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Carbon materials as intra-electrode frameworks for energy storage devices have received noticeable
attention due to their high porosity, high electrical conductivity, and excellent chemical and physical
stability. Nevertheless, the utilisation of these frameworks still faces significant challenges such as
limited raw material resources, complicated synthetic process, high-temperature synthesis, and high
production costs. Herein, we report a unique and facile approach to synthesise a spoilt tofu-derived
carbon framework with embedded ultrasmall Sn nanocrystals (SCS) derived from food waste (such as
spoilt tofu) using simple impregnation and carbonisation. The unique architecture of SCS was due to the

ﬁ%{;‘;}u;ﬁteri es porous structure of spoilt tofu and was utilised as an anode for Li-ion batteries. The optimised SCS ar-
Recycling chitecture shows excellent electrochemical performance with outstanding cycling stability
Food waste (621 mA h g1 capacity retention up to 100 cycles) and excellent high-rate performance (250 mA hg~! at
Spoilt tofu 2000 mA g 1). Thus, this facile approach provides helpful synergistic effects in terms of structural sta-

Ultrasmall Sn nanocrystals
Porous carbon framework

bility, electrochemical active surface area, and shorter diffusion pathways for Li ions. Consequently, the
recycling strategy of spoilt tofu food waste could provide a unique route to low-cost production of high-
performance Li-ion batteries.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Owing to the growing global population, the increasing quan-
tities of food waste in our society have resulted in severe envi-
ronmental pollution [1,2]. Accordingly, the United States
Environmental Protection Agency suggested a 50% reduction of
food waste by the year 2030 to protect the world from climate
change and conserve natural resources [3]. Currently, the standard
procedure for removing food waste is burying it underground,
which itself causes secondary environmental pollution, as shown in
Fig. 1a [2]. As a result, sustainable food waste recycling (Fig. 1b) is
essential to economically improve the environment and save fuel.

Among the different types of food waste, spoilt tofu has been
used as a raw carbon source for the synthesis of multifunctional
carbon materials due to its high porosity (~85%). Tofu consists of
water, protein, and fat, and is derived from soybeans, which are
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becoming increasingly popular worldwide due to being
cholesterol-free and rich in nutrients such as vitamins, minerals,
omega-3 fatty acids, and isoflavone [4,5]. However, tofu that is past
its due date is sent back to the factory and disposed [4,5]. Thus, the
recycling of spoilt tofu is essential for both financial and environ-
mental reasons. The spoilt tofu can be easily transformed into
macroscale carbon materials widely used in various electronic ap-
plications [4,5]. It is well known that carbon materials with high
porosity, high electrical conductivity, and chemical and physical
stability have received considerable attention due to their prom-
ising applications in fields such as Li-ion batteries (LIBs), super-
capacitors, fuel cells, and absorbents [6—8]. However, the optimised
utilisation of spoilt tofu food waste for fabricating multifunctional
carbon materials by chemical impregnation has not yet been
studied. Among the promising applications of carbon materials
derived from spoilt tofu, LIBs have drawn extensive attention due to
their excellent characteristics, such as high energy density, excel-
lent cycling stability, environmental friendliness, absence of
memory effect, and low self-discharge rate [9,10]. However, to
advance LIB technology in the direction of pragmatic applications,
further development of LIB anodes is essential to meet the
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Fig. 1. Schematics of the newly sustainable approach using the recycling of food waste. (a) Standard procedure for removing food waste resulting in secondary environmental
pollution. (b) Recycling of food waste using a sustainable approach with eco-friendly materials.

industrial requirements; as a key component, the anode plays a
major role in determining cost effectiveness, performance, weight,
and volume [11,12]. Currently, commercial LIB technology generally
employs synthetic graphite due to its stable cycling performance.
However, critical problems such as limited raw material resources,
complicated synthetic process, and high-temperature synthesis is
still unresolved, leading to high synthetic graphite production
costs. Thus, the recycling of spoilt tofu raw materials using a simple
strategy could be an effective solution for LIB price reduction. In
addition, another issue of carbon materials is their low theoretical
specific capacity of 372 mA h g, leading to poor energy storage
performance [13]. Therefore, to improve the specific capacity,
metal-based materials with high theoretical capacity should be
used. However, the latter always suffer from rapid capacity fading
arising from structural degradation and electrical contact loss
during cycling.

