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Abstract

The main aim of this research is the examination of the physicochemical properties and their impact on the electrochemi-
cal activity of carbon materials obtained from the starch of different botanical origin (SCs). The obtained materials are
compared to graphene nanoplatelets (GNPs) of different particle sizes (5 and 25 um) applied as an anode active material for
high-performance lithium-ion cells. SCs were obtained via thermal carbonization and this process enables an obtainment
of better sorption properties compared to GNPs. The excellent electrochemical properties are mainly attributed to the good
Dy, 3.03x1073-7.64x 107" em? s~ for SCs and 7.60x 10713-5.42 x 1072 cm? s™! for GNPs) and relatively small resist-
ances (EIS). However, the primary focus is on the specific capacity and cyclability. The capacity retentions of CSC cycled
at 1mA g7, 10mA g7!, 50 mA g%, 1 mA g~! for 50 cycles are 98%, 99%, 96%, 94% with specific capacities equal to 820,
800, 790, 1000 mAh g™, respectively. The SGNPs and 25GNPs may present a much smaller reversible capacity of 650,
600 mAh g~! at 10 mA g~!. The thermal modification process of starches is simple, safe and widely applied, providing new
paths for rational engineering of anode materials for LIBs. Moreover, the applied materials are easily available worldwide
and are promising in the well-known Green Chemistry aspect making the cells more biodegradable.
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Statement of Novelty

The work is a scientific novelty, because the obtained starch
material has a similar structure to that of the graphene nano-
platelets that have recently been considered as anode active
material for LiBs. The use of graphene materials in cells
has its disadvantages such as large drops in specific capac-
ity, electrochemical capacitor windows or instability during
operation. The carbonized starches proposed in this paper do
not exhibit such features. Thus far, current literature has not
provided a comparison of the electrochemical behavior of
four starches of different botanical origin. Starch is an easily
available material, complies with the green chemistry policy
and is easily processed as a carbonized carbon material. The
obtained material increases the biodegradability of the cell.

Introduction

Lithium-ion batteries are lightweight and have a higher
energy density than others, for example up to 50% compared
to lead-acid batteries. This makes them a popular source
of power supply in consumer electronics and electric cars.
It is expected, that for a long time no other type of battery
will compete them. Regardless of the type, each battery
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consists of four basic components: an anode, a cathode, a
separator and electrolyte. The electrodes are made of vari-
ous materials.

A widespread achievement in the technology industry,
including electrochemistry, is the prevalence of machining-
based different allotropic varieties of coal. Organic elec-
trodes require large amounts of conductive carbon (over
30% by weight) to maintain proper conductivity, which can
significantly reduce the energy density of the entire cell [1].

Usually, graphite is used as an active material in Li-ion
cell anodes because of its high stability, while its maximum
capacity is limited to 372 mAh g~ due to LiC4 binding in
accordance with the reaction: C¢+Li* +e— <>LiCq. There
also exists the increased intercalation of solvated lithium
ions, therefore graphite ceases to fulfill its role as an active
material in the lithium-ion cells [1, 2]. Dry mass doping
is used to create the electrode paste to increase the mate-
rial stability. The greatest development of the carbon-based
materials in lithium-ion cells concerns their use as an active
material anode or cathode conductive diluent [3].

As the anode carbon materials used in various industries
we may distinguish HOPG (highly oriented pyrolysis graph-
ite), natural graphite, artificial (synthetic) graphite, hard car-
bons, soft carbons, carbon nanotubes, low-temperature mes-
ophase materials and MCMB carbons [2, 3]. For example,
hard coals exhibit the largest capacity possible. Excellent



Waste and Biomass Valorization (2021) 12:6403-6422

6405

performance, flatness of discharge, high operating voltage,
significant low temperature performance and electrical con-
ductivity are observed for synthetic graphite.

Mesophase carbon fibers (MCFs) (Fig. 1) have a radial
crystal orientation that is capable of seamlessly building in
lithium ions on either side of the material surface walls. The
sidewall is covered with a thin, porous, graphene layer that
protects the fiber from changing shape during intercalation
and deintercalation of lithium during swelling and volume
reduction. The phenomenon of these batteries is the use (in
addition to MCF or BMCF) of new electrolytes contain-
ing LiBF, particles dissolved in EC/MEC/y-BL and an alu-
minum tank made of laminated plastic.

The hard carbons are formed when heating thermosetting
resins (such as sugars, proteins, cellulose) in a vacuum or
inert gas atmosphere. As a result of a thermal decomposi-
tion, water (syneresis) and gases are released obtaining the
appropriate form of carbon whose particles are naturally
joined creating a complex structure that is unable to trans-
form into the form of graphite. The results of this form of
carbon are: high hardness, indeterminate crystal structure,
randomly distributed graphite structure as well as cavities
and voids. The significant advantage is the inability of these
forms to break down PC (propylene carbonate). However,
PC has the ability to energetically disintegrate, when in con-
tact with lithium graphite. These are two remarkable advan-
tages of the use of hard carbons compared to graphite [2].

Carbon nanotubes (CNTs) in variously modified forms
are extremely popular. Their wide application originates in
the strong carbon—carbon covalent bond, which enables high
stability, closed topology, increased conductivity and excel-
lent strength properties. Depending on the degree of gra-
phitization, the single-walled SWCNT variant or the carbon

Fig.1 Carbon-based materials
used in LIBs, electrochemical

capacitors and hybrid systems

based on literature [4]

nanotubes of higher capacity (multi-walled MWCNT) are
used (compared to graphite). SWCNTs exhibit the reversible
capacity of lithium 460 mAh g~!, while MWCNTSs can reach
980 mAh g~!, which is much higher than the capacity of
graphite (372 mAh g~!). CNFs (carbon nanofibers subjected
to graphitization at 550-700 °C) are also widely used. They
show a high capacity in the range of 2907-431 mAh g~! and
a satisfactory 60% coulombic efficiency of the first cycle.
Extremely forward-looking applications as anode material
in a Li-ion cell find graphene-based nanocomposites. Gra-
phene nanoflakes used as the active material of the negative
electrode reach half-cell capacities up to 700 mAh g=! [1].

