
the active material grains with the conductive agent, guarantee-
ing the electrode stability and cycle life.*” Moreover, keeping
the focus on batteries sustainability, the use of bio-based and
aqueous electrode processing is particularly appealing since
they can bring down the costs and environmental impacts of
electrode manufacture. Among the aqueous binders, the
sodium salt of carboxymethylcellulose (Na—CMC) is a cheap
cellulose derivative which represents an important alternative
to the expensive, toxic, and non-aqueous polyvinylidene
fluoride (PVDF), the de-facto standard binder of LIBs.2%*"
Na—CMC is obtained reacting the cellulose with chloroacetic
acid or its sodium salt in NaOH environment. Na—CMC proper-
ties depend strongly on the degree of substitution (DS):
generally lower DS results in higher hydrophobicity and thus
stronger interactions with carbon materials.*

In this context, corncobs were used as raw materials both
for the preparation of HC with a simple one-step thermal
treatment and as cellulose source, which was then converted to
sodium carboxymethylcellulose (Na—CMC). Apart for an addi-
tional way to reuse lignocellulosic waste, the in-house synthesis
of CMC binder can be advantageous since the DS can tuned
accordingly to the active material used, enhancing the
electrode stability. Then, the two materials were combined and
used for the fabrication of composite SIB anodes. The electro-
chemical performances of the corncob-waste derived electrode
and the mechanisms of sodium storage into HC were inves-
tigated in Na half-cells.

Results and Discussion

Synthesis, Chemical and structural characterization of the
corncob-derived carboxymtehylcellulose (CC—CMC) binder

Carboxymethyl cellulose has been synthesized from corncob
food waste as raw material by the procedure detailed in the
Experimental Section. The NaOH alkaline pretreatment and
subsequent NaClO bleaching were used to dissolve lignin and
hemicellulose,*? while HCI treatment was aimed to isolate the
crystalline part of cellulose.”” Then, the extracted cellulose was
submitted to alkalinization with NaOH and etherification with
monochloroacetic acid. According to the scheme proposed by
Shui et al. in alkalization, the cellulose is converted to sodium
cellulosate, as shown in Eq. (1), while in etherification, mono-
choloroacetic acid is firstly converted to sodium monochloroa-
cetate Eq. (2) and then undergoes to nucleophilic substitution
at chlorine site, forming Na—CMC Eq. (3):*¥

[CeH;0,(0OH);], + nNaOH — [C¢H,0,(0OH),0ONal, +nH,0 (1)
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CICH,COOH + NaOH — CICH,COONa + H,0 2)

[CsH,0,(OH),0Nal, + nCICH,COONa —

3
n[C4H,0,(OH),0CH,COONa] + nNaCl )

The final product has been labelled as CC—CMC. The
reference commercial product is hereafter labelled as ST-CMC.

FT-IR spectra of the extracted cellulose, CC—CMC and
ST-CMC are reported in Figure 1a. The wide peaks around
3340 cm™' and 2890 cm ™' in all samples can be assigned to the
stretching vibration of O—H groups in glycosidic units and the
C—H group stretching, respectively, indicate the cellulose back-
bone. The presence of a strong absorption band at ~1597 cm™
in the CC—CMC sample corresponds to the carboxyl stretching
COO0", conforming the carboxymethylation.***® The peaks at
about 1422 and 1319 cm™, present in both CMC samples, are
related to the —CH,— scissoring and —OH bending vibration,
respectively.”” The peak at ~1040 cm™' is attributed to the C—O
stretching of ether and alcohol in glucose units in all samples.*¥

In order to investigate the thermal stabilities of synthesized
CC—CMC and commercial ST-CMC, TGA was carried out (Fig-
ure 1b). The thermal degradation pattern of CC—CMC has a
similar trend than the reference compound. In both samples,
the first degradation step around 100°C is associated with the
evaporation of water. The main weight loss (~41 %) for CC—CMC
starts at an onset temperature of 230°C and continues until
305°C. This step can be mainly related to the decarboxylation
of cellulose™ followed by the onset of breaking down of
cellulose chains into lower molecular weight hydrocarbons. The
cellulose backbone decomposition is the main process evi-
denced in the range 305-600°C,“" with a weight loss of around
25%. Above 600°C, the residual liquid and solid char evolve
into a gaseous fraction leaving around 10% of ash content.

a)
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CC-CMC |

" 2890
33401
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Figure 1. Chemical Characterization of CMC. (a) FT-IR spectra of Cellulose,
CC—CMC, and ST-CMC; (b) TGA data of CC—CMC, and ST-CMG; (c) NMR
spectra of CC—CMC and ST-CMC.
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Since the physical-chemical properties of CMC are affected
by the degree of substitution (DS), the DS was estimated using
'H-NMR spectroscopy. Figure 1c illustrates "H-NMR spectrum of
CC—CMC in D,0. The CMCs spectral lines in the range 4.5-
3.0 ppm are very complicated, making the assignment of 'H
chemical shifts and the extrapolation of structural information
very difficult. The DS value of the CC—CMC samples has been
estimated as 0.59, in agreement with Shui et al.*? which used
the same NaOH/CICH,COOH molar ratio for the etherification.
The DS value of ST-CMC has been estimated as 0.84 (vs. 0.9
declared by the manufacturer), thus assessing a quite good
reliability of the analytical method.