To overcome these problems, framework carbon materials are
efficiently employed, thus, preventing the severe volume expan-
sion stress of metal-based materials [14—16]. Nevertheless, higher
capacity and better cycling stability are still required for practical
applications of LIBs, such as electric vehicles and hybrid electric
vehicles. Thus, these approaches need innovative schemes to con-
trol the ultrasmall size (~2 nm) and excellent dispersion of metal
nanocrystals that are required to increase the number of electro-
active sites in the advanced carbon framework derived from spoilt
tofu. Therefore, the development of a unique and facile approach to
effectively obtain ultrasmall metal nanocrystals and carbon
framework composites as well as to reduce the cost is critical for
high-performance and low-cost LIBs, which has not yet been
studied.

Herein, we report the unique architecture of a spoilt tofu-
derived carbon framework with embedded ultrasmall Sn nano-
crystals (SCS) containing a typical high-capacity metal (Sn:
992 mA h g !) synthesised from recycled carbon materials (spoilt

tofu) using simple impregnation and carbonisation [17—19].
2. Experimental section
2.1. Materials

Tofu was purchased from (Pulmuone Co., Ltd., Korea). To obtain
the spoilt tofu, we had left the fresh Tofu for one week after the
expiration date at 5 °C. Tin(II) chloride dihydrate (SnCl,-2H,0)
were purchased from Sigma-Aldrich used without further
purification.

2.2. Synthesis of spoilt tofu-derived carbon framework with
embedded ultrasmall Sn nanocrystals (SCS)

First, SnCl,-2H,0 was dissolved in 10 mL ethanol under vigorous
stirring for 1 h. The spoilt tofu was cut by a knife in a size of 1 cm®
and then impregnated with prepared solution for 12 h. After
impregnation, the solution was extracted and then dried in an oven
at 80 °C. The impregnated spoilt tofu was stabilized at 300 °C for 2 h
in air and broken by ball milling for one week. Finally, the stabilized
tofu was carbonized at 800 °C for 2 h in nitrogen atmosphere to
obtain a SCS. Finally, the prepared SCS was broken by ball milling.

Also, the four types of composites prepared using 20, 30, and
40 wt% SnCly - 2H,0 are hereafter referred to as SCS-20, SCS-30, and
SCS-40, respectively. For comparison, the carbon framework using
only spoilt tofu without SnCl,-2H,0 were prepared using the
above-mentioned method.

2.3. Characterization
The structures and morphologies were investigated examined

by scanning electron microscopy (SEM, Hitachi S—4800) and
transmission electron microscopy (TEM, MULTI/TEM; Tecnai G2,
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KBSI Gwangju Center). A Phillips CM20T/STEM equipped with
energy-dispersive X-ray spectrometry (EDS) was used for
TEM—EDS mapping to observe the distribution of elements in the
samples. The chemical bonding states and crystal structures were
examined X-ray photoelectron spectroscopy (XPS, ESCALAB 250)
with an Al Ko X-ray source using X-ray diffractometry (XRD, Rigaku
D/MAX2500 V) in the range from 10° to 90° with a step size of
0.02°. The binding energies of spectrum in XPS are standardized to
the C 1s core level (284.5 eV). The surface properties such as the
specific surface area, pore volume, average pore diameter, and pore
volume fraction were performed by Brunauer-Emmett-Teller (BET)
method using N, adsorption/desorption.

