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combustion of marine gas oil as an anode material
for lithium ion batteries†

Hyun-Min Baek,a Dae-Yeong Kim,*b Won-Ju Lee *c and Jun Kang *c

Many studies have recently investigated the characteristics of combustion products emitted from ships and

onshore plant facilities for use as energy sources. Most combustion products that have been reported until

now are from heavy oils, however, no studies on those from light oils have been published. This study

attempted to use the combustion products from the light oils from naval ships as anode materials for

lithium ion batteries (LIBs). These products have a carbon black morphology and were transformed into

highly crystalline carbon structures through a simple heat treatment. These new structured materials

showed reversible capacities of 544, 538, 510, 485, 451 and 395 mA h g�1 at C-rates of 0.1, 0.2, 0.5, 1.0,

2.0 and 5.0C, respectively, and excellent rate performance. These findings were the result of

a combination hierarchical pores ranging from the meso- to macroscale and the high capacitive charge

storage behavior of the soot. The results of this study prove that annealed soot with a unique multilayer

graphite structure shows promising electrochemical performance suitable for the production of low-

cost, high-performance LIB anode materials.
Introduction

Among the �800 active naval ships worldwide (above 1000 t),
those that do not use nuclear power (nuclear carrier, nuclear
submarine) use marine gas oil (MGO), which is a light oil, as
fuel. MGO is a very rational choice as the fuel for naval ships
because it is mainly used in four-stroke medium- to high-speed
diesel engines, it avoids the need for supplementary preheating
devices, and it is easier to manage than gas fuels. The relatively
high price of MGO is acceptable because naval ships are unique
in that their economic efficiency is not considered.

The exhaust emissions from naval ships are not regulated by
the International Maritime Organization (IMO). However, the
United States Environmental Protection Agency (US EPA) and
the Naval Sea Systems Command (NAVSEA) are now working
together to classify the amounts of exhaust emissions of the
military sector in accordance with the Intergovernmental Panel
on Climate Change (IPCC)'s guidelines.1 In addition, many
member countries of the United Nations Climate Change
Convention are calculating and reporting the emissions of their
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military sectors. Thus, efforts to manage exhaust emissions
from naval ships are spreading worldwide.

The South Korean Navy is not yet regulating or controlling
greenhouse gases (GHGs, e.g., CO2, CH4, and N2O) or particulate
matters from naval ships, including soot emitted, and its ships
use an annual total of approximately 124 000 t of MGO. When
the GHGs are calculated using a method based on fuel quantity
and caloric value, the estimated annual amount of emissions is
approximately 395 000 CO2-ton eq. Furthermore, when the soot
emissions are calculated using the emission factor according to
the operation patterns of the gas turbine, propulsion diesel
engine, and power generation diesel engine, the total annual
emission of soot is estimated to be 170 to 190 t.2Most of the soot
emitted from naval ships is emitted together with the exhaust,
whereas the soot accumulated in exhaust pipes is discharged
aer cleaning during the periodic repair of the engine. This soot
must be incinerated during the process of being discarded,
which causes an additional adverse effect on the atmospheric
environment by further emitting greenhouse gases and partic-
ulate matters.

As a byproduct of the engine fuel for ships, soot accounts
for 1–2% of the global emissions.3 Among this soot, that
emitted from the compression ignition engines of general
ships using bunker oil or MDO has been researched for its
application in electrode materials, such as the active and
conductive materials for lithium ion batteries (LIBs), and its
applicability aer heat treatment has been sufficiently
proven.4,5 However, the soot emitted from naval ship engines
or diesel engines using MGO has not yet been analyzed. To
This journal is © The Royal Society of Chemistry 2020
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address this gap, this study characterizes the soot generated
from naval ship diesel engines that only use MGO and exam-
ines its applicability as the active material for LIB anodes.
Furthermore, previous studies required graphitization at
2000 �C or higher temperatures to manifest excellent perfor-
mance as an electrode material for LIBs,6 but this study found
that a much lower temperature of 1000 �C was adequate. The
results thus demonstrate the future potential of LIBs based on
heat-treated soot collected from propulsion diesel engines for
the guided missile frigate (FFG), the main battleship of the
South Korean Navy (Fig. 1).
Materials and methods
Material preparation

This study used soot sampled from diesel engine exhaust pipes
from an FFG operated by the South Korean Navy and its diesel
engine as the target ship and engine. The FFG is a battleship
with a full load of 3300 t, a light dra of 2300 t, a maximum
speed of 30 kn, and a cruising speed of 18 kn. An analysis of the
actual annual operation velocity patterns showed that its oper-
ation speed was around 8–12 kn for more than 80% of its total
operation time. The target ship uses 100% MGO. Table S1†
shows the specications of the actually used MGO, and Table
S2† shows the specications of the target engine from which the
sample was collected. The soot was sampled by opening the
engine exhaust pipe, as shown in photographically in Fig. S1.†
Heat treatment