Chemical, structural and morphological characterization of
the corncob-derived hard carbon (CCDHC) active material

The SEM image in Figure 2 shows that the CCDHC is charac-
terized by blocklike morphology with irregular particles size in
the micrometer range.”® The elemental composition estimated
by EDX analysis reveals that, apart from carbon (95.9 at%) and
oxygen (1.6 at%), there are residual potassium impurities (2.5 at
%), which is originated from the biomass matrix.

The structure of CCDHC was evaluated by XRD, as shown in
Figure 3a. Two broad peaks can be observed at 26 values of 23°
and 43°, which correspond to the crystallographic planes of
(002) and (100) in the disordered carbon structure, respectively.
No impurity peaks were observed from XRD pattern. Crystallo-
graphic parameters acquired by XRD analysis are presented in
Table 1. According to the Bragg's Law, the d, interplanar

Counts fa.u.

Energy /eV

Figure 2. (a) SEM image of CCDHC; EDX elemental mapping of (b) carbon; (c)
oxygen; (d) potassium; Magnification = 5000x. (e) EDX analysis of CCDHC.
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Figure 3. Chemical and physical characterization of CCDHC powder: (a) XRD
pattern; (b) Raman spectra; (c) N, adsorption-desorption isotherm; (d) CO,
adsorption isotherm and pore size distribution.

Table 1. Crystallographic parameters of CCDHC powder.

Sample dooz L. [nm] L, [nm] Ie/lp n

CCDHC 0.387 0.78 19.14 0.996 3.01

spacing is calculated as 0.387 nm, which is higher than that of
graphite (0.335 nm), facilitating the sodium insertion/de-inser-
tion between graphene layers.®" The staked plane height (L)
can be approximately estimated as 0.78 nm from XRD peaks,
respectively, which are close to those of the reported sp?
carbon.?®*? The number of interlayers stacked in the graphitic
domains n can be roughly estimated using dgy, (0.387 nm) and
L. (0.780 nm) values. According to the calculation (n=0.780/
0.387+1) the graphitic domain of CCDHC is made up of 3
stacked graphene layers.”® To further investigate the carbon
textural characteristics, the Raman spectrum of CCDHC powder
was performed. As shown in Figure 3b, the powder shows two
peaks at around 1344 cm™' (D-band) and 1587 cm™' (G-band),
which are characteristic for all layered carbon materials. The D-
band originates from disordered and defective sp’® carbons
while the G-band corresponds to graphitic in-plane sp?
carbons.”™ The intensity ratio between the G band over the D
band (I/ly) reflects the disordered degree of hard carbon
materials, which is calculated to be 0.996, indicating the low
degree of graphitic ordering of CCDHC powder (Table 1).2*
Moreover, two broad and small peaks are located at
~2690 cm™' and 2900 cm™', which correspond to 2D and D+G
bands, respectively. 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.”>*® An L, value of
19.14 nm is calculated from Raman band analysis, according to
Eq. (4). To fully understand the pore structures of CCDHC, two
different probing molecules (N, and CO,) were used. Firstly, N,
adsorption-desorption measurement was conducted and the

ChemElectroChem 2023, 10, €202201117 (4 of 11)

obtained isotherm is showed in Figure 3c. According to the
International Union of Pure and Applied Chemistry (IUPAC)
classification, this graph is the consistent with a type IV
isotherm typical of mesoporous materials with a hysteresis loop
at a relative pressure in the range 0.15-1 p/p°. Moreover, the
sharp rise at low relative pressure (<0.14 p/p°) denotes the
presence of micropores.”*® The Brunauer-Emmett-Teller (BET)
surface area was determined to be 124.4 m?g 1. Considering
that N, is not suitable for the determination of small size pores
(<0.7 nm), the ultramicroporosity determination was achieved
using CO, at higher temperature (273 K) favoring the gas
diffusion into the narrowest pores.”® The CO, adsorption
isotherm is showed in Figure 3d. The results showed that the
CO, BET surface area is significantly higher respect to N, BET
(427.2m*g" vs 1244 m?g"") suggesting an extra-porosity
coming from the ultramicropores. The same behavior was
observed on other types of hard carbons.”**® The DFT pore size
distributions confirm the presence of micropores with peaks at
0.47, 0.60, 0.77 and 0.85 nm and a total volume of micropores
of 0.11 cm®*g™".