There are many reports in the literature regarding Li-ion
batteries that show the possibility of use of the construction
of different carbonaceous materials such as activated car-
bons in a powder form [5, 6], carbon materials obtained from
carbides [7, 8], woven carbon fiber [9, 10], carbon nanofib-
ers [11, 12], carbon onions [13], carbon nanotubes [13-15],
carbon nanospheres [16], etc. This statement is incorrect,
particularly since the highly porous carbon electrodes have
a lower mass than the adsorbed electrolyte contained in them
[17].

Despite the great interest of the scientific world in syn-
thetic polymers, increasing emphasis is put on the green
aspects. Thus, biopolymers are a good substitute for them.
Nevertheless, the energy demand and the complexity of the
processes used to isolate these biopolymers still turn out to
be a big challenge [18]. One of the methods of modifying
these polymers is the enzymatic processes. Amylases are
often used as environmentally friendly enzymes, especially
in food technology [19]. The processing of biopolymers does
not only concern applications in packaging, medicines, agri-
culture, electrochemistry or food and material technologies
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[20]. They are widely used in the production of renewable
and environmentally friendly fuels. Thanks to this, the deep-
ening coal deficit is counterbalanced and the environmental
pollution is thus reduced [21].

The presented research addresses important issues con-
cerning the development of safe lithium batteries. Careful
observation of the phenomena and processes occurring dur-
ing the oxidation and reduction of new electrode materi-
als is the foundation of the work. A lot of physicochemical
properties of new electrode materials was undertaken using
the results of such analytical techniques as: infrared spec-
troscopy with the Fourier transformation (a technique used
to obtain an infrared spectrum of solid body absorption or
emission—FTIR), scanning electron microscopy (SEM) and
gas adsorption analysis neutral (BET). The most important
part, however, concerns the determination of the electro-
chemical properties of the tested compounds and linking
them with the structural and morphological features of the
analyzed materials.

The novelty of the work is certainly the comparison of
the electrochemical properties of four starches of different
botanical origin. Such an analysis of the physicochemical
and electrochemical properties has not yet been described
in the literature. The aim of the work is to prove that carbon
materials obtained from a simple modification of biopoly-
mers can achieve better electrochemical characteristics
than graphene nanoplatelets used as electrode materials in
lithium-ion cells.

The Experimental Procedure

Materials

Starches and graphene nanoplatelets were purchased from
Sigma-Aldrich (USA). In the research rice, corn, potato and

wheat starch, graphene nanoplatelets (5 pm particle size,
surface area 120150 m? g~!), and graphene nanoplatelets

Carbonization at 600 °C

e

Starch

Carbon from starch
(1)

Fig.2 Preparation steps and application of carbonized material
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(25 pm particle size, surface area 50-80 m? g~!) were
applied. Graphene nanoplatelets of 25 pm particle size will
be replaced with 25GNPs and of 5 pm particle size with
5GNPs in the following research. In the world, biomass can
be obtained from various agricultural sources such as ani-
mals, plants, invasive weeds, food waste etc. [22].

Preparation of the Carbonized Starch

Starches were prepared via carbonization in the nitro-
gen atmosphere (inert gas) in a tube furnace. The process
was carried out for 6 h, the heating rate was equal to 5 °C
min~!. Additionally, the temperature was increased for 2
h. Finally, the carbonization process was carried out at a
constant temperature of 600 °C for 4 h. The nitrogen flow
was 0.83 L min~!. The obtained starch-based carbon was
graphene-like and exhibited a very low bulk density. All the
carbonized starches (SCs) will be described briefly within
the manuscript. Carbon obtained from rice, corn, wheat and
potato-starch will be described briefly in the RSC, CSC,
WSC and PSC research respectively. Unmodified starches
will be marked RC, CS, WS and PS. The whole process of
obtainment of the carbon material and the application has
been described in Fig. 2.

Physicochemical Properties

The obtained materials were subjected to physicochemical
characterization and detailed electrochemical analysis.

Scanning Electron Microscopy (SEM)

The scanning electron microscope is used to determine the
morphological microstructure of granules. EVO40 (scan-
ning microscope) tests (Zeiss, Jena, Germany) were carried
out at Poznan University of Technology. The microscope
accelerates electrons in the range from 0.2 to 30 kV enabling
satisfactory distribution of the scanned substance.

Anode preparation

—

)

Electrode material
+NMP

Anode for lithium-ion cell
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Fourier Transform Infrared Spectroscopy (FTIR)

Characteristic functional groups presented on the surface of
the obtained hybrid materials were identified using the Fou-
rier transform infrared spectroscopy (FTIR). The measure-
ments were performed using a Vertex 70 spectrophotometer
(Bruker, Germany). The samples were prepared by mixing
with KBr and pressing into small tablets. The measurement
was carried out in the wavenumber range 4000 to 400 cm™".

Brunauer-Emmett-Teller analysis (BET)

For the BET analysis, ASAP 2020 by Micrometrics Instru-
ment Corporation (USA) in low-temperature nitrogen
adsorption was used. The samples were degassed at 120 °C
for four hours.

Electrochemical Properties

All electrodes were tested using cyclic voltammetry, elec-
trochemical impendance spectroscopy and charge—discharge
measurements.

