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ARTICLE INFO ABSTRACT

Keywords: Background: Sodium is pervasive and enormous compared to that of lithium. SIBs have turned out to be factual
Sea sponge competitors to LIBs besides storage purposes, the power battery technology intended for electric vehicle trans-
Pyrolysis

port. The choice of selecting SIBs is effective due to their alluring properties of biomaterials for synthesizing
electrode materials. Hard carbon, (HC) owing to its amorphous and highly porous nature of the material leads to
the intercalation/deintercalation of sodium ions.

Methods: In this work, the sea sponge (SS) was carbonized by the chemical-activating pyrolysis method. The as-
prepared HCs using different chemical activating agents (KOH, NaOH, ZnCl,) reveals the diversified sodium-ion
storage behaviors.

Significant findings: SS attained a charge capacity of 347.39 mAh g~ at a 0.1 C rate. The half maximal (ICsq) of
sea sponge-derived hard carbon was found to be 11.5, 11.4, 10.7 pg/mL against breast cancer cells (MDA MB -
231). The present work communally addressed the potential anode material and effective cancerous activity of

Activating agent
Mesoporous structure
Sodium-ion batteries
Biomedical applications

sea sponge-derived hard carbon material.

1. Introduction

The usage of energy spans a very large part of our daily routine. The
forthcoming era of lacking energy storage devices becomes very
threatening for everyone on earth and it will be more difficult if it is not
encountered at the earliest. Even, the lithium-ion batteries placate the
energy scarceness, still, it is vital to pursue an alternative resource. In
these recent years, for powering a range of devices from cellphones to
electric vehicles, the cost of lithium rose from $383 to $929 million [1,2,
3]. Thereupon, it is decisive to look for a better substitute for battery
technology owing to the inadequate lithium reserve. Sodium-ion bat-
teries with a standardized mechanism to that of LIBs and undoubtedly
lower cost are emerging as a justifiable solution for large-scale
commercialization. Selecting appropriate anode materials with
virtuous EC performance for SIBs is escalating rapidly in the battery
community. Condescending cycling performance can be obtained by
espousing anodes, that exhibit low-volume expansion through
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intercalation/deintercalation of sodium ions. There has been a surfeit of
aspirants for sodium ion battery anodes. Graphite serves as an anode for
LIBs, which does not deliver a meaningful capacity in SIBs. Subse-
quently, several sorts of anode materials transition metal oxides, alloy-
ing type materials, conversion materials, phosphorous and carbon
materials have been studied [4-10]. Nonetheless, barriers such as
structure instability, high discharge potential, low reversible capacity,
and low initial coulombic efficiency still exist. Though, huge volume
expansion and lack of reversibility restrict their usage, as commercially
stable anode materials. These shortfalls can be fixed by adopting hard
carbon (HC) owing to the least production costs and environmental
friendliness [11].

Hard carbon, (HC) owing to its amorphous and highly porous nature
of the material leads to the intercalation/deintercalation of sodium ions.
So far, incredible efforts have been ardent to enhance HCs sodium
storage capacity, wherever the effects of the distinctiveness of carbon
precursors, and structure have been analyzed. HC is non-graphitizable
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and a fundamental understanding of its structure, ion-transfer process,
storage mechanism, and electrolytic interface is indispensable for
improving the performance of HC. For emerging economically cost-
effective HC anode for SIBs, numerous biomass sources such as ba-
nana peels [12], coconut sheath [13], pomelo peels [14], orange peel
[15], silk [16], sucrose [17] have been utilized as base materials. This
biomass-derived carbon can be demonstrated for its justifiable perfor-
mance as an anode for SIBs. Consequently, there are yet two solutions to
simplify the commercialized process of biomass-based HCs. They are (i)
widening the carbonization technique that leads to good performance
and yields more product after several biomass sources with the lower-
most energy consumption and (ii) an inclusive perception of sodium-ion
storage deeds of various biomass-based HCs. Eventually, HC is uneven,
curved, and disordered and mostly comprises of single-layered carbon
atoms that are arbitrarily and closely linked. The most commonly used
chemical activating agents for enhancing the porous nature of the HC
material are KOH, NaOH, H3PO4, and ZnCl; [18,19]. Generally, the
activating agents are used to activate the materials and to enhance their
properties for application and fabrication purposes. In this regard, the
HC material requires high pore diameter, for the charge transfer process
and a highly disordered structure. The activating agents used here are
NaOH, KOH, and ZnCl.