Electrochemical Characterization

The galvanostatic charge/discharge E vs. Q profiles of the
CCDHC/CC—CMC composite electrodes, cycled at a current
density of 300 mAg™' between 0.01 and 2V in half cell, are
displayed in Figure 4a, and reveal the typical features of Na
storage by amorphous carbon, i.e. a potential sloping region
extending down to 0.1V followed by a low potential plateau
below 0.1V. During the first discharge process, a pseudo
plateau starting at 0.9V evidences electrolyte decomposition
and solid electrolyte interphase (SEI) formation, which lead to
an irreversible capacity loss of 165.43 mAhg™". This pseudo
plateau disappears in the subsequent cycles suggesting that a
relatively stable SEI is formed.* The CCDHC electrode shows a
reversible specific capacity above 200 mAhg™' for more than
400 cycles, confirming the high reversibility of the sodiation
processes. To investigate the contribution of the sloping region
and of the low-voltage plateau to the overall Na storage, dQ/dV
curves at different cycles were plotted (Figure 4b). As shown,
E,.=0.1V can be considered as the discrimination point during
sodiation between sloping (above 0.1V) and plateau (below
0.1 V) regions. Thus, the discharge capacities of selected cycles
were separated in these two regions, as shown in Figure 4c. It is
interesting to note that the contribution of the low-voltage
plateau to the capacity remains practically constant through
cycling (around 120 mAhg™), representing a high reversibility
of the Na storage processes occurring at the low-voltage
plateau. On the other side, the contribution of the sloping
region progressively decreases upon cycling (it passes from
136.7 mAhg " of the 2™ cycle to 85.9 mAhg ' of the 400" cycle),
suggesting a partial irreversibility of the step. The charge/
discharge capability and capacity retention of three different
cells cycled at 1 C, 2 C, 5 C, respectively, are shown in Figure 4d,
as well as the corresponding Coulombic efficiencies. The
electrodes cycled at 1 C, 2 C, and 5 C evidence initial discharge
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Figure 4. Electrochemical performances of CCDHC-based SIB electrode
prepared with CC—CMC binder: (a) Galvanostatic discharge/charge voltage
profile at 1 C; (b) dQ/dV vs E,,. curves at different cycles; (c) Contribution to
capacity above and below 0.1 V as a function of cycle number; (d) Long
cycling at different scan rates (1 C, 2 C and 5 C); (e) Contribution to capacity
above and below 0.1 V as a function of current density at 2™ cycle; (f) Rate
capability.

capacity of 429.7, 366.0, and 350.2 mAhg™', with corresponding
initial Coulombic efficiencies (ICE) of 59.4%, 54.7 %, and 43.2%,
respectively (see Table 2). Caution has to be exercised in
interpreting this apparently strange ICE trend, since the
complete formation of the SEI requires more than one cycle,
making the definition of a trend quite difficult. Nonetheless, the
CCDHC exhibit ICE in line with most hard carbon materials,
which have ICE in the range 40-70%." However, in full-cell
configuration the irreversible loss of cyclable sodium must be
compensated by the cathode material, reducing the energy
density of cell and limiting the practical applications of SIBs.
Therefore, improving the ICE is a key issue for the development
of commercial sodium-ion batteries.®” During the second cycle,

Table 2. First-cycle irreversible capacity, initial coulombic efficiency (ICE),
second-cycle reversible discharge capacity, and capacity retention of
CCDHC-based SIB electrodes at different current rates.

Current  Discharge ICE  Discharge Capacity

Rate Capacity 1* cycle [%] Capacity 2™ Retention after
[mAhg ™ cycle [mAhg™] 100 cycles [%]

1C 429.7 59.4 2643 84.0

2C 366.0 54.7 206.6 80.4

5C 350.2 432 1475 829

ChemElectroChem 2023, 10, €202201117 (5 of 11)