Cyclic Voltammetry (CV)

The anode electrode pastes were created with polyvinylidene
fluoride (PVdF), acetylene black (AB), N-Methyl-2-pyrro-
lidone (NMP) and carbonized starches SCs (or GNPs) as the
active materials. All the measurements were performed for
the scan rates of 1,2 mV s™!. A schematic diagram showing
the structure of the cell has been shown in Fig. 3.

The percentage amount of each dry component in the
entire electrode paste has been presented in Table 1.

All dry components were dissolved in NMP and put
onto the copper foil and dried under a vacuum atmosphere.
In this research cell in Fig. 3 was used to investigate the

Electrolyte — : %
Separator—> @ Qa

® -
Starch-based ° e

carbon
Copper

Fig.3 Schematics of the Li-ion cell with carbon obtained from starch
(SC) as an active anode material

Table 1 Anode material

i Component Content (wWt%)
preparation

GNPs/SC 80

AB 10

PVdF 10

electrochemical properties of SCs (or GNPs) as the proposed
anode active material.

Electrochemical Impedance Spectroscopy (EIS)

The cell impedance was carried out using the GTM750
Potentiostat/Galvanostat/ZRA apparatus (Gamry Instru-
ments, USA). The analysis was carried out in the frequency
range of 100 kHz to 10 MHz and an alternating voltage
amplitude of 10 mV. As a result of the measurement, the
impedance spectra were presented in the real (R) and imagi-
nary (-iX) impedances. The unit of both impedances is 1 Q.

Charge-Discharge Test

The electrochemical charging/discharging process was per-
formed with the use of the G750 Potentiostat/Galvanostat
Measurements System (Gamry, USA) at a room temperature.

The tested anodes were prepared on a copper foil
(Hohsen, Japan) from a slurry of carbon (GNPs or SC),
acetylene black (AB) and PVdF in NMP. The ratio of com-
ponents has been shown in Table 1. After vacuum evapora-
tion of the solvent (NMP) firstly at 60 °C (12 h) and then
120 °C (12 h), the electrodes typically contained 3.5-4.2 mg
of carbon. A round-shaped lithium electrode (Aldrich, 0.75
mm thick) was used as the counter and reference electrode.

Results and Discussion

The obtained samples were characterized by physicochemi-
cal and electrochemical properties. An attempt was made to
analyze the obtained products. Some of the physicochemical
characteristics of samples were placed in the Supplementary
material.

Physicochemical Characteristics
FTIR

The FTIR spectra (Fig. 4b), obtained after carbonization
are typical of carbon structures. Based on the obtained
spectra, it may be observed that, as a result of carboni-
zation, functional groups of samples were degraded
and almost all the stretching alcoholic bonds have been
destroyed (including the H-bonded ones), the C-H

@ Springer
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Fig.4 The FTIR spectra of: a native starches; b SCs and GNPs

stretching bonds were significantly weakened and the C-O
and C-0O-C, despite PSC, were not noticeable.

WSC presents slight C—C bonds around the wavenum-
ber of 851 cm™!. A part of the 4000-2300 range is very
similar to the graphite and graphene structures, which may
confirm the presence of some identical groups within the
materials [23]. According to the literature [24], vibrations
for 1600, and 1000—1450 cm™! for PSC are associated with
the occurrence of C=C, C—O—C bonds in the furan chains.
It can, therefore, be argued that the visible peaks for PSC
at the wavenumber of 1452 cm™! can be understood as
incomplete degradation of the furan ring. From another
point of view, based on [25], part of the spectrum could be
due to the spectrum of fullerenes C,—COOH, also consti-
tuting different types of allotropic carbon. 25GNPs show
a slight OH stretching vibration for 1345 cm™! and 5GNPs
have no OH bond. Furthermore, except PSC, the transmit-
tance for all the functional groups after modification was
equal to 9% maximum.

@ Springer
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In the work [26], no peaks from chemical groups for pure
GNPs were detected on the FTIR spectrum, which confirms
the results obtained in the submitted work. Also, absence
of the high intense peaks is seen in the manuscript, where
microporous carbons derived from melamine and isophtha-
laldehyde were synthesized. Thus, the carbon materials in
general, which are not modified, show the low intensity of
absorbance of appropriate functional groups occurrence.

According to the reference [27] the main structure of the
unmodified GNPs was benzene rings. There is an absorp-
tion peaks with obvious double-bonded (C=C) benzene
rings were observe between 1600 and 1475 cm™!, which
are perfectly seen for the PSC structure in our manuscript.

The BET Analysis
Figure 5 presents the BET analysis for the unmodified and

carbonized starches and GNPs. The pristine materials were
mesoporous and had truly small values of the surface area.
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Despite the above, as for unmodified materials, they exhib-
ited good electrochemical properties. Therefore, a thermal
modification was carried out to improve the surface prop-
erties, hence the conductivity. Carbonized starches have a
greater BET surface area than both GNPs, which makes the
CSs more adsorptively active.

The surface area for the carbonized starches increases
in the following order: PSC < RSC < WSC < CSC, the
pore diameter after modification in the following order:
PSC < CSC <RSC < WSC and the pore volume in the fol-
lowing order: PSC<WSC <RSC < CSC. All the pores
are mesopore type on the verge of micropores, which may
decrease the lithium ions diffusion coefficient. All the pore
diameters of the SCs are smaller after carbonization, which
also denotes the activation of the adsorption structure. The
surface area of carbonized starches increases a hundred
times compared to the unmodified ones and is many times
higher than that of the GNPs for both particle sizes. The
developed surface area makes the obtained carbon a great
adsorption material and improves the electrochemical prop-
erties by facilitating the intercalation of the lithium ions in
LIBs.

The smaller BET surface often indicates that the porous
structure has a greater proportion of the meso- and macropo-
res, and vice-versa with the developed surface areas, where
the micropores dominate.