2.4. Electrochemical characterization

Electrochemical measurements were performed using coin cells
(CR2032, Hohsen Corporation), which are consist of SCS as the
anode, Li metal foil (Honjo Chemical, 99.8%) as the cathode, a 1.0 M
LiPFg solution in a mixture of ethylene carbonate—dimethyl car-
bonate (1:1) as the electrolyte, and a porous polypropylene mem-
brane (Celgard 2400) as the separator. The SCS electrodes were
prepared on a Cu foil substrate (Nippon Foil, 18 um) as the current
collector using coating an -methyl-2-pyrrolidinone solvent (NMP,
Aldrich) based slurry with a mixture of 70 wt% of active materials,
20 wt% PVDF as the binder, and 10 wt% Ketjen black as the con-
ducting material. The resultant electrodes were dried in an oven at
100 °C for 12 h. All coin cells were assembled in a high-purity
argon-filled glove box with H,0 and O, contents less than 5 ppm.
The discharge—charge tests carried out using a battery cycler sys-
tem (WonATech Corp., WMPG 3000) in the potential range of
0.0—3.0 V (versus Li/Li™) at 25 °C in an incubator. The cycling sta-
bility was observed up to 100 cycles at a current density of
100 mA g~ L The high-rate performance was measured at current
densities of 100, 300, 500, 700, 1000, and 2000 mA g~ The ul-
trafast performance was measured up to 100 cycles at current
densities of 2000 mA g~. EIS measurements were investigated in
the frequency range of 10° to 1072 Hz by applying an AC signal of
5 mV. Cyclic voltammetry (CV) measurements were examined at a
scan rate of 0.1 mV s~ ! in the voltage range of 0—3 V (versus Li/Li*)
using a potentiostat/galvanostat (Eco chemie Autolab,
PGSTAT302N). For comparison, a commercial Sn (Sigma-Aldrich)
and a commercial graphite (MTI Korea) were purchased.

3. Results and discussion

Fig. 2 is a schematic illustration of an ideal synthetic route to the
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unique SCS architecture. As shown in Fig. 2a, Sn cations are evenly
distributed and impregnated in the porous spoilt tofu (Pulmuone
Co., Ltd., Korea), which is an organic framework with micropores of
molecular dimensions, and then dewatered. The impregnated tofu
was dried at 80 °C in air to remove water, as shown in Fig. 2b.
Finally, carbonisation at 800 °C for 2 h in a nitrogen atmosphere
afforded a porous carbon framework, while the Sn cations were in
situ converted to uniform well-dispersed ultrasmall Sn nano-
crystals (<2 nm). During the carbonisation in the nitrogen atmo-
sphere, SnO, was transformed to Sn via the reaction
Sn03 + N — Sn + NOy. In this study, the spoilt tofu-derived carbon
framework with embedded ultrasmall Sn nanocrystals (Fig. 2c)
obtained using 30 wt% SnCl;-2H0 is referred to as SCS-30.

The chemical bonding states and crystal structures were
examined using XPS with an Al K, X-ray source and XRD in the
range from 10° to 90° with a step size of 0.02°. The XPS binding
energies were standardized to the C 1s core level (284.5 eV). SCS-30
derived from spoilt tofu was synthesised by simple impregnation
and carbonisation. To investigate the chemical bonding states, XPS
measurements were carried out, as shown in Fig. 3a. The Sn 3d XPS
spectrum of SCS-30 showed two different signals at ~493.5 and
~498.0 eV with a spin energy separation of 8.5 eV, corresponding to
3dsjz and 3ds); photoelectrons of metallic Sn, respectively [20,21].
These results indicate that nanocrystals are entirely composed of
metallic Sn without any oxide states, such as SnO and SnO;. In other
words, the carbon framework blocks the oxide states and retains
metallic Sn. The structure and morphology of the as-synthesised
SCS were examined by SEM and TEM. Based on SEM imaging
(Fig. 3b), the architecture size of SCS-30 with semi-block
morphology is in the range of 0.7—1.5 pum. SCS-30 showed a
smooth surface (Fig. 3c) without any beads of agglomerated Sn,
implying that the Sn nanocrystals were embedded within the
porous carbon framework. These nanocrystals were of ultrasmall
size (2.1-2.7 nm), as evidenced by TEM and high-resolution TEM
(HRTEM) imaging (Fig. 3d and e). HRTEM images of SCS-30 show
lattice fringes with a spacing of 0.29 nm, which corresponds to the
(200) plane of Sn [22,23]. The unique architecture of ultrasmall Sn
nanocrystals effectively provides a high contact area between Sn
and electrolyte, leading to LIBs with high specific capacity. In
addition, the porous carbon framework covered most of the Sn
nanocrystals in SCS-30. To further investigate the uniform distri-
bution of Sn and carbon atoms, EDS mapping of SCS-30 was per-
formed, with the results shown in Fig. 3f. These results confirm that
the C and Sn atoms were uniformly dispersed in the carbon
framework. Moreover, the EDS findings confirm that Sn atoms are
totally encapsulated by carbon atoms, which means that the