the electrodes exhibit discharge capacities of 264.3, 206.6, and
147.5 mAhg™" with an excellent capacity retention of 84.0%,
80.4%, and 82.9% after 100 cycles at 1C, 2C, and 5C,
respectively. Figure 4e shows the contribution of capacity above
and below 0.1V at different current rates. The low-voltage
contribution increases slightly slower (so that the percentage
contributions increase from 48.26 % at 1 C to 50.16% at 2 C and
50.85% at 5 C), suggesting that, due to the increasing of cell
polarization at higher current rates, there is a possible
contribution of the fast surface-controlled capacitive process of
sodium storage also in the low-voltage plateau. To further
evaluate the charge/discharge capability of the electrode at
various currents, a fresh cell was subjected to rate capability
measurements in the cycling rate from C/5 to 5 C, as shown in
Figure 4f. The CCDHC electrode exhibits a promising rate
capability with a low-capacity fade when the current is boosted,
ranging from 273.9 mAhg™' at C/5 to 1792 mAhg™' at 5C.
Afterwards, the capability to recover pristine performances was
investigated by cycling the electrode at 1 C up to 100 overall
cycles. The cell yields a specific capacity above 200 mAhg™
after 100 cycles, suggesting outstanding reversibility and
stability even in demanding conditions. Comparing these
results with others found in literature, CCDHC shown superior
or comparable performances in terms of specific capacity and
rate capability respect to other biomass-derived HCs 1826505263641
Moreover, the synthesis of the CMC binder from the same
abundant raw material, which has a high cellulose content
(around 69%),%" can additionally improve the sustainability of
the electrode manufacture especially through aqueous elec-
trode processing. However, it is worth to note that testing
materials in half-cell configuration may be not truly representa-
tive and can eventually underrate the performances of active
materials due to the high reactivity of sodium metal counter
and reference electrodes in organic electrolytes, which can
influence the electrode/electrolyte interface stability and resist-
ance and thus the cycle life >

In order to investigate the nature of Na storage processes in
the CCDHC electrode, cyclic voltammetry (CV) experiments
were performed. Firstly, CV of the initial three cycles was run at
a scan rate of 0.1 mVs™' between 0.01 and 2V in a half cell vs.
Na*/Na, as shown in Figure 5a. The irreversible broad peak at
the first cathodic scan centered at 0.57 V (A) can be assigned
mostly to the decomposition of the electrolyte and the
formation of the SEL” In the following scans, the contribution
from irreversible SEI formation disappears, leaving a broad
feature (B) due to the "high-potential” (E >0.1V) Na storage.
This is a reversible process, as confirmed by the symmetrical B’
feature revealed during anode scans. The sharp reversible peak
near 0.01V is attributed to the Na™ insertion/extraction into
hard carbon.B” After the 1% cycle, the CV curves are overlapped,
indicating a reversible electrochemical behavior. To provide a
deeper understanding of the Na storage surface-related
capacitive and bulk-related diffusive behaviors, cyclic voltam-
metries were also recorded at different scan rates between
0.1mVs™ and 1.0 mVs™' (Figure 5b). All the CV curves show
similar shapes at various sweep rates, and a small polarization
of the anodic and cathodic peaks can be seen evidenced during
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Figure 5. Electrochemical performances of CCDHC-based SIB electrode
prepared with CC—CMC binder: (a) Cyclic Voltammetry upon the first three
cycles, scan rate 0.1 mVs™'; (b) CV curves at different sweep rates (between
0.1 mVs~"and 1 mVs™"); (c) Relationship between log i and log v; (d) i(V)/v"?
against v'? at different potentials during sodiation; (e) capacitive contribu-
tion % during sodiation as a function of the potential at different scan rates;
(f) Diffusion coefficient at different potentials during sodiation.

the charge and discharge.*® In order to determine the sodium
storage mechanism, the power-law relationship between scan-
ning rate and peak currents was calculated by fitting the
experimental data to the following equations Eq.(4) and
Eq. (5)

i=av (4

log i = blogv + loga (5)

Where i and v show the peak current and the scanning rate,
respectively, while a and b are the parameters to be
determined. Typically, a value of b close to 0.5 indicates a
diffusion-controlled reaction, such as insertion/extraction be-
tween graphene layers, while a value of b close to 1 indicates
that the current is controlled by a capacitive behavior.” Two
peaks were selected for the kinetic analysis: the first one is the
broad peak at 0.5V (i) corresponding to the sloping region,
while the second one is the sharp peak in the low potential
region at 0.01 V (i,). The current peaks as a function of the scan
rate in logarithmic scale are shown in Figure 5¢, representing an
excellent linear relationship with R?=0.99 for both curves, with
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a slope of 0.97 for j; and 0.58 for i, respectively. Thus, these
results suggests that the current in the sloping region (i) arises
from the surface controlled reactions (i.e. adsorption on active
sites) while the current at low-potentials (i,) originates from the
diffusion-controlled reaction (i.e. sodium insertion/extraction
between graphene layers).”>”® Additionally, the capacitive
contribution to the current response can be determined
according to the following equation Eq. (6):

i(V) = kyv + kyv'/? (6)