The BET specific surface area of graphene nanoplatelets
used in work [28] was about 226.8 m> g_l. GNPs could be
also used as a pore definer and shrinkage inhibitor by using
a straightforward sol—gel polymerization method and may
reduce the induced linear shrinkage during drying step (from
15 to 5%) and increase the pore surface area in case of nano-
composites [29].

The SEM Measurement

Before the carbonization process, all the pristine starches
(Fig. 6c¢, 1, 1, k) were globular or polyhedral and the lithium
ions were intercalated between those structures after the
charging/discharging process forming a kind of sponge.
The obtained morphological structure after the carboniza-
tion of starches (Fig. 6a, b, d, e, g, h, j) confirms the obtained
nanographene-like structure (Fig. 61, m). Carbon from all
the starches is truly similar to the shape of the graphene
nanoplatelets, but the SCs are more formed and visible.
All SCs and GNPs are platelet-shaped and are identical as
those found in the walls of the carbon nanotubes, but in a
planar form. A similar shape of the 25GNPs was found in
[30]. Almost identical SEM images for the CS were pre-
sented in the [31]. In our study, however, the carboniza-
tion process was carried out without any other modification
such as the sol-gel processes, which makes our modifica-
tion less demanding and expensive. In our study, wrinkled

@ Springer

and ultrathin sheets could also be seen after carbonization.
Here, the comparison is carried out between the graphene
nanosheets and carbon from different starches, but the simi-
larity to highly graphitized hard carbon rather than to pyro-
lytic amorphous carbon materials could also be observed
[31, 32]. It should be also noted that in its structure graph-
ite contains graphene layers and it could be the reason for
the structures to appear morphological to become similar.
Graphene nanoplates (GNPs) are thin flat particles, that
consist of single and few-layer graphene mixed with thicker
graphite, thus, they assume a form between graphene and
graphite [33]. In [34] similar SEM images were obtained
for few-layer graphene, synthesized via the liquid exfoliation
process, as observed for carbon from various starches, which
may confirm the obtained morphological graphene-layered
structure. In this study, carbon (CS) has a dense lamellar
structure and the surface is visibly smooth, more mechani-
cally durable, thicker and not as full with the morphological
defects compared to GNPs.

Similar to the structures obtained in this manuscript,
morphological images were shown in [35] for GNPs. The
graphene nanoplatelets used have a narrow thickness dis-
tribution; it is worth noting that the thickness is an average
of the dimension of the graphene nanoplatelets along the
direction perpendicular to the carbon layers.

Electrochemical Properties

The most important challenges for the curent generation
include solving the environmental problems by design-
ing products and chemical processes in such a way as to
reduce or eliminate the use of hazardous substances. One
of the basic tools for the implementation of this principle
is the development of methods using the phenomenon, e.g.
catalysis and development of electrochemical methods. It is
important to search for new materials possessing valuable
and often unusual properties that can find potential appli-
cation, inter alia, in material engineering, biotechnology,
biomedicine or in energy storage devices.

Cyclic Voltammetry

Cyclic voltammetry (CV) is a powerful and popular electro-
chemical technique commonly employed to investigate the
reduction and oxidation processes of molecular species. CV
is also invaluable in studying the electron transfer-initiated
chemical reactions that include catalysis. When the trans-
fer of electrons at the electrode surface is slow compared
to the mass transport, the process is described as "electro-
chemically irreversible" (then the curves in the cycles do
not exactly match). In the case of the analyzed materials, it
is quite the opposite.
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Fig.6 SEMofa, b CSC; cCS; d, e WSC; f WS; g, hRSC; i RS; j PSC; k PS; 1 5GNPs; m 25GNPs

Figure 7a—g show the obtained potentiodynamic results
of the carbonized starches and graphene nanoplatelets at the
scan rates of 1 and 2 mV s~!. All the results exhibit high
electrochemical cyclic stability.

It could be easily seen that the best results were achieved
for the CSC and at the 2 mV s~! current the values were
up to 7.4x 1072 A during oxidation (Fig. 7b). An oxidation
peak for the CSC could be seen at a potential of 0.86 V, a
reduction peak at the potential of 0.92 V, which denotes a
slight presence of overpotentials and a perfect change of
polarization after the oxidation process. The higher the scan

rate, the higher currents could be obtained. In comparison
with the GNPs (Figs. 7e, ), the most similar (to CSC) cycle
shape was observed for the 5GNPs (Fig. 7e).

The oxidation and reduction peaks for the SGNPs were
at the voltages of 1.02 V and 0.8 V respectively. Despite
the similar shape, the CSC showed much higher currents
compared to the graphene nanoplatelets. However, the
reduction peaks for the SGNPs were slight and the CSC
exhibited a much more visible reduction peak due to the
lithiation process. Also, higher overpotentials could be
seen in Fig. 7e. The RSC (Fig. 7a) also shows the well

@ Springer
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Fig.6 (continued)
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visible oxidation and reduction peaks at the potential of
1.05 V and 0.82 V for the scan rate of 1 mV s~!, respec-
tively. It should be noted that for the scan rate of 2 mV
s7!, an oxidation peak was slightly shifted towards the
potential of 0.96 V. The PSC (Fig. 7c) presents only the
oxidation peaks, which are wide, at the voltage of 1.23 V
and 1.34 V for the scan rate of 1 mV s~! and 2 mV s},
respectively. This result is very similar compared to that
of the 25GNPs (Fig. 7f). In both cases, there is no reduc-
tion peak due to the lithiation process. The oxidation peak
for the 25GNPs is much sharper than that of the PSC.
Despite that, the PSC shows much higher currents and in
comparison to the GNPs (Fig. 7g) and a less capacitor-like
cycle shape. After the disappearance of the oxidation peak
(after oxidation) for the 25GNPs, the currents increased
for higher potentials and the CV plot became more rectan-
gular, which is more common for capacitors. The absence
of the reduction peak in Fig. 7c, f denotes a nonfaradaic
reaction, hence we are dealing here with the capacity of
the double electrical layer. Thus, the fact that voltammetric
curves have current peaks on one side only (which means
either an oxidation or a reduction reaction occurs) indi-
cates the irreversible nature of the reactions and it may
be certainly assumed that such material does not exhibit
useful properties for application as the anode material in
galvanic cells. Moreover, it should be noted that the pres-
ence of the faradaic and nonfaradaic peaks is attributed
to the pseudocapacitance, hence an additional additional
capacitance could be observed. In all other cases, the fara-
daic reactions due to oxidation and reduction are clearly
seen and the windows are not capacitor-like, thus, the CV
plots are characteristic of the faradaic reactions in the
lithium-ion cells—the lithation and delithiation as well as
materials appropriate for the LIB galvanic cells.