(c) .
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Fig. 2. Schematic illustration of an ideal synthetic route for the unique SCS architecture. (a) Metal impregnation of spoilt tofu. (b) Sn?>*-embedded spoilt tofu composites. (c) SCS

obtained by carbonisation.
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Fig. 3. Structural and morphological properties of SCS-30. (a) Sn 3d XPS spectra. (b) Low-resolution and (c) high-resolution FESEM images. (d) Low-resolution and (e) high-

resolution TEM images. (f) TEM image and EDS mapping data.

wrapped Sn nanocrystals are in a porous carbon framework. Thus,
the porous carbon framework can not only improve the dispersion
of Sn nanocrystals but also firmly accommodate the aggregation of
Sn nanocrystals from a volume expansion, leading to improved
high-rate performance and enhanced cycling stability of LIBs
[11,24].

To further verify the morphological structure of a carbon
framework, SCS-20, and SCS-40, SEM and TEM analysis were car-
ried out. Fig. 4 shows (a—c) low-resolution and (d—f) high-
resolution FESEM images of a carbon framework, SCS-20, and
SCS-40. The carbon framework (Fig. 4a and d) and SCS-20 (Fig. 4b
and e) had a smooth surface. However, SCS-40 (Fig. 4c and f) had a

Fig. 4. (a—c) Low-resolution and (d—f) high-resolution FESEM images of a carbon framework, SCS-20, and SCS-40.
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Fig. 5. (a—c) Low-resolution and (d—f) high-resolution TEM images of a carbon framework, SCS-20, and SCS-40.

rough surface, since Sn nanocrystals agglomerated mostly in the
porous carbon framework.

Fig. 5 displays (a—c) low-resolution and (d—f) high-resolution
TEM images of a carbon framework, SCS-20, and SCS-40. The car-
bon framework (Fig. 5a and d) presented a uniform contrast owing
to only a single carbon phase. SCS-20 (Fig. 5b and e) was relatively
dark, signifying the presence of Sn nanoparticles. The size of the Sn
nanocrystals in SCS-40 was in the range of 21-31 nm (Fig. 5c and f).
The formation of agglomerated Sn nanocrystals in SCS-40 is
attributed to the large amount of Sn precursor in spoilt tofu. These
characteristics would result in poor electrochemical LIB
performance.

Fig. 6 shows XRD results of a carbon framework, SCS-20, SCS-30,

S
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c
‘2 e N SCS-20
= MM ~ Carbon framework
(200)| (101) I(211) Pure“Sn
10 20 30 40 50 60 70 80 90
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Fig. 6. XRD patterns of a carbon framework, SCS-20, SCS-30, and SCS-40.

and SCS-40. The carbon framework exhibited the broad diffraction
peak at 25°, corresponding to the (002) layers of graphite [12]. The
main characteristic diffraction peaks of SCS-20, SCS-30, and SCS-40
were observed at 30.6°, 32.0°, 43.9°, and 44.9°, which correspond
to the (200), (101), (220), and (211) planes of Sn, respectively (space
group I4/amd [141]; JCPDS card No. 862264). These XRD results are
in good agreement with the XPS and TEM results. In addition, as the
Sn precursor was increased, the intensity of the diffraction peaks of
the Sn phase become increasing because of the increased size of Sn
nanocrystals, which is in good agreement with the FESEM and TEM
results. In addition, the grain sizes of the Sn can be calculated by the
diffraction patterns of SCS-30 using the Scherrer equation (which A
is the X-ray wavelength, f is the full width at half-maximum, and 0
is the Bragg angle)

D = 0.9\/(B cos 6) (1)

The size of Sn for SCS-30 is calculated to be 2.5 nm, based on the
(200) and (101) planes.