where the current response at a fixed potential can be
distinguished in surface-controlled (k,v) and diffusion-depend-
ent (k,v"?) contributions. By counting k; and k,, the split of the
contribution of the two mechanisms to the current response
can be determined.”>* Figure 5d shows the excellent linear
relationship of i(V)/v"? against v at different potentials during
the sodiation process, which were used for the determination
of k; (slope) and k, (intercept)., Figure 5e shows the trends of
capacitive contribution (%) at different scan rates (v) as a
function of potential (V), as calculated from Eq. (6). As expected,
increasing the sweeping rate leads to a higher pseudocapacitive
contribution at each potential step, meaning that the current
response comes from the fast surface-induced capacitive
process, such as adsorption.”®’ It is interesting to note that
starting from 0.15V, the capacitive contribution increases
reaching a maximum at 0.55V (91.9% at 0.1 mVs ™' and 98.9%
at 1.0 mVs™") and then decreases rapidly reaching a minimum
at 135V (6.2% at 0.1 mVs™' and 17.8% at 1.0 mVs™") at each
scan rate. These results confirm that at E,.<0.15V the upper-
most process is the diffusion-controlled intercalation of sodium
into carbon framework, however there is a small contribution of
capacitive process especially at high current density; at 0.25<
E,.. <0.75 V the surface-controlled processes are predominant.

The kinetics of Na™ diffusion in CCDHC was investigated by
Galvanostatic Intermittent Titration Technique (GITT), applying
a current pulse of 30 mAg™' for 0.5h followed by 3h of
relaxation for each current pulse. According to the Fick’s second
law, the diffusion coefficient Dy, values were calculated using
the following equation Eq. (7):

b 4 (myV,\? (AE?
N =g \ M5 ) \AEr )

Where Tt is the current pulse time (s), m, is the mass of the
active material (g), V,, and M, represent the molar volume
(em®mol™") and molar mass (gmol™) of carbon, respectively, S is
the contact surface area of the electrode (cm?), AE, is the
steady-state voltage change during a single step of GITT and
AE, is the voltage change during a single current pulse."? The
calculated diffusion coefficient during sodiation (Dy,") was
plotted as a function of voltage, as shown in Figure 5f. The high
values of Dy,* of CCDHC in the high part of the sloping region
(Eye >0.3V) mimic the rapid adsorption of sodium ions on
surface active sites, which are gradually occupied during
sodiation leading to a progressive decrease of Dy,". In the lower
part of the sloping region (0.3 <E,. <0.1V), the saturation of
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the surface accessible sites forces the remaining sodium ions to
increase the diffusion length to find vacant adsorption sites,
decreasing the diffusion coefficient to values in the order of
107" ecm?s™".P¥ Finally, in the low-voltage plateau (E,. <0.1V),
the apparent diffusion coefficient rapidly decreases reaching a
minimum at E,.=0.06V because the sodium ions have to
overcome the energy barrier to intercalate between graphene
layers. After that, since the interlayer spacing is enhanced by
the intercalated sodium ions, the diffusion coefficient rapidly
recovers before the cutoff potential, indicating an easier
diffusion kinetic.”®

A deeper study of the kinetics of the charge/discharge
processes as well as the interfacial behavior of the electrode
have been performed through electrochemical impedance
spectroscopy (EIS) measurements every 10" cycle at E,,=0.5 V.
The Nyquist plots are shown in Figure 6a. All the impedance
spectra present similar features: (i) a semicircle in the high-
frequency region related to sodium migration through SEI film,
which is partially overlapped by (ii) a semicircle in the middle-
frequency region correlated with the interfacial charge-transfer
process;”” (iii) a straight line in the low-frequency region
corresponding to the Na™ ion diffusion in the bulk of electrode
material.®® EIS data were fitted through an equivalent circuit
model, noted as R, (RszCse)(R.CHWC, in the notation of
Boukamp.®® The calculated values of Ry, and R, are shown in
Figure 6b. The R,, Rsy; and R, are the resistances associated with
electrolyte, SEI passivation layer and charge-transfer process,
while Cg, C, and C; are the SEI film capacity, electric double
layer capacity and differential intercalation capacity, respec-
tively. W is the Warburg element, describing Na™ diffusion.”®
For the fitting procedure, the pure capacitive elements were
replaced by constant phase elements Q to take into account
the non-ideal capacitive behavior given by the electrode surface
roughness and inhomogeneity.”® The electrode exhibits low
resistance (Rs; and R.) values upon cycling, indicating high
reaction kinetics and interfacial stability. As regards the
passivation layer, the calculated Ry values slightly increase
during the first 30 cycles, and then remains almost unchanged
during the subsequent ones, suggesting strong interactions of
the CC—CMC binder with carbon substrate®” and SEI products.
However, the dynamic nature of the SEI formation leads to
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Figure 6. (a) Nyquist plot of CCDHC-based SIB electrode prepared with
CC—CMC binder, acquired every 10t cycle, E=0.5V, 10 mHz < f <100 kHz;
(b) Values of R.;, Rs; and R, upon cycling, as obtained by EIS data analysis;
Equivalent circuit used to simulate the data.
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continuous partial dissolution and re-formation of the outer
layer of the SEI, which is soluble in carbonate electrolytes.®*%"
Therefore, the formation of a stable passivation layer requires
some cycles. As regards the charge-transfer resistance, during
the first cycles the electrode shows higher R, values with
respect to subsequent cycles, probably because of an electrode
activation due to progressive pore surface wetting by the
electrolyte. The calculated R, values decrease after 20 cycles
and remain unchanged up to 100 cycles, evidencing the
stabilization of the electrode/electrolyte interface.