Moreover, because there is no literature data that con-
firm the reactions that may occur during the lithiation and
delithiation processes and the GNPs exhibit a high simi-
larity of properties to the CNTs (carbon nanotubes) and
the GNS (graphene nanosheets), the reaction proposed in
Eq. 1 during the charge may occur.

xLi* + xe” + C, « Li,C, 1)

where x is the number of lithium ions, that intercalate dur-
ing the charge process, and y is the number of carbon, to
which lithium intercalates. For the graphene nanosheets, it
is a value equal to 3 [36] and for the SWNTs (single-walled
carbon nanotube) y may reach 60, 36, 20 for the particle
diameter of 0.7, 0.47, 0.39 nm, respectively [37]. In general,
there is a greater similarity to the GNS, hence, it could be
more accurate to use this amount of carbon to predict the
lithium ions intercalation—deintercalation mechanism for the
SCs and the GNPs.
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Electrochemical Impedance Spectroscopy

The Nyquist plots are tested by the electrochemical imped-
ance spectroscopy (EIS) as shown in Fig. 8. R is the inter-
section on the real axis at high frequency according to the
electrode and electrolyte resistance and R is the diameter
of the semicircle formed by the intersection of the plot and
the real axis when referring to the load transfer resistance.
At the lower frequency region, the diameter of the semicircle
formed by the curve represents the internal resistance of
the charge transfer (R,,) [38]. W, is the Warburg impedance
corresponding to semi-finite diffusion. CPE is a solid phase
element whose exponents n=0.5 and 1 refer to a resistor, a
diffusion-controlled process (Warburg element) and an ideal
capacitor [39]. From the high-frequency region to the mid-
frequency region (semicircular part), the R, value decreases
slightly after a large number of cycles, which indicates bet-
ter electrode charge transfer kinetics after cyclic activation
[40]. In one of the works [41], the authors note that in the
low-frequency range, the curves close to the vertical denote
a good ability to diffuse ions, which is consistent with the
capacitive contribution of the ion diffusion [42]. However, in
the low-frequency area, it turns out that the slope decreases,
which denotes an increase in the resistance in the mass trans-
fer process, which, in turn, is responsible for the capacity
decay [39].

The Fig. 8a—f present the EIS spectra for the raw and
carbonized starches and the GNPs and Fig. 8g shows the
equivalent circuit used in this study. In all cases, the Nyquist
plots consist of two parts: a semi-circle in a high-middle fre-
quency region and a linear curve in a low-frequency region.
A presence of a semi-circle is associated with the exchange
of charges between the electrode and the electrolyte (R.)
and the SEI layer formation (Rgg;). After the carbonization,
the semi-circle becomes smaller because the cyclic stability
test (CV) facilitates the system charging and discharging and
makes the system more stable after the cycles.

Thus, due to the charge transfer and the SEI (solid-elec-
trolyte interphase) formation the resistances become smaller
and the major process is the diffusion. The linear part of
the plot confirms the presence of the Warburg line, which
is due to the diffusion of the lithium ions in the bulk active
mass. The more SEI is formed, the more stable the system
becomes because it mainly protects the electrodes against
corrosion and maintains good cycling characteristics and
battery safety. Furthermore, a stable SEI is critical to achiev-
ing the high initial coulombic efficiency [43]. However, as
the SEI expands, numerous defects and grain boundaries are
created, which could lead to a significant anisotropic dif-
fusivity of Li toward the electrode surface. This may result
in an uneven Li delivery to the electrode/SEI interface and
cause a decrease in the performance of the cell [44]. The
smallest resistances are observed for the CSC, which is
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confirmed by the CV test (Fig. 8b) and the highest values
of current for the same range of potentials of all the meas-
ured samples. Moreover, it could be easily observed that the
most capacitor-like EIS is presented for the 25GNPS after
the CV test, but before the stability test, the right angle for
the LIBs of the Warburg line was well visible, but the semi-
circle reached higher resistances. This phenomenon can be
associated with the intercalation of the lithium ions followed
by their permanent accumulation or with the charging of
a double electrical layer associated with the non-faradaic
reactions characteristic of the electrochemical capacitors,
which is confirmed by the CV (Fig. 8f) through the presence
of only a single oxidation peak due to the delithiation and
no peak attributed to the lithiation (reduction reaction). In
all cases, the Warburg lines have angle values in the range
of 35-45°, hence the best conditions for the diffusion of the
Li ions are fulfilled. The flattest trend of the Warburg line
is observed for the PSC and the spectra are truly similar to
graphite [34] and, what is more, the values of resistances and
impedances are comparable. For other SCs, particularly the
CSCs, the spectrum is similar to few-layer graphene, but in
our manuscript the impedances exhibit smaller values, which
makes our material more electrochemically active [34]. The
resistances due to the SEI formation (Rgg;) before the sta-
bility test are in the range of 5-17 Q, 34-233 Q, 13-72 Q,
10-125 Q for CSC, PSC, WSC, RSC, respectively. After
the stability test, those resistances are in the limits of 5-15
Q, 34-233 Q, 13-59 Q, 10-110 Q CSC, PSC, WSC, RSC.
For the 5GNPs, the SEI forms for resistances in the range
of 6-148 Q and 6-87 Q before and after the stability test,
respectively. For the 25GNPs, this phenomenon occurs in
the limits of 13-128 Q and 1-25 Q before and after CV. It
could be obviously seen that for all the carbonized starches,
small resistances (caused by the electrolyte) are visible
before the semi-circle begins. In the case of the PSC, the
resistances due to the charge transfer and the SEI formation
have the highest real values and after the stability test, the
semi-circle becomes flatter and so do the impedances. R is
equal to 17,233, 72, 125 Q and 15, 233, 59, 110 Q for CSC,
PSC, WSC, RSC, before and after CV, respectively. For the
GNPs, the charge transfer occurs at 148, 128 Q and 87, 25
Q before and after CV for SGNPs and 25GNPs. However,
for almost every anode system, after stabilization, resist-
ances due to the charge transfer shift to smaller values, thus,
increasing the electrochemical intercalation properties by
increasing the diffusion control and decreasing the kinetic
part. After the charge exchange in every case, the Warburg
line occurs and the diffusion of lithium ions and the accu-
mulation is the principal mechanism. After carbonization
(Fig. 8a—d), resistances and impedances visibly decrease,
which may be due to a much more specific developed sur-
face area of carbon, smaller pore diameter and higher pore
volumes, as confirmed by the BET test (Fig. 5a—c). All the
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BET data were appointed in the supplementary section and
the specific BET surface areas were equal to 363.25, 361.33,
350.61, 320.45, 89.63, 36.40 m*> g~! for CSC, WSC, RSC,
PSC, 25GNPs, 5SGNPs, respectively. Thus, the carboniza-
tion process activated the starch derivates electrochemically
and made them better electric conductors even compared to
GNPs in both diameter cases.