Thus, organic compounds can be adopted due to their low cost of
production, and environmental benignity. In these aspects, the organic
compounds have various advantages including their tunable redox
property, chemical diversity, less weight, automatic flexibility, and cost-
effectiveness that offers extensive selection of applications for the usage
in batteries. Sea-sponge (Phylum Porifera) are again and again over-
looked as a significant component of underneath marine ecologies. They
are known to execute numerous purposeful roles, particularly as reef-
building organisms in both the shallow and deep sea [20,21]. It sup-
ports areas of high biodiversity and acts as a hotbed for several fish
species. It influences the chief production by regulating nutrient
obtainability. This ecological importance is flattered by their fiscal po-
tential from ergonomics and innovative chemicals for pharmacological
applications.

In this work, the biomass-derived hard carbon is obtained by using
sea sponge as a precursor. This work notably increases the performance
of energy storage devices. Basically, marine sponges can be considered
as a drug treasure house due to their excellent pharmacological prop-
erties [22]. In addition, the bioactive terpenes, sterols, fatty acids, al-
kaloids, cyclic peptides, peroxides, and amino acid derivatives have
been described from sponges, which have a high potential to act as an
antiviral, anti-protozoal, anti-inflammatory, and anti-fouling activity
[23]. Particularly, the utilization of sea sponge-derived hard carbon
electrode material acquired by the chemical activating pyrolysis process
as a natural precursor has not been addressed in the literature for
sodium-ion battery and bio-medical applications. Hence, this work
significantly utilizes the sea sponge as a precursor for synthesizing the
hard carbon material for sodium-ion batteries and anti-cancer activity.
In most of the reports, the pyrolyzing temperature has widely been
inspected, but activating agents — a crucial key factor has been always
ignored. In this work, the as-prepared HCs using different chemical
activating agents (KOH, NaOH, ZnCly;) reveals the diversified
sodium-ion storage behaviors. Basically, sodium-ion batteries require
high pore volume and highly disordered structure for the ion transfer
process. This work designates the significance of activating agents
leading to the large pore diameter in the as-prepared sample. The
mechanisms behind the activating agent are as given hereunder:

i. The impact of KOH activation is due to the occurrence of oxygen
in the activating agent that affects the steadiness and cross-
linking of HC materials. During the activation process, the po-
tassium (K) ion enters the carbon material and disturbs the
crystallite arrangement. After pyrolysis, the K salts were removed
by washing them several times.
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ii. The impression of NaOH activation is owing to the strong cor-
rosive nature of NaOH at high temperatures. This affects the
active sites in the char and is etched during the activation process.
This results in sequential stimulation reactions with NaOH to
form the porous morphological structure.

iii. The influence of ZnCl, is due to the dehydrating property of
ZnCly. This results in aromatization and charring which leads to a
high yield of carbon with a porous structure [13,19].

2. Materials and methods

Sea sponge specimens were collected from the area of Thondi, South
Tamil Nadu, India. The sponges were conscientiously washed with
deionized water and dried. The obtained material was pre-carbonized at
500 °C. Then it was crushed and activated using various activating
agents (KOH, NaOH, ZnCly). The crushed sample was dipped into the
activating agents for 24 h. Then it was eventually centrifuged and
desiccated at 110 °C for a day. The obtained sample was pyrolyzed at
900 °C and named K-SS, Na-SS, and Zn-SS.

The interlayer spacing of K-SS, Na-SS, and Zn-SS can be calculated by
using the Bragg’s equation.

nA = 2dsing (€8]
ni

= 2

d 2siné 2

where 1 is the X-ray wavelength, d is the spacing of the diffracting
planes, and 6 is the angle between the incident rays and the diffracting
planes, otherwise known as the Bragg angle.