To further evaluate the redox processes occurring at Hard
Carbon, distribution of relaxation times analysis (DRT) was
applied to the impedance spectra collected during sodiation
and desodiation (5™ cycle). The raw spectra evidenced the same
features observed in Figure 6. However, the Nyquist plots here
reported (Figures 7a,b) lack the low-frequency, diffusion-related
line, since it was subtracted prior the DRT analysis, satisfying
the boundary condition of convergence of the impedance
toward the real axis when w tends to 0, which is not guaranteed
with the divergent low-frequency Warburg diffusion.”®®? The
spectra have been fitted by a resistor R,, which represents the
resistance of the electrolyte and two parallels (RQ) in series,
which model the resistance of the passivation layer and the
charge transfer resistance, respectively. The calculated DRT
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Figure 7. Nyquist plot of CCDHC-based SIB electrode prepared with CC—CMC
binder, acquired during (a) sodiation and (b) desodiation every 100 mV,

50 mHz < f <100 kHz. Calculated DRT functions during (c) sodiation and (d)
desodiation. (e) Nyquist plot acquired at E=0.01 V at different temperatures,
50 mHz < f <100 kHz; (f) Calculated DRT function at different temperatures.
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functions (Figures 7¢,d) show three main peaks, and an addi-
tional peak marked as P*, which is the residual artifact retained
after the removal of the low-frequency line. The peak P,, with a
time constant of approximatively t=125x10"s (i.e. high-
frequencies) can be attributed to the contact impedance as
already reported for graphite in other study.®® The peak P,
with a time constant of approximatively T=2.51x10""*s, which
is consistent with the resistance of the passivation layer (Rsg),
increases during sodiation and decreases during desodiation as
well, consistently with the behavior of the high-frequency
semicircle in the Nyquist plots. This behavior suggests that SEI
is not completely formed and stabilized after 5 cycles. At 1V,
the most intense peak is P; with a low time constant of t=
0.49 s, corresponding to the medium-frequency semicircle in
the Nyquist plot, which can be related to the resistance of
charge transfer processes, which is maximum at high potential
since no electrochemical reactions occur. Lowering the poten-
tial and approaching the sloping region, P; peak decreases in
height and area, and shifts to faster time constant (during
sodiation it passes from 0.49s at 1V to 1.23x102s at 0.5V).
Simultaneously, the second semi-circle decreases its diameter in
the corresponding Nyquist plots. This means that the resistance
associated with the charge transfer R, progressively decreases
upon sodiation and vice versa. Thus, approaching the low
voltage plateau, the P; peaks continue to shift toward lower
time constant, reaching a value of approximatively t=4.05x
105, and eventually splitting into two contributions, with a
new peak P, appearing below 0.3 V with a higher time constant
of T=5.55x107?s. It is assumed that both peaks are related to
the charge transfer process of Hard Carbon. Similar results have
been reported for Li—graphite half-cells.®*” Consistently with the
cyclic voltammetries, since P, only appears at low potential
upon sodiation, and it is also present upon desodiation at the
same potential, it is likely that P, is related to the intercalation
of Na™ ions into the carbon host, while P; can be assigned to
the capacitive adsorption of Na™ ions onto active sites. This is
furtherly supported by the fact that the intercalation is
expected to be kinetically sluggish compared to the pseudoca-
pacitive adsorption process, hence occurring at higher time
constants. In order to better investigate the DRT peaks at the
low-voltage plateau, EIS was applied at different temperatures
(T=-10, +2, +10, +25°C) at E,.=0.01 V. The corresponding
Nyquist plots and the calculated DRT functions are reported in
Figure 7ef. The overall impedance increases, and the DRT peaks
increase and shift to the right, when the temperature decreases.
The peak P, shows a moderate temperature dependance,
confirming that it describes the SEI polarization. On the other
hand, P; is strongly affected by the temperature, with its
intensity rapidly growing as the temperature is lowered. This
behavior is typical of an activated charge-transfer process. The
peak P,, which is visible below 0.3 V for DRT collected at 25°C
(Figure 7c-d), is not detectable in the graphs of the lower-
temperature DRTs because it is probably overlapped by the
large-polarization P, feature.
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Conclusion