The collected soot was heat-treated to improve its crystallinity
and to remove impurities such as oxygen and hydrogen. The
soot was heated to 1000 �C at 25 �C min�1 in a tube furnace
under owing Ar. Aer a 60 minutes dwell time, it was cooled to
room temperature at 7 �C min�1.
Fig. 1 Schematic diagram of fabrication of the soot-1000 and applicatio

This journal is © The Royal Society of Chemistry 2020
Material characterization

An elemental analysis (EA) was performed before and aer
annealing using a Thermo Fisher Scientic EA1112. X-Ray
diffraction (XRD) patterns were recorded on a Rigaku Smar-
tLab X-ray diffractometer equipped with Cu Ka radiation
(l ¼ 1.5418 Å). Raman spectra were obtained using a Lambda
Ray P-1 Raman spectrometer with 532 nm laser excitation.
Transmission electron microscopy (TEM) images were acquired
on a JEOL 2010 at an acceleration voltage of 200 kV. Nitrogen
sorption isotherms were measured on a MicrotracBEL Corp
Belsorp-max. All samples were degassed at 200 �C for 3 h prior
to the measurement. The specic surface area was calculated by
the Brunauer–Emmett–Teller (BET) method. X-ray photoelec-
tron spectroscopy (XPS) was performed using mono Al Ka
radiation with a Thermo Fisher Scientic ESCALAB 250
spectrometer.
Electrochemical testing

Typically, a slurry of 70 wt% active material, 20 wt% carbon
black, and 10 wt% polyacrylic acid (PAA) in distilled water was
coated onto a copper foil current collector (�2.4 mg of active
material on each electrode) and then dried at 80 �C overnight
in a vacuum oven. The obtained electrode, a polypropylene
separator, and a Li metal counter electrode were assembled
into a 2032-type coin cell lled with an electrolyte in an Ar-
lled glovebox. The electrolyte was 1 M LiPF6 in ethylene
carbonate (EC) and dimethyl carbonate (DEC) (1 : 1). Cyclic
voltammetry (CV) was performed in the voltage range of 0.01–
3.0 V (vs. Li+/Li) using the BCS-805 Biologic battery test system,
which was also used to carry out galvanostatic charge/
discharge tests. Using this same system, electrochemical
impedance spectroscopy (EIS) was conducted with a sine wave
with a 5 mV perturbation amplitude over a frequency range of
10 kHz to 0.01 Hz.
n for LIBs.
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Table 1 EA results of soot and soot-1000: atomic percentages of C,
H, N, S and O, respectively

Sample

Element

C H N S O

Soot 84.42 0.19 1.06 2.2 12.13
Soot-1000 96.8 — 1.06 2.14 —

Table 2 XPS peak area percentages for different carbon configura-
tions in soot and soot-1000

Sample

Bonding

sp2 C–C (area%)
C–OH
(area%)

O]C–O
(area%)

p–p*
shakeup (area%)

Soot 65.2 25.6 6.5 2.7
Soot-1000 75.5 15.9 3.6 5.0
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Results and discussion

The chemical composition of the sampled soot is highly
dependent on the fuel source and annealing process. The
detailed chemical composition of soot used in this study was
analyzed by EA before and aer annealing (soot and soot-1000,
respectively), as outlined in Table 1. Soot-1000 has a higher C
content than soot, and O and H are not observed. However, in
both samples, the N and S contents appear to be negligible
(lower than 2.2 at%). The graphitization effect according to the
annealing process was rst veried by XRD patterns. In relation
to the (002) and (100) planes of graphite, the results demon-
strate that the amorphous structure of the soot before anneal-
ing became more crystalline, as shown in Fig. 2a. Two
diffraction peaks appear near 25� and 44�, which become more
narrow aer annealing. Among these peaks, the (002) diffrac-
tion peak is related to the parallel lamination of graphene
sheets, and the (100) peak corresponds to the honeycomb
structure composed of sp2 hybridized carbon.7 From the (002)
diffraction peak, the d002 spacing values for the soot and soot-
1000 are calculated using Bragg's formula to be 0.35 nm and
0.36 nm, respectively, which are both larger than that of
conventional graphite (0.3354 nm). A larger d002 spacing is more
advantageous for Li+ insertion and extraction and thus can
increase the Li+ storage capacity.8 The Raman spectra (Fig. S2†)
of soot and soot-1000 show a D-band at �1340 cm�1 and a G-
band at �1560 cm�1. The former is caused by the A1g vibra-
tion of carbon aromatic rings caused by defects, and the latter
corresponds to the E2g vibration of sp2 carbon.9 Therefore, the
appearance of the D-band can essentially be attributed to the
amorphous structure of the soot. The intensity ratio of D-band
and G-band ID/IG is widely used to determine the degree of
disordering in carbon materials,9–11 and in the case of soot, ID/IG
Fig. 2 (a) XRD patterns, (b) survey XPS spectrum, and (c) C 1s high-reso