To further estimate the properties of the porous carbon frame-
work, such as specific surface area, pore volume, and average pore
diameter, BET analysis was performed using N, adsorption/
desorption, as shown in Fig. S1. The isotherms of the porous carbon
framework in SCS-20, SCS-30, and SCS-40 exhibiting a steep in-
crease at low relative pressures (P/Pyp < 0.1) show typical Type-I
behaviour, based on the IUPAC nomenclature, i.e., theses samples
contain a large amount of micropores (width < 2 nm) [6—8].
Consequently, SCS-30 provides a high specific surface area of
307 m? g~ ! due to the porous carbon framework. As the Sn nano-
crystal loading was increased, the specific surface area decreased
due to the presence of Sn nanocrystals in the porous carbon
framework, which is in good agreement with the TEM results.
Detailed information on the sample specific surface area, total pore
volume, and average pore diameter is summarised in Table S1.
During the discharge-charge process in LIBs, the porous carbon
framework with high surface area can efficiently allow the



G.-H. An et al. / Journal of Alloys and Compounds 722 (2017) 60—68 65

35 35 35
(a) — {5t (t?) — {5t (c) — 5t
53.0 —2nd ; 30 —2nd - 30/
i —3rd a5 —3rd = 4]
- ——50th = ——50th o |
%20 —100th ¢20 ——100th | g 20]
-3 = )
® 15 Carbon framework @ L Commercial Sn % 151
g10 g0 2 10
3 S s
So0s 05 g 051
00 - . 004 . . 004 - :
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Specific Capacity (mAh g ) Specific Capacity (mAh g ) Specific Capacity (mAh g')
35 35
(d) — st (e) — 5t
=30 —2nd 5 30 —2nd
.='~ 25 o 3rd = 251 a—3rd
= — 50th = — 50th
g' 20 e 100th g 20 —— 100th
% i % 13 $Cs-40
D 10/ 2 10
© ©
= =
g 05 g 05
00 . 00 . —

0 500 1000 1500 0

Specific Capacity (mAh g™)

500
Specific Capacity (mAh 9'1)

1000 1500

Fig. 7. Charge—discharge curves of (a) a carbon framework, (b) a commercial Sn, (c) SCS-20, (d) SCS-30, and (e) SCS-40 at a current density of 100 mA g~! in the potential range of

0.0—3.0 V for 1st, 2nd, 3rd, 50th and 100th cycles.

favourable Li-ion diffusion, leading to improved high-rate perfor-
mance [11,24]. The analysis results demonstrate that SCS-30 en-
compasses three main advantages of a porous carbon framework as
well as the good distribution of ultrasmall Sn nanocrystals.

Electrochemical analysis was performed using coin-type cells
featuring SCS as the anode, Li metal foil as the cathode, a 1.0 M LiPFg
solution in a mixture of ethylene carbonate and dimethyl carbonate
(1:1) as the electrolyte, and a porous polypropylene membrane as
the separator. For comparison, the porous carbon framework was
prepared without SnCly-2H,0. In addition, commercial Sn metal
(<150 nm particle size) was purchased from Sigma-Aldrich (no.
576883) for comparison.

Charge—discharge curves of a carbon framework, a commercial
Sn, SCS-20, SCS-30, and SCS-40 at a current density of 100 mA g~
in the potential range of 0.0—3.0 V for 1st, 2nd, 3rd, 50th and 100th
cycles are shown in Fig. 7a—e, respectively. The carbon framework
electrode (Fig. 7a) indicated an inclined curve without the forma-
tion of a voltage plateau during the first discharge process, which
means the typical discharge property of carbon-based materials
[11,12]. The voltage profiles of a commercial Sn, SCS-20, SCS-30, and
SCS-40 electrodes (Fig. 7b—e) indicated the typical characteristics
of Sn electrode. These electrodes exhibited long slope starting from
around 1.0 V—-0.0 V, which can be attributed to the electrochemical
reactions of Sn with Li to form Li,Sn alloys and intercalation of
lithium into carbon reactions (LiyC) [16]. In addition, the SCS-20,
SCS-30, and SCS-40 electrodes showed the more gradual sloping
curves, indicating that Sn nanocrystals can provide the rapid elec-
trochemical reaction during the cycling [12]. The first specific
discharge and charge capacities were 1413 and 921 mA h g~! for
SCS-20, 1417 and 956 mA h g ! for SCS-30, and 1411 and
864 mA h g~! for SCS-40 electrodes, respectively, being much
higher than the values for the commercial Sn electrode (1410 and
719 mA h g~1) and the porous carbon framework electrode (512 and
201 mA h g~ ). The first discharge capacities of all electrodes were
higher than the theoretical value due to the direct formation of
solid-electrolyte interface (SEI) layers that can store charge via
interfacial charging at the metal/Li;O interface [11,25]. The SEI