High performances HC has been successfully synthesized from
biowaste corncobs through a simple one-step carbonization
process at 950°C in inert atmosphere. In parallel, an aqueous
binder has been successfully produced from corncob extracted
cellulose, by NaOH:CICH,COOH etherification, thus obtaining a
Na—CMC sample with an estimated degree of substitution of
0.59. By studying the structural and morphological behaviors of
the active material, CCHC showed a suitable interlayer spacing
and a good surface area for partial bulk insertion and interfacial
adsorption of Na. When they are combined in an anode for
SIBs, CCDHC active material with CC—CMC binder exhibits good
electrochemical performances delivering a specific capacity of
264 mAhg™' at 1C with a promising capacity retention and
good rate capability. Moreover, the electrode shows a high
reaction kinetics, while interfacial stability arises from the strong
interactions between hard carbon and Na—CMC. According to
the experimental observations, the sodium storage arises from
the capacitive-controlled adsorption on surface active sites in
the sloping region (E >0.1V), while the diffusion-controlled
intercalation is the predominant process approaching the low-
voltage plateau (E <0.1V). The reported results represent a
relevant contribution both to the in-depth understanding and
optimization of the sodium storage mechanisms at carbona-
ceous hosts, and to the development of high-performing,
sustainable anodes for SIBs.

Experimental Section

Synthesis of Corncobs-derived Hard Carbon

The corncobs utilized in the experiment were collected from the
market food of Marche region (ltaly). The corncobs were smashed
and dried at 80°C for 1day in an oven. Therefore, the dried
corncobs were carbonized in a horizontal cylindrical furnace at
950°C for 2 h under argon flow after a heating ramp of 10°C/min.
The sample was cooled down inside the furnace, under argon flow
as well. Finally, the resultant material was ground in an automatic
ball mill for 4 h at 300 rpm in a steel jar (ball to powder ratio 1:50
in weight). The fabricated corncobs-derived hard carbon was
denoted as CCDHC.

Isolation of cellulose and synthesis of Corncobs-derived CMC

The raw materials were first ground and dried to remove the excess
of water, then three subsequent treatments were preliminary
conducted, each followed by a washing step with deionized water
until neutral pH. The first treatment was with an aqueous solution
of NaOH (3% w/w) at 100°C for 4 h under vigorous agitation. The
second one was a bleaching with an aqueous solution of NaClO
(0.1%w/w) at 85°C for 5 h, using NaOH as buffer (pH ~12).% The
third one consisted in a mild acid hydrolysis with 3 M HCl for 1 h at
room temperature. Next, for the etherification reaction, the
cellulose (dried product) was preliminary immersed in an aqueous
solution of NaOH (15%w/w) and stirred for 1 h at room temper-
ature. At the same time, the mixture of chloroacetic acid and
ethanol (96%v/v) was added to the batch and stirred for 2 h at
70°C. The alkali excess was neutralized with some drops of 3 M HCI.
The Na—carboxymethyl cellulose was obtained by filtration, fol-
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lowed by washing with ethanol and drying. The NaOH:CICH,COOH
molar ratio was 1.6. The synthesized corncobs-derived CMC was
labelled as CC—CMC.

Material Characterization

Infra-Red spectra of the extracted cellulose, CC—CMC, and standard
CMC (ST-CMC) (Sigma Aldrich) powders were recorded by means
of a Perkin-Elmer Spectrum Two FTIR spectrometer within the wave
number range of 400 to 4000 cm™'. Thermogravimetric analysis
(TGA) of CCD—CMC was carried out using a Perkin-Elmer STA 6000
Thermal Analyzer. The nitrogen flow rate at the powder was set to
50 mLmin~" and an alumina crucible was used to hold the sample.
After equilibration, the powder was heated up to 900 °C at a rate of
10°Cmin~". The thermogram of synthesized CCD-CMC was
compared with that of a commercial analogue (Sigma-Aldrich). 'H-
Nuclear Magnetic Resonance spectroscopy (NMR) was used to
estimate the degree of substitution (DS) of CMC, according to the
method proposed by Klosiewict.®™ The method involves the
measurement of the ratio of two spectral integrals, A/B, where A is
one half of the integral of the carboxymethyl signals in the region
between 4.0-4.5 ppm, and B is the integral representing an area of
one proton in an anhydroglucose unit. The values of B are obtained
using one-sixth of the total integral of the major C—H signals
between 3-4 ppm. Before the analysis, the CC—CMC sample was
dissolved in deuterium oxide at a concentration of 15 mg/ml
heating to 70°C for 2 h. The spectra were recorded using a Varian
Mercury 400 spectrometer operating at 400 MHz. The chemical
shifts were quoted in ppm and calibrated from the residual protons
signal of deuterated solvent as internal standard. The goodness of
the estimation method was assessed applying it to a reference
Na—CMC with a DS of 0.90 declared by the manufacturer.