2.1. Material characterizations

The surface area and porous nature of the sample were characterized
using Nova station A at 77 K. The structural morphology of the prepared
samples was analyzed by Fourier electron scanning electron microscope
(Quanta FEG 250) and Transmission electron microscope JEOL Japan.
The X-ray diffraction (XRD) analysis was executed by PAN analytical, X -
pert pro model. Raman spectra was carried out by STR RAMAN, SEKI
Corporation (Japan) to identify and confirm the occurrence of carbon
phases in the synthesized samples.

2.2. Electrochemical analysis

A slurry of about 80% SS sample 10% carbon black (Super-P) and
10% Polyvinylidene fluoride (PVdF) was mixed in N-methyl pyrrolidone
(NMP) as solvent was coated on an Aluminum foil and dried overnight in
an oven at 110 °C. The obtained electrode, glass fiber separator, 1 M
NaClOy4 in ethylene carbonate (EC) and diethylene carbonate (DEC), and
Na metal as counter electrode were assembled into a CR-2032 type coin
cell in a glove box. The cyclic voltammetry (CV) and charge and
discharge (GCD) measurements and electrochemical impedance spec-
troscopy (EIS) were carried out using a biologic (BCS-815, France)
battery tester between 0.01 and 2.8 V vs. Na/Na+ cell couple. Here all
the battery performances were examined in an ambient temperature.

2.3. Biomedical activity

2.3.1. MTT assay

Normal (HEK-293) and cancerous (MDA-MB-321) cells used in this
study were obtained from the National centre for Cell Science and
cultured in accordance with the procedure. The MTT assay is performed
to determine the cell viability of SS, K-SS, Na-SS, and Zn-SS as described
by Mosmann [24]. The induction of apoptosis was also confirmed by
fluorescence microscopy employing fluorescent probes named acridine
orange/ethidium bromide (for dual staining) and Hoechst 33,344 (for
nuclear staining) [25].
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Fig. 1. (a) XRD patterns and (b) Raman spectra of K-SS, Na-SS and Zn-SS samples.

Table 1
Textural properties of SS samples.

No. Samples Surface area (m?/g) Pore size (nm) Pore volume (cc/g)
1 K-SS 104.010 3.483 0.002
2 Na-SS 23.356 3.519 0.006
3 Zn-SS 4.295 3.742 0.015

3. Results and discussion

Figure 1(a) shows the XRD patterns of K-SS, Na-SS, and Zn-SS. The
peaks at 20 = 23° and 43° correspond to the (002) and (100) diffraction
planes. The peaks with broad shapes confirm the disordered structure of
the SS samples. The SS samples at 500 °C activation, do not substantially
improve the graphitic disordered structure. At 500 °C the prepared
sample is pre-carbonized i.e.) initial stage of carbonization. The TGA-
DTA graph was shown in Fig.S1. The TGA graph shows that even after
500 °C, there are some weight losses occur in the raw SS sample. The
graph shows the raw materials thermal stability. The pyrolyzing tem-
perature was fixed using thermogravimetric analysis. Basically, in
chemical activation process, the material is activated using various
activating agents, and were finally pyrolyzed at 900 °C to obtain the
carbon materials. (K-SS, Na-SS, Zn-SS). The upshot of the XRD results
accompanying the outcome of Raman and BET were shown in the table.
Table 1 bespeaks the interlayer spacing (dgg2) moderately changes while
varying the activating agents. The pyrolyzing temperature was fixed
using thermogravimetric analysis. From this XRD analysis the interlayer

spacing was calculated as 0.37,0.38 and 0.39 nm. This enlarged inter-
layer spacing may enable the way for Na ions all through the interca-
lation/ deintercalation process.

Figure 1(b) shows the Raman spectroscopic analysis of K-SS, Na-SS,
and Zn-SS. In Raman analysis, the peaks appearing at 1332, 1335, and
1359 cm ™! affirm the D band, and 1597, 1582, and 1574 cm ™! represent
the G band respectively. Generally, the G band is a distinctive charac-
teristic of the graphitic layers which agrees with the carbon atoms’
tangential vibration, and the D band resembles the defective structures
or disordered carbon. The intensity ratio is used to determine the degree
of disorders. The calculated Ip /Ig ratio for the K-SS, Na-SS, and Zn-SS
are 0.834, 0.84, and 0.863. The I, /Ig ratio never goes above 1, which
specifies a low degree of disordered nature [26,27,28].