layers are usually formed during the first cycle owing to the
reductive decomposition of electrolyte components on the elec-
trode surface, leading to high initial irreversible capacity losses
[11,25,26]. Nonetheless, the SCS-30 electrode showed a higher
coulombic efficiency (67.5%) than the commercial Sn electrode
(51%), the porous carbon framework electrode (39.3%), the SCS-20
electrode (65.2%), and the SCS-40 electrode (61.3%). This suggests
that the well-dispersed Sn nanocrystals embedded in the porous
carbon framework can largely prevent injurious electrochemical
reactions of Sn with the electrolyte.21 In addition, all SCS electrodes
reached a coulombic efficiency of almost 100% after five cycles,
implying high reversibility.

Fig. 8a shows the cycling performance of commercial Sn, porous
carbon framework, SCS-20, SCS-30, and SCS-40 electrodes at a
current density of 100 mA g~ up to 100 cycles in the potential
range of 0.0-3.0 V (vs. Li/Li*). The commercial Sn electrode
exhibited a rapid specific capacity drop to 72 mA h g~ after 100
cycles, indicating large volume expansion due to Li-ion insertion/
extraction during cycling. Thus, Sn metal is necessarily required to
form a composite with carbon. To solve these problems, we first
prepared the novel porous carbon framework derived from spoilt
tofu. The corresponding electrode showed a specific capacity
(162 mA h g1 after 100 cycles) similar to that of the commercial
graphite electrode (196 mA h g~1), as shown in Fig. S2. These results
confirmed the successful synthesis of a porous carbon framework
for use in LIBs. Remarkably, the SCS-30 electrode displayed notable
cycling stability with a specific capacity of 621 mA h g~! after 100
cycles, which is nearly 8.6 times higher than that of the commercial
Sn electrode. This performance is also superior to those of Sn-based
carbon anode materials reported previously, as summarised in
Table S2 [27—-36]. However, the SCS-20 electrode showed a rela-
tively low specific discharge capacity of 533 mA h g~! after 100
cycles compared to SCS-30 due to the small amount of Sn nano-
crystals in the carbon framework (Fig. 5e). Therefore, we believe
that the excellent cycling stability of SCS-30 is mainly ascribed to
two factors. First, the porous carbon framework derived from spoilt
tofu could efficiently deal with the volume expansion of Sn
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CV curves of SCS-30 in the potential range of 0.0—3.0 V (versus Li/Li+) at a scan rate of 0.1 mV s~ .

nanoparticles during Li-ion insertion/extraction processes. Second,
the good dispersion of ultrasmall Sn nanocrystals could signifi-
cantly increase the number of electroactive sites, owing to the high
number of contacts between Sn and Li ions. In addition, due to the
large size of agglomerated Sn nanocrystals, the SCS-40 electrode
exhibited relatively low cycling stability with a specific discharge
capacity of 421 mA h g~ after 100 cycles.

It should be further noted that the high-rate performance is an
important issue to consider in designing high-performance LIBs.
Fig. 8b displays the high-rate performance of all electrodes ob-
tained at current densities of 100, 300, 700, 1000, 1500, 2000, and
100 mA g~ . Notably, the SCS-30 electrode showed an outstanding
high-rate performance of 649 to 385 mA h g~ ! as the current
densities were increased from 100 to 2000 mA g~ !, respectively,
subsequently recovering to 645 mA h g~ (99% of the original
specific capacity) when the current density returned to 100 mA g~ .
Remarkably, the outstanding high-rate performance of SCS-30 is
one of the highest values when compared to the previously re-
ported results for Sn-based carbon anode materials (Fig. 8c)

[29—31,36—40]. Furthermore, the SCS-30 electrode showed a high
specific capacity of 250 mA h g~! after 100 cycles at a high current
density of 2000 mA g~! (Fig. 8d), meaning that the optimised SCS
electrode can be efficiently used in LIB applications where ultrafast
discharge-charge is required. The outstanding high-rate perfor-
mance of the SCS-30 electrode can mainly be attributed to the
shorter diffusion pathway for both ions and electrons due to the
high porosity of the carbon framework as well as to the well-
dispersed ultrasmall Sn nanocrystals.