Scanning Electron Microscopy (SEM) and Energy Dispersive X ray
analysis (EDX) of the CCDHC sample were acquired using a FESEM
Cambridge Stereo scan 360 electron microscope equipped with
QUANTAX EDX detector (at an accelerating voltage of 15 kV). The
structure of the CCDHC powder was characterized by X-ray
diffraction (XRD) (Bragg-Brentano geometry, Cu—Ka, h=1.54059 A)
and Raman spectroscopy (Horiba IHR 320, wavelength 532 nm). The
interplanar spacing (dy,) was calculated according to the Bragg's
Law Eq. (8):

doo; = A/2sin (Ogg,) (8)

with A=0.154 nm.

The crystallite size along c-axis (staked plane height) L. was
estimated according to the Scherrer’s Equation Eq. (9):

Le = K A/Bo02€0s(0o02) 9)

where K is a shape factor which corresponds to 0.9 and {3 is the full
width at half maximum of (002) peak.®” Moreover, the average
width of graphene domain L, was also estimated using Raman
technique according to the Eq. (10):

Ly = (24E7°) A (Ig/Ip) (10)

where ) is the wavelength of laser source (532 nm) and I/, is the
intensity ratio between the D band over the G band.

Pore characteristics of CCDHC were evaluated by N, adsorption/
desorption measurement at 77 K and CO, adsorption measurement
at 273 K using a Micromeritics ASAP 2020 instrument. Prior to both
the adsorption/desorption measurements, the CCDHC sample had
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been outgassed for 12 h at 150°C. The specific surface area was
calculated by the BET model over the classical range p/p®=0.05-
0.3.

Electrode Preparation and Cell Assembling

Negative electrodes were made with CCDHC as the active material,
Super-P carbon (Imerys) as the conductive agent, and CC—CMC as
the binder. CCDHC:Super-P:CCD—CMC (85:10:5 w/w) slurries were
prepared in high purity deionized water, coated onto Cu foil using
the doctor blade technique (thickness of wet coating=100 um),
and left to dry at r.t.. After calendaring, circular electrodes (9 mm
diameter) were cut and further dried at 120°C under vacuum for
12 h. The loading of active material was around 1.5 mgcm™? for all
the electrodes. For the half-cell, three-electrode Swagelok-type cells
were assembled in an argon-filled glove box (Jacomex GP-campus,
oxygen and moisture content less than 0.8 ppm) using CCDHC as
working electrode and metallic sodium (Sigma-Aldrich) as reference
and counter electrodes. A 1 M solution of NaClO, (Sigma-Aldrich) in
ethylene carbonate (EC)/polycarbonate (PC) (1:1 in volume)
(Sigma-Aldrich) was selected as the electrolyte (400 pl) and 12 mm
glass fiber disks (Whatman GF/A) as separator. After the assembly,
the cells were removed from the glove box for the electrochemical
characterization.

Electrochemical Characterization

All electrochemical tests were carried out using a VMP-2Z multi-
channel electrochemical workstation by Bio-Logic Science Instru-
ments (France). Cyclic voltammetry of the sample was carried out at
different scanning rates ranging from 0.10 mVs™' to 1.00 mVs™" in
the voltage range 0.01 to 2 V. Galvanostatic charge/discharge and
rate capability tests of the electrodes were collected with the
voltage ranging between 0.01 and 2 V. For all the experiments, 1 C
rate was assumed as 300 mA/g with respect to active material
mass. In addition, C-rate capability of the CCDHC electrode was
evaluated in the C/5 to 5 C range (5 cycles at every rate). In order to
evaluate the interfacial behavior of electrodes, electrochemical
impedance spectroscopy (EIS) was carried out at the first cycle and
then at each tenth cycle at E=0.5V, with an AC amplitude of 5 mV,
in a frequency range 100 kHz >f > 10 mHz. Additionally, to deeply
understand the interfacial and the sodium storage behaviours of
CCDHC, staircase potentio impedance spectroscopy (SPEIS) was
carried out during sodiation and desodiation. The impedance
measurements were carried out at 5™ cyle, setting potential step of
100 mV from 1.00 to 0.01V, applying the same pulse of 5mV
amplitude as for EIS each tenth cycle, in the frequency range from
100 kHz to 50 mHz. The SPEIS data analysis was performed by
Distribution of Relaxation Times (DRT) and Equivalent Circuit Model
(ECM) methods. All potentials are given vs. Na*/Na redox couple
(E°=—2.7 vs. SHE).
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