The (FE-SEM) scanning electron microscope in Fig. 2, reveals the
effect of the activating agent on the structural morphology of the syn-
thesized HC material (K-SS, Na-SS, ZN-SS). It is clearly shown that the
SS-derived HC material has transformed into microspheres by the in-
fluence of activating agents. The K-SS, Na-SS, and Zn-SS hard carbon
material shows the porous morphology of the material replicating the
surface morphology of the natural sea sponges. The surface morphology
of the obtained HC materials is a prime factor for electrochemical per-
formance when used as an electrode anode material in NIBs. The acti-
vation agents are used here to improve the pore structure of SSHC. After
activation, the disordered and uneven morphologies were observed in
the images. The as-prepared K-SS, Na-SS and Zn-SS shows the irregular
and disordered porous structure. The SEM image of Zn-SS shows more
porous structure when compared to K-SS, and Na-SS. This is due to the

Fig. 2. FE-SEM images of (a) K-SS, (b) Na-SS, and (¢)Zn-SS.
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Fig. 3. TEM images of (a, al) K-SS, (b, bl) Na-SS, and (c, c1) Zn-SS.
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Fig. 4. (a) N, adsorption/desorption analysis and (b) Pore size distribution of K-SS, Na-SS, Zn-SS.

effect of activating agents and finer connectivity between the synthe-
sized HC material and electrolyte. The appearance of these spheres can
be advantageous for superior electrochemical performances. The
mechanism behind these activating agents is explained above.

To analyze the local structure of the SS-derived hard carbon samples,
TEM imaging was performed in Fig. 3. Fig. 3 reveals that the prepared
carbon materials contain small nano crystallite domains composed of

randomly oriented curved graphene layers. This insists that the pyrolysis
process using various activating agents yields distinctive hard carbon
materials. The structure of the prepared materials may be tuned by
annealing temperature and the activating agents used. The disordered
arrangement of the carbon leaves a large number of voids in the struc-
ture. From this TEM images, it is observed that the interlayer distance of
K-SS, Na-SS, and Zn-SS samples is ~0.373, 0.384, and 0.392 nm, which
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Fig. 6. Galvanostatic charge/discharge profiles of K-SS, Na-SS, Zn-SS.

is higher than 0.335 nm of graphite. It is well in agreement with the XRD
analysis. In addition, augmented spacing is preferred for Na storage [29]
(Fig. 1).

To explore the porosity and surface area of the hard carbon mate-
rials, the pore size distribution and N5 adsorption/ desorption graphs are
shown in Figs. 4 and 5. All the prepared carbon samples evince type IV
isotherms correlated with capillary condensation, which is taking place
in mesopores, at high pressures. The hysteresis loop (Hs) is in the range
between 0.5 and 1.0, indicating that both mesopores & macropores exist
in the as-prepared carbons [30]. The pore size distribution further
confirms the presence of mesopores in the prepared hard carbon

materials. (i.e., K-SS, Na-SS, Zn-SS). The type IV isotherms associated
with Hs loops are often affiliated with slit-like pores in plate-like par-
ticles [31]. Moreover, all the prepared SS hard carbon materials reveal a
homogeneous behavior over pore size distributions. The surface area of
the samples was evaluated as 104.010, 23.356, and 4.295 m?%/g
respectively. The volume of the pore and the size of the pore of the
synthesized sample increase by varying the activating agents and the
carbonization temperature used. It designates that the temperature and
activating agents may play a massive impact on the porosity of the
carbon. Initially, the raw sea sponge was dried, crushed and turned
brown in color. But, after pyrolyzing, the precursor is changed into black
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color. This implies that the pyrolyzed temperature also plays an effective
impact in the chemical activation pyrolysis process [32]. These observed
results are well in accordance with SEM and TEM results.