For all the samples after the stability test, the diffusion
coefficient Dy (cm? s™!) was appointed caused by the War-
burg lines in the Nyquist plots (based on Fig. 8). In literature
[34, 45] researchers used Eqgs. 2 and 3.

R’T?

D.,=—
L T D ApAFAC2o 2

2

In the Eq. (2) R is the gas constant equal to 8.314 J mol ™' K~!,
T- standard temperature (298 K), A—effective surface area
of the electrode (1.54 cmz), n—electronic transport ratio
during oxidation, F—Faraday’s constant (96,500 C mol'l),
c—molar density of Li-ion in the electrode (0.001 mol
cm™>), o—constant from the Warburg line (Q s~'/%)

7 =Ry +R, +o00 3)

To obtain the constant o, the plots Z' (—Z") versus o 1?2

for the diffusion resistances were created and the slope was
equal to 6. Table 2 shows the determined values of Dy,
and o.

According to Eq. 2, in order to determine the diffusion
coefficient, in Eq. the reference is made to the surface area
of electrode A, not to the specific surface area of the active
carbon material. According to the Fick’s diffusion laws,
moving through a surface is perpendicular to the direction
of the movement of the particles, which is the main rea-
son, why we use the area of the electrode for the calcula-
tions. However, when it comes to the diffusional movement
of the ions through the porous structure of the electrode
material, it is important to know the BET specific surface
area, because it tells a lot about the environment, in which
this mass transport occurs. As for the relationship between
the diffusion coefficient and the porous structure or the
development of the BET specific surface area, in the case of

Table2 A diffusion coefficient calculated from the impedance data
based on Egs. (2-3)

Sample 6 (Qs™1?) Dy, (cm?s7h
CscC 13.98 7.64x 1071
PSC 222.09 3.03x10713
WSC 81.63 2.24%10712
RSC 111.31 1.20x 1071
25GNPs 140.15 7.60% 10713
5GNPs 52.47 5.42%10712
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larger pore sizes (meso- and macropores), the diffusion is
more efficient/runs smoothly in contrast to the microporous
structure where the space, through which the Li* ions may
diffuse, is much smaller. In general, as a consequence of
the potential resistance, the velocity of the ions movement
within the diffusion is lower. It should also be noted that
more important is the active surface area compared to the
specific surface area because we primarily consider the part
of the electrode surface that is directly involved in the elec-
trochemical processes, i.e. the Lit ion sorption. For various
reasons, the active surface area is not always the same as the
specific surface area, because the entire surface may not be
involved in the mass exchange. It heavily depends on the ion
size-pore relationship.

Based on Table 2, the highest value of the diffusion coef-
ficient within the SCs was obtained for the CSC and the
smallest for the PSC, which CV (diffusion control) and EIS
confirm (Figs. 7, 8). According to the literature data, Dy,
in carbon materials at a room temperature is between 10~
and 107" em? s7! [46, 47]. In the literature [48] research-
ers achieved values up to 4.39 X 107" ¢m? s7! and, for few-
layer graphene, up to 2.67x 107 cm? s™. In our work, the
most accurate value was reached for the CSC. It should also
be noted that those diffusion coefficients are higher for the
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commercial carbon materials and depend on the synthesis
process.

According to [48], a good lithium ion diffusion coefficient
of the material contributes to reducing the electrochemical
and concentration polarization in the charge—discharge pro-
cess. It is also confirmed by the small overpotentials in the
CV test (Fig. 7).

It is also well known that the Li diffusion occurs through
the numerous open channels formed by the grain boundaries
of the SEI where this mass transport occurs generally faster
than in the neighboring crystalline regions within the grain
interiors [44].