To further understand the reasons for the better high-rate per-
formance of the SCS-30 electrode, EIS measurements were per-
formed using fresh cells. Fig. 8e shows the Nyquist plots of all
electrodes in the frequency range of 10° to 102 Hz at an open-
circuit potential. The semicircle in the high-frequency region is
ascribed to the charge transfer resistance (R¢) at the anode-
electrolyte interface, and the straight line in the low-frequency
range, referred to as the Warburg impedance, corresponds to Li-
ion diffusion in the anode [11,16]. SCS-30 shows the lowest R¢
and low Warburg impedance compared to the other electrodes,
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indicating improved charge transfer kinetics and a shorter Li-ion
diffusion pathway. These results are in good agreement with
those of the high-rate performance. Thus, the EIS results of SCS-30
with ultrasmall Sn nanocrystals suggest that the improved charge
transfer kinetics is attributed to the large number of active sites due
to the increased number of charge transfer channels compared to
SCS-20 and SCS-40 electrodes.

To further understand the electrochemical properties of the
SCS-30 electrode, CV measurements were performed using a
potentiostat/galvanostat in the potential range of 0—3 V (vs. Li/Li™)
at a scan rate of 0.1 mV s~ . The CV curve clearly shows the
reduction (Li insertion) and oxidation peaks (Li extraction), as
shown in Fig. 8f, which is a typical feature of Sn [27,30,32,35,38,40].
In the first cathodic scan, the broad reduction peaks between 0.3
and 0.8 V are related to the electrochemical reactions between Sn
and Li to form Li,Sn alloys, while the peak at 0 V is related to the
intercalation of Li into the porous carbon framework, forming Li,C.
The oxidation peak between 0.4 and 0.8 V in the first anodic scan
corresponds to the de-alloying of LiySn. It can be seen that the
curves of the second and third scans are almost superimposed,
indicating the excellent electrochemical reversibility of Li storage in
the SCS-30 electrode. However, no broad reduction peaks in the
second and third cathodic scans were attributed to the occurrence
of irreversible processes, e.g., the formation of an SEI layer. There-
fore, the electrochemical alloying reaction of SCS-30 includes the
following steps [29,33,40]:

Sn + xLit + xe” < LiySn (0 < x < 4.4) (2)
C+xLit +xe~ < LixC (0 < x < 6) (3)

Thus, we have achieved exceptional lithium storage perfor-
mance using our newly designed architecture, which can be
explained by its several advantages. The porous carbon framework
derived from spoilt tofu can effectively deal with the volume
expansion of Sn nanocrystals during cycling, leading to improved
cycling stability as well as enhanced high-rate performance. In
addition, the well-dispersed ultrasmall Sn nanocrystals can provide
remarkably improved specific capacity owing to the high number of
contact sites between Sn and Li ions and an enhanced high-rate
performance due to shorter diffusion pathway for Li ions. Thus,
SCS derived from spoilt tofu has excellent potential as a novel
anode for high-performance LIBs.

4. Conclusions

SCS derived from spoilt tofu was successfully synthesised by
simple impregnation and carbonisation using spoilt tofu and a Sn
precursor. The optimised SCS-30 exhibited unique architecture
featuring a porous carbon framework embedded with ultrasmall Sn
nanocrystals (2.1—2.7 nm). The optimised SCS-30 electrode showed
improved lithium storage properties, including the highest
coulombic efficiency of 67.5%, outstanding cycling stability
(621 mA h g~ ! after 100 cycles), and excellent high-rate perfor-
mance (250 mA h g~! at 2000 mA g~!) compared to the SCS-20 and
SCS-40 electrodes and the commercial Sn electrode. This
outstanding electrochemical performance can be explained by the
following combined effects: (I) the outstanding cycling stability is
related to the porous carbon framework, which prevents the severe
volume-expansion stress of Sn; and (II) its improved specific ca-
pacity and high-rate performance is related to the good dispersion
of ultrasmall Sn nanocrystals providing numerous active sites and a
shorter diffusion pathway for Li ions. Thus, the facile approach
using spoilt tofu also provides promising materials for the synthesis
of carbon frameworks and high-performance LIBs. Moreover, this

novel approach using food waste is an attractive strategy for other
high-performance applications such as energy storage devices,
electrocatalysts, and sensors.
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