36480 | RSC Adv., 2020, 10, 36478–36484
decreased from 0.83 to 0.80 depending, on the annealing
process. Meanwhile, the annealing process at 1000 �C evidently
improves the electrical conductivity by removing O and H from
the soot. In addition, annealing caused graphitization or gra-
phenization in small domains, as evidenced by the formation of
a sequence of a–b planes, which was subsequently analyzed in
more depth through XPS. Fig. 2b illustrates the XPS survey
spectra of soot and soot-1000. Both samples showed strong C 1s
and O 1s peaks, as well as negligible N 1s and S 2p peaks, but no
other elements were observed. In the soot, the atomic percent-
ages of C, O, N, and S were 87.22, 11.72, 0.83 and 0.23 at%,
respectively. In soot-1000, they were 96.68, 0.58, 2.34 and 0.4
at%, respectively. The trend in the elemental composition
before and aer annealing according to XPS was consistent with
the EA results. The high-resolution C 1s spectra of the two
samples (Fig. 2c) can be separated into four different peaks
caused by sp2 C–C (284.8 eV), C–OH (285.5 eV), O]C–O
(288.5 eV), and p–p* shakeup (290.5 eV).12–14 The area
percentages of each peak are listed in Table 2. Evidently, the
annealing process signicantly decreased the peaks caused by O
binding and increased the sp2 C–C peak area. These changes
imply that graphitization was partially increased by the
annealing process, which supports the XRD results.

Fig. 3a shows the TEM images of soot-1000, which was found
to be similar to carbon black, with a network of particles having
primary particle sizes of approximately 30–40 nm (the TEM
image of soot is shown in Fig. S3a†). A spherical morphology is
oen advantageous for electrode materials because it enables
a uniform current distribution, which can decrease the elec-
trolyte decomposition and prevent the formation of dendrites,
ultimately improving the safety of LIBs. Moreover, the nano-
particles provide fast mass transport and minimize polarization
effects by effectively shortening the diffusion length of Li.15
lution XPS spectra of soot and soot-1000.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) TEM and (b) HR-TEM images of soot-1000, (c) nitrogen
sorption isotherm of soot-1000 (inset: BJH pore size distribution), and
(d) micropore size distribution, calculated from adsorption isotherms
using the MP method.
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Meanwhile, no distinct changes were observed in the
morphology or size distribution aer annealing. Fig. 3b shows
the high-resolution TEM (HR-TEM) image of soot-1000, and
Fig. S3b† shows the corresponding image of the soot. Both soot
and soot-1000 contain layers of graphene with distinct curves
longer than 3 nm, and these layers are oen stacked in tur-
bostratic nanodomains. This turbostratic structure can experi-
ence lithiation at a slightly higher potential and can accept
more Li+ in the micropores and disorderly middle layer.16

The pore characteristics of soot and soot-1000 was veried by
N2 sorption analysis, and the results are shown in Fig. S4† and
3c, d. The BET surface areas of the two samples are
114.55 m2 g�1 and 157.83 m2 g�1, respectively. The pore size
Fig. 4 Electrochemical performance of soot-1000 for LIB anodes: (a
372mA h g�1), (b) CV curves of the initial five cycles at a scan rate of 0.2mV
performance at different C-rates. (f) comparison of soot-1000 with repr

This journal is © The Royal Society of Chemistry 2020
distribution curves of both soot and soot-1000 were calculated
using the Barrett–Joyner–Halenda (BJH) method (insets,
Fig. S2a† and 3c), which show a broad range of hierarchical
pores from the meso- to the macroscale. Furthermore, the cor-
responding adsorption/desorption plots show type-II isotherms
having a H3-type hysteresis loop. Meanwhile, Fig. S4b† and 3d
show the distribution of micropores in the soot before and aer
annealing plotted using the micropore analysis (MP) method,
which conrmed the existence of micropores and cavities
according to the defect sites of the two samples. According to
a previous study, Li can deposit in micropores and cavities in
the size range of 0.5 to 1.5 nm, which can contribute to a high
reversible capacity.17 Soot-1000 exhibited a higher distribution
of micropores than the soot, similar to the tendency of the
specic surface area demonstrated by the BET analysis.