Charge-Discharge Test

Zhao et al. reported that disordered graphene nanosheets
exhibited high reversible capacities of 794-1054 mAh g~!
and a good cyclic stability, which may be due to the addi-
tional reversible storage sites such as edges and other defects
such as vacancies [49, 50].

Figure 9a—c shows the proposed mechanisms for the lith-
ium storage between the GNPs and the electrolyte. Accord-
ing to Fig. Oa, if the graphene structure has defects, the
solid electrolyte interface (SEI) forms easier. Higher scan

-
; F

Graphene Nanoplatelets (GNPs)

1
Single layer graphene

defects of the nanodomains embedded in the GNPs, d sketch dia-
grams composition unit and model of the GNPs [51, 52]; “t” denotes
thickness and “I” is the side length
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rates during the CV test make the layer flatter. Graphene
and its derivates demonstrate a large energy loss during the
charge—discharge process and it could be associated with
the morphological defects and is confirmed by the voltage
profiles in Fig. 10d.

Figure 9b presents the reversible intercalation process
during the charge—discharge process, which is always
attributed to the formation of the ionic bonds. Moreover, if
a structure possesses defects such as vacancies, reversible
lithium storage at those gaps occurs. Irreversible Li storage
may occur when there is little difference between the size of
the gap and the lithium (cation) ion.

Afterwards, Li may form another network node, thus,
briefly increasing the electrochemical conductivity, but
blocking the place for intercalation of the subsequent ions in
the next cycles of the cell work and decreasing the cell life,
which may occur for the GNPs. Based on the literature [43],
the electrochemical performance of the CNTs depends on
the presence of impurities, structural defects, and the nature
of graphitization, which confirms the truly important phe-
nomenon of defects in the carbon structure and its impact
on the electrochemical behavior.

Figure 9d shows the structure of the GNPs, the mechan-
ical strength and the mode of action of various forces pro-
posed by Du, X., Du, W., et al. Graphene nanoplatelets
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consist of several single layers of graphene, which are
stuck to each other as a square plate. Moreover, the inter-
facial area (S) and the cross-sectional area (A) may be esti-
mated with 2(1+t)l and 1 t, respectively. In [50], 11~ 10
um diameters were obtained and t was ~ 4.2 nm, which
corresponded to the average sizes of the GNPs determined
by the SEM and HRTEM measurement techniques.

To obtain the capacitive properties of the SCs and the
GNPs, a cell charge—discharge test was performed. Owing
to the best electrochemical properties obtained for the CSC
in the CV test, the EIS tests, the highest diffusion coeffi-
cient among the other SCs, the test results at different cur-
rent densities and a comparison to the SGNPs and 25GNPs
have been presented in Figs. 10a—d presented only for the
CSC.

The current density of the battery material increases and
the specific capacity decreases (Fig. 10a). For all the cases,
the values of the charging capacity almost overlapped the
capacities at the discharge after the subsequent cycles, which
indicates a high cyclic stability. For the current densities
equal to 1 mA g~!, 10 mA g7!, 50 mA g7!, 1 mA g7, the
highest values of discharge capacity were equal to 820, 800,
790, 1000 mAh g~!, respectively. The trend of the capacity
behavior at 1 mA g~! demonstrates the restorability of the
cell.
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Figure 10b presents the comparison of the CSC, the
5GNPs, and the 25GNPs for the current density of 10 mA
g~ ! after 20 cycles for all the probe capacitance values that
were stable after the cycles and equaled 600, 650, 790 mAh
g~ ! for the 25GNPs, the SGNPs and the CSC, respectively.
Thus, the best capacity results were obtained for the CSC.
The discharge capacities for all the cases exhibit much
higher values than for graphite as classic anode material for
the LIBs (372 mAh g™ 1).

The voltage profiles for the discharge/charge process after
the Ist, 2nd, 50th cycle at the current density of 10 mA g‘l
for the CSC have been presented in Fig. 10c. It could be
observed that after the first cycle, the specific capacity
decreased from 800 to 615 mAh g~! and exhibited the same
values even after the 50 cycle, which denotes the high
cyclic reversibility after the second cycle. Not really sig-
nificant changes in the reversible capacity after 1-50 cycles
were visible at the voltage lower than 1.0 V.

Figure 10d shows the potential voltages of the GNPs at
the current density equal to 10 mA g~! after the Ist, 2nd
and 50th cycle. In order to maintain the readability of
the presented graph, only the charging curves for the 2nd
and 50th cycle were included. It could be easily seen that
even after the 2nd cycle, the specific capacity continually
decreased, which makes the GNPs really unstable as the
anode active material for LIBs, because in the case of the
CSC (Fig. 10c) after the 2nd cycle, the capacity trend was
visibly stable. Therefore, the significant irreversibility is vis-
ible during the charge/discharge process and the downward
trend in capacity is maintained, which is characteristic of
the graphene nanoplatelets and is confirmed by the CV test
(Fig. 7). Therefore, they are rarely used in LIBs due to the
high irreversibility of the potential profiles at the relatively

low current densities. Thus, the GNPs could not be used in
more demanding applications at higher current densities.
However, due to the almost imperceptible changes in the
capacity after the 2nd cycle in the case of the CSC, it turns
out to be a stable anode material that can be used in the
lithium-ion cells. Additionally, the GNPs exhibit a smaller
current efficiency after the cycles (86%, 78% for the SGNPs
and the 25GNPs, respectively) than the trend CSs (even
99% efficiency), which confirms a high irreversibility of the
charge—discharge cycles.

Moreover, it should be noted, that the potential profiles
(Fig. 10c, d) are truly similar to one another in their shape,
which makes their structure truly related, but the CSC
appears to be a more stable anode material compared to
both GNPs.

In general, the SGNPs show higher capacities than the
25GNPs, but also a truly comparable irreversibility of the
charge—discharge process.