To scrutinize the influence of activating agents on the electro-
chemical properties of sea sponge-derived hard carbon materials, cyclic
voltammetry (CV) test was carried out. We employ a half cell with so-
dium (Na) as a counter electrode in the range of potential between 0.01
and 2.8 V at a scan rate of 0.1 Mv s . The CV curves of K-SS, Na-SS, and
Zn-SS consist of a pair of reduction and oxidation peaks at 0.38 and 0.53
V, 0.37 and 0.47 V, 0.62 and 0.33 V, in accordance with Na intercala-
tion/deintercalation, which is well associated with the literature [11].
The redox peaks at about 0.37 V due to the irreversible reactions of
sodium with the functional groups present on the surface of the mate-
rials. Then the peaks near 0 V are owing to the Na adsorption on both
sides of the walls or sheets of nanopores. The green dotted line indicates
the reaction of pseudocapacitive behavior where fast and reproducible
Na deposition at pores are taken place. While the red dotted line in-
dicates the residual peaks of redox reactions, the Na intercalation takes
place between the layers and the mesopores. Hence, in the presence of
mesopores in the carbonaceous materials, Na™ could smoothly commute
in and out of the carbon lattice during the fast charge and discharge
process.

Figure 6 indicates galvanostatic charge/ discharge curves of SS with
a 0.1 C rate in the voltage range of 0.01 to 3 V. The initial charge ca-
pacity has been found as 321.36, 334.85, and 347.39 mAh g~'. This
maximum capacity is attributed to the action of chemical activating
agents in enhancing the electrochemical performance of the anode
material. The SS material sustains a charge capacity of 265.6, 283.84,
and 298.6 at the 100th cycle, with coulombic efficiency of 97.6, 98.9,
and 99.2 %. Moreover, an average coulombic efficiency of 97, 99, and
99.5% was perceived for K-SS, Na-SS, and Zn-SS samples. The coulombic

Table 2
Comparison of various hard carbon as an anode for Sodium-ion batteries.
Carbon precursors Capacity Current References
(mAh g’l) density
Hard carbon derived from waste tea ~ 282.4 0.1C [34]
biomass
Hard carbon from sucrose/ PF 319, 0.1C [35]
precursors HCM 1000, HCM 1400, 296,
HCM 1600 238.5
Hard carbon derived from corn 290, 0.1C [36]
straw piths HC 1200, 1400, 1600 310,
191
Hard carbon derived from walnut 257 50 mA g’1 [37]
shell NDC (Nutshell Derived
carbon)
Okara-derived Hard carbon 290 50 mA g’1 [38]
Hard carbon derived from Sea 321.36, 0.1C This work
sponge 334.85,
347.39

efficiency of Zn-SS seems to be higher that is owing to the less oxygen-
ated groups present in the material. The K-SS, Na-SS, and Zn-SS samples
exhibit capacity retention of 82.6, 84.76, and 85.95% respectively. This
high-capacity retention is due to the thermodynamic stability of the as-
prepared materials. Fig. 7(c) delineates the rate capability of K-SS, Na-
SS, and Zn-SS at various current rates, which respectively exhibit
charge capacities of 321.36, 302.8, 276.5, 251.5, 225.8, and 308.36
mAh g1, 334.85, 310.64, 291.7, 275.9, 248.8, 319.5 mAh g~ ! and
347.39, 320.85, 299.8, 283.4, 254.62, 336.74 mAh g71 at 0.1, 0.2, 0.5,
1, 2, and then 0.1 C. It was noted that the C rate was reduced from a high
2C rate to 0.1 C rate, and the charge capacities of 308.36, 319.5, and
336.74 mAh g1, were yet sustained with retention of 95.9, 96.29, and
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97% for K-SS, Na-SS, and Zn-SS samples respectively. However, it im-
plies that the capacity is higher for Zn-SS for the mesopore structure as a
large number of active sodium ions intercalate and deintercalated
without any hitch in the electrode material. Besides this, the hard carbon
material with mesopore structure is remarkably superintended meant
for the maneuverability of alkali ions. As per the earlier reports as
itemized in Table 2, the present work illuminates the synthesis of HC
anode material by pyrolysis technique and discloses the superior elec-
trochemical performance of sodium-ion batteries.