Moreover, soot-1000 also showed a higher volume of
micropores (0.04 and 0.051 cm3 g�1 for soot and soot-1000,
respectively). This difference suggests that annealing partially
activates the soot and increases its specic surface area and
porosity. A high specic surface area can provide a sufficient
electrode/electrolyte interface for the accumulation of ions or
charges. Hierarchical pores with diameters ranging from the
meso- to the macroscale are more advantageous for the rapid
diffusion of ions and can provide a much higher rate
performance.18,19

The electrochemical performance of soot-1000 as an anode
material for LIBs is presented in Fig. 4. Fig. 4a shows the charge/
discharge proles of soot-1000 during the initial three cycles at
a C-rate of 0.2C (1.0C ¼ 372 mA h g�1) in the voltage range of
0.01–3.0 V. The initial reversible capacity of soot-1000 was
429 mA h g�1, which is slightly higher than the theoretical
capacity for graphite (372 mA h g�1). The sloping prole and
initial reversible capacity imply that the lithium storage mecha-
nism of soot-1000 is different from that of graphite. Specically,
) charge/discharge profiles of the initial three cycles at 0.2C (1C ¼
s�1, (c) cycling performance at 1C, (d) EIS after different cycles. (e) Rate

esentative recyling carbonaceous materials.

RSC Adv., 2020, 10, 36478–36484 | 36481
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Fig. 5 (a) CV curves of soot-1000 at different scan rates from 0.2 to
1.0 mV s�1, (b) linear relationship between the logarithms of the
cathodic and anodic peak currents and the scan rate for soot-1000, (c)
CV curve and capacitive contribution (blue shaded area) of soot-1000
at scan rates of 0.6 mV s�1 (inset) and 1.0 mV s�1, and (d) corre-
sponding capacitive contribution ratio to the total capacity at different
scan rates.
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a sloping prole with no distinct plateau region suggests the
capacitive charge storage behavior of soot-1000. Meanwhile,
lithiation at a higher potential with a sloping prole can generate
a safer anode material than commercial graphite, which has
a dendrite growth problem owing to the Li interactions at a low
potential. The initial coulombic efficiency of soot-1000 was
approximately 57% at 0.2C. The initial capacity loss is caused by
irreversible lithium ion trapping in the disorderly structure of
carbon as well as the large specic surface area (157.83 m2 g�1)
enabling the formation of solid electrolyte interface (SEI) lms
that, which is consistent with the BET results. Continuously
trapped lithium ions can be fractured during the initial capacity
fading period and can re-form a thick SEI layer. Fig. 4b shows the
CV curves of the rst ve cycles of soot-1000 at the scan rate of
0.2 mV s�1. The irreversible integral area of the rst and second
cycles is caused by the irreversible storage of Li+ in the disorderly
structure, the formation of SEI lms, and electrolyte decompo-
sition.20 These phenomena are consistent with the charge/
discharge prole analysis. The cathodic peak at 0.01–0.2 V is
due to the reversible Li+ insertion in the graphite layer, and the
anodic peak near 0.25 V is caused by Li extraction from the
graphite layer. In the third cycle, a peak is observed near 0.25 V,
which is considered to be caused by the efficient re-activation of
the nanostructure of the hierarchical pores. During subsequent
cycling, the CV curves overlap, which indicates the excellent
reversibility of soot-1000 electrode.

Fig. 4c illustrates the cycling performance of soot-1000 at
1.0C. Similar to most carbon-based materials for LIBs, the
coulombic efficiency was degraded by the formation of SEI lms
during the initial cycles. However, during subsequent cycling,
the coulombic efficiency signicantly improved, remarkably
converging to 100%. Owing to gradual activation during the
cycling process, the reversible capacity more than doubled aer
181 cycles from 389 to 781 mA h g�1. This phenomenon is
typical for porous carbon materials and veries the effect of the
hierarchically porous structure of soot-1000.18,21,22

This was conrmed by EIS measurements aer different
numbers of cycles. In the medium- and high-frequency regions
of the Nyquist plots in Fig. 4d, the semicircles and sloping
straight lines appear aer all numbers of cycles, which are
affected by the charge-transfer resistance and solid-state diffu-
sion of lithium in the electrode material, respectively.13,23 The
obvious changes in the semicircle in the medium-to-high-
frequency region suggest that the charge-transfer resistance
decreases with the increasing number of cycles. This reveals the
excellent conductivity of the material at the interface between
the electrolyte and the electrode material, as well as the acti-
vation of the electrode material, facile electrolyte penetration,
and high lithium ion transfer rate.22