The demand for food is increasing; hence electrodes
made from waste biomass represent attractive opportuni-
ties. Unfortunately, such batteries rarely maintain perfor-
mance comparable to current state-of-the-art technologies.
For example, an anode synthesized from avocado leftovers
provides high cyclic stability (provides comparable capac-
ity to graphite: 315 mAh g~! at a current density of 100 mA
g~ [51-53].

Table 3 shows the literature data regarding the capacity
and cyclic stability of the graphene-based materials appli-
cable in LIBs.

According to Table 3, the highest specific capacity exhib-
its the oxidized GNS, but the largest cyclic stability may be
observed for the graphene nanocables/MoS, hybrid. Moreo-
ver, pure graphene reaches high capacities up to 1116 mAh

Table 3 Various graphene-

. Materials Specific Capacity ~ Cyclic stability References

based.ma.terlals as the anode (mAh g_l)

material in LIBs
GNS 540 300 after 30C (50 mA g7 1) [54-56]
GNS 1264 848 after 40C (100 mA g~') [54, 57]
GNS 1233 502 after 30C (0.2 mA cm™?) [54, 58]
GNS/Fe;0, 1026 580 after 100C (700 mA g™ [54, 58]
GNS/SnO, 860 570 after 30C (50 mA g™ 1) [54, 55]
GNS/Cg (spacer molecules) 784 Not tested [54, 56]
GNS/CNT (spacer molecules) 730 Not tested [54, 56]
Graphite 372 240 after 30C (50 mA g_l) [54-56]
Ox-GNS 1400 In a range of 800 [54, 59]
Graphene nanocables/MoS, 1150 1150 after 160C (500 mA g_l) [60, 61]
GNS/Li;VO, 220 220 after 500C (4000 mA g~") [60]
CSC 790 615 after 50C (10 mA g_l) This work
5GNPS 690 580 after 50C (10 mA g™!) This work
25GNPS 620 565 After 50C (10 mA g™1) This work

GNS graphene nanosheet, Cy, carbon C60, CNT carbon nanotube, Ox oxidized, C cycle number
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g~ ! and those values are almost the same for the CNT. Thus,
it should be noted, that the more developed surface area
enables higher capacities [62].

It is well known that carbon materials are of great inter-
est in space, military equipment, sports equipment and
electrochemical devices for energy storage and conversion.
The advantages include the already mentioned low weight,
developed specific surface and excellent thermal/electrical
parameters [63—68].

Specific capacities obtained for the CSC (Fig. 10a) at
50 mA g~! after the cycles are higher than for the GNS (all
modifications and pure) (Table 3) and few-layer graphene
(max. 368 mAh g~! at 35 mA g~!) and the materials are
much more stable after the cycles [51]. Table 3 also con-
tains the results obtained for the electrochemical systems
used in this work. We have observed much better results for
carbon derived from starch than for the GNS or the GNS/
SnO, (cyclic stability for starch 616 mA g~!). According
to Fig. 10a, the capacity delivered an excellent coulombic
efficiency of even 99%. The capacity retention of the cells is
an important parameter and a high-performance cell not only
needs to keep an excellent long cycling stability but also
needs to have an excellent coulombic efficiency. Before the
carbonization process, which was the subject of our recent
work [69], where raw starches were used as the active anode
materials, the specific discharge capacities of the half-cells
were equal to 418, 385, 360, 266 mAh g_1 at the current
density 50 mA g_1 after the first cycle for WS, CS, RS, PS,
respectively. Therefore, in the following manuscript, the
thermal modification significantly increased the capacity of
the half-cells, making them more appropriate for industrial
applications.

We all know very well that nature offers various types of
biomass sources that are becoming more and more popu-
lar for the production of cheap and efficient energy storage
devices. It has become very popular in recent years [70-74].

Conclusions

The development of the lithium-ion cells heavily depended
on the optimization of the anode material. The use of the
carbon materials initiated a new stage in the development
of these systems. Carbon materials show different electro-
chemical properties depending on their crystal structure.
Two types of carbon materials are used in the commercial
lithium-ion cells. The first group are natural graphite materi-
als with a highly ordered structure, while the second group
are synthetically obtained graphites with an ordered struc-
ture, referred to as highly ordered pyrolytic graphites.

In summary, the physicochemical properties such as the
well-developed specific surface area (over 300 times greater
than before the thermal treatment and 3—4 times greater
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than for the GNPs) indicate very good sorption properties.
Moreover, the cyclic stability has been improved compared
to materials before modification, which is confirmed by the
CV test and the low resistance. The main mechanism during
charging is the diffusion of the lithium ions. It was confirmed
by the good lithium ion diffusion coefficient values. In addi-
tion, the cell charge—discharge tests indicate high capacities
that maintain stable values and small energy losses even
when the current density changes. This material may find
application in electrochemical capacitors, particularly the
PSC and the 25GNPs, because of the irreversibility of the
redox reactions.

The CSC presented the highest specific capacities (up to
1000 mAh g~!) at the current density 1 mA g~'. Therefore,
the CSC is expected to be a better alternative as an anode
carbon material for LIBs compared to the GNPs due to its
high coulombic efficiency, stability during the charging-
discharging process, the cyclic reversibility during the tests
and a higher specific capacity than many other anode carbon
materials commonly used (e.g. graphite, GNPs, GNS).

Moreover, the as-obtained carbon structures (SCs) appear
to have fewer structural defects than the GNPs, so the SCs
demonstrate a small energy loss during the charge—discharge
process compared to the graphene nanoplatelets, which
makes them more electrochemically stable after the cycles.

Thus, the obtained SCs could be the next generation of
graphene-based devices that may emerge as the non-toxic,
renewable, cheap, novel and environmentally friendly carbon
material for lithium-ion cells prepared without any use of
chemical modifications.
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