Figure 7(b) shows the electrochemical impedance spectroscopy (EIS)
of the K-SS, Na-SS, and Zn-SS samples. The EIS spectra determine the

impedance difference of the system escorted with small amplitude sine
wave potential. From Fig. 7(b), all EIS spectra contain a curve in the
high-frequency region and a slash in the low-frequency region depicting
the impedance information of ion transfer and diffusion process
respectively. For the Zn-SS sample, the radius of curvature of the curve
decreases when compared to K-SS, and Na-SS. In contemplation of better
analysis, the equivalent circuit is espoused to pertinent the impedance
spectrum data. Here, R; is the internal ohmic resistance, R is the charge
transfer resistance, Wy represents the Warburg resistance and CPE rep-
resents the constant phase element. The value of Rcr for the K-SS,
Na-SS, and Zn-SS cells are 116.02, 110.3, and 97.96 Q respectively,
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which implies that the sodium ions migrate straightforwardly during the
cycling process. The decrease in the diameter of the Zn-SS sample is
primarily ascribable to the limited formation of the SEI layer. This leads
to better cyclability and durability of the anode material. The EIS
calculated parameters were shown in table S1. The diffusion coefficient
of Na (Dn,+) has been calculated for K-SS, Na-SS and Zn-SS using the
formula [33]:

R*T?

b =5 wirice

3
where R - Gas constant, T - Temperature, A - Area of the electrode, n -
Number of electrons migrated, F - Faraday’s constant, C - Concentration
of Na™ ions, ¢ - Coefficient of Warburg impedance. The diffusion coef-
ficient of K-SS, Na-SS and Zn-SS are 3.645 x 10714, 6.517 x 10714, and
1.15 x 10715 em?/s, respectively.

In the present study, compounds (such as SS, K-SS, Na-SS, and Zn-SS)
induced dose-dependent cell death in MDA-MB-231 breast cancer cells
(Fig. 8). Table S2 shows the half-maximal inhibitory concentration
(ICs0) of the compounds. Further, it is reported that activated SS
delivered more remarkable results than raw SS. Furthermore, the acti-
vated compounds used in the study were found to be biocompatible with
normal human embryonic cells (HEK-293) (Table. S2). To study the
induction of apoptosis, fluorescence-based probes were used to inves-
tigate the induction of apoptosis. Initially, dual staining was performed
to distinguish between live (green emission) and dead (red emission)
cells subsequent to compound treatment. As anticipated, the compounds
induced cell death characterized by red emission with apoptotic
morphology (cell blebbing). Hoechst 33,444 staining reveals that the
compounds used in the study detect the damaged nuclei, resulting in
blue emission. However, control cells were found to have intact nuclear
membranes which lack blue emission. Based on the results, it is
confirmed that processed samples can be used as an anticancer agent in
for biomedical applications.

4. Conclusions

K-SS, Na-SS, and Zn-SS hard carbon materials were successfully
synthesized and the influence of the activating agents resulted in better
electrochemical performance. The nature of the carbonaceous material
was evidenced by XRD and Raman analyses. The existence of meso-
porous nature was ascertained through BET analysis. SEM and TEM
analyses authorize the porous morphology of K-SS, Na-SS, and Zn-SS,
which is held responsible for the intercalation/deintercalation process
of Na ions. K-SS, Na-SS, and Zn-SS significantly served as anode material
for the SIBs ensuing in capacities of 321.36, 334.85, and 347.39 mAh
g~ L. The compounds (including SS, K-SS, Na-SS, and Zn-SS) were shown
to be biocompatible to normal cells (HEK-293), while also exhibiting
significant anti-cancer potential against human breast cancer (MDA-MB-
231) cells. Furthermore, the fluorescence microscopic investigation
showed that apoptosis was induced due to cell and nuclear membrane
damage. Hence, this study conceded that the synthesized K-SS, Na-SS,
and Zn-SS disclosed an excellent performance in energy storage and in
biomedical applications.
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