Soot-1000 also shows notable rate performance (Fig. 4e),
which is critical to actual LIB applications. Specically, at 0.1, 0.2,
0.5, 1.0, 2.0 and 5.0C, the reversible capacity values were 544, 538,
510, 485, 451 and 395 mA h g�1, respectively, showing excellent
rate performance.Moreover, when the current was restored to the
initial 0.1C, the reversible capacity shows a higher value of
783 mA h g�1 than the initial value at 0.1C owing to the gradual
activation (charge/discharge proles are depicted in Fig. S5†).
36482 | RSC Adv., 2020, 10, 36478–36484
The electrochemical performance of soot-1000 is superior or
similar to that of previously reported carbon materials derived
from carbon sources such as rice hulls, wheat our, and cork
stalk cores, as summarized in Table S3† and Fig. 4f.24–29

Meanwhile, to further understand the rate performance of
our LIBs, we analyzed the reaction kinetics via CV, and the
results are shown in Fig. 5. The CV curves in the scan rate range
of 0.2 to 1.0 mV s�1 (Fig. 5a) are almost identical, which
suggests capacitive charge storage behavior. According to
previous studies, the capacitive charge storage behavior can be
veried using the following equation:30

I ¼ avb

where the b value is determined from the slope of log I vs. log v
curves. The b values of the cathodic and anodic peaks are 0.6886
and 0.7336, respectively (Fig. 5b). A b value close to 0.5 means
a diffusion-controlled process, whereas a b value approaching
1.0 means more surface-capacitive behavior. The ratio of
capacitive charge storage behaviors can be quantied according
to the research of Dunn.31,32 At a xed potential, the relative
contributions of the diffusion-controlled process and the
capacitive charge storage process can be derived from the
following equation:

i(V) ¼ k1v + k2v
1/2

As shown in Fig. 5c, the capacitive charge storage process at
the scan rate of 1.0 mV s�1 is 82.1% of the total charge storage,
and the contribution of the capacitive charge storage process
gradually increases with the scan rate (Fig. 5d). Meanwhile, the
capacitive charge storage behavior is mainly due to Li adsorbed
onto the carbon surface. This storage mechanism has faster
kinetics than insertion in the carbon lattice of Li to form LiC6.
This journal is © The Royal Society of Chemistry 2020
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Thus, the excellent rate performance of soot-1000 can be
concluded to be due to a combination of hierarchical pores
ranging from meso- to macropores and the highly capacitive
charge storage behavior.

The above results show that soot-1000, which was derived
from the diesel engine of a battleship, is an excellent electrode
material for LIBs. Its excellent electrochemical performance can
be explained by its novel nanostructure. First, soot-1000 is
a turbostratic structure that can accommodate more Li+ in the
micropores and the disorderly middle layer, which can
contribute to its high reversible capacity. Second, its nano-
structure shortens the diffusion pathways. Third, hierarchical
pores ranging from meso- to macropores can provide fast ion
transport, which increases electrochemical activity by mini-
mizing the diffusion resistance to mass transport at the large
electrode/electrolyte interface. Moreover, these advantages
combined with its highly capacitive storage behavior can
contribute to its excellent rate performance.
Conclusions

This study represents the rst attempt to recycle the combustion
products from engines of naval ships using MGO into active
materials for LIBs. This unique concept can transform waste into
an energy source. A heat treatment at only 1000 �C increased the
crystallinity of the collected soot, and the d002 spacing of the soot
both before and aer annealing was larger than that of graphite.
The annealed soot was then used as an active material for LIB
anodes. The attained morphology and structure of the soot were
investigated using HR-TEM, and the soot was found to be similar
to carbon black, with a network of particles having primary
particle sizes of approximately 30–40 nm. The XRD, Raman
spectroscopy, and BET surface area results showed that the
graphitized soot was transformed to highly crystalline graphite,
and the specic surface area of the graphitized soot was larger
than that generally used in active materials (1–2 m2 g�1).

The annealed soot exhibited a unique multilayer graphite
structure that facilitated its electrochemical performance,
which makes it a suitable candidate for the anode active
material. In addition, its rate performance was excellent, unlike
that of similar combustion products that have been reported
thus far. Currently, the types of fuel oils used in commercial
ships as well as naval ships are changing. Therefore, the same
analysis and research should be conducted for different types of
soot emitted from these ships, and similar studies should be
conducted to nd various uses of waste soot.
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