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Utilizing Nanoscale Particulate Matter from the 
Combustion of Diesel Fuels as a Carbonaceous Anode 
Electrode for Li-ion Batteries 

EXECUTIVE SUMMARY 

According to the Environmental Protection Agency’s National Emissions Inventory Report, 
hundreds of thousands of tons of particulate matter (PM2.5) are released by diesel combustion 
per year1,2. The toxic PM2.5 air pollution causes serious public health problems and is 
responsible for millions of worldwide deaths each year3. In this study investigates the 
electrochemical energy storage capability of annealed soot PM originating from diesel exhaust. 
Soot composite electrodes were utilized as anode electrodes and cycled against Li counter 
electrodes. X-ray diffraction and Raman spectroscopy showed the graphitized carbon structure 
of the annealed soot particles. The cycle life and rate-capability of the electrodes were 
investigated via galvanostatic cycling tests. The electrodes exhibited excellent rate performance 
with discharge capacities of 235, 195, 150, 120, and 80 mAh/g when cycled at rates of 1C, 2C, 
5C, 10C, and 20C, respectively. The electrode demonstrated an initial discharge capacity of 154 
mAh/g at 4C rate with a capacity retention of almost 77% after 500 cycles. Raman analysis 
confirms the retention of structural ordering in the soot carbon after 500 cycles. Kinetic 
analysis, obtained through cyclic voltammetry at different scan rates, indicates 
pseudocapacitive charging behavior in the soot composite electrode. The study provides a 
viable pathway towards a sustainable energy-environment by converting an abundant toxic 
pollutant into a valuable electrode material for Li-ion batteries. 
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Introduction 

The steady increase in the consumption of fossil fuels in modern society has caused several 
serious environmental and human health issues. The burning of fossil fuels not only produces 
carbon dioxide emissions, which are contributing to global warming and poisoning the world’s 
oceans but also releases toxic air-borne pollutants into the atmosphere4,5. For example, the 
combustion of fossil fuels in diesel engines generates nanoscale particulate matter (PM) with an 
aerodynamic diameter lower than 2.5 μm (i.e., PM2.5). According to the Global Burden of 
Disease report, almost 3.2 million worldwide deaths per year are attributed to health diseases 
associated with PM2.5 air pollution, making it the 6th highest risk factor for premature mortality3. 
The long-reaching adverse effects of this PM include complications in infant development 
during prenatal period6, mental illnesses7, respiratory health8, and cardiovascular health9–11. In 
particular, combustion-derived carbonaceous particles have been suggested in recent years to 
be up to 5 times more toxic than inorganic particulate compositions12–14. According to the 
Environmental Protection Agency’s (EPA) 2017 National Emissions Inventory Report, 
approximately 123,000 tons of PM2.5 were released by diesel combustion in the year 20171,2. 
The combustion of diesel fuels in California alone produces more than 25,000 tons of toxic 
nanoscale particulate matter (PM) as a waste product every year15. This has captured the 
attention of global organizations such as the World Health Organization (WHO), which gives an 
average annual guideline of 10 μg/m3 of PM2.5 in their air quality guidelines16. Furthermore, this 
attention has prompted decision-makers such as the Environmental Protection Agency (EPA)17, 
Federal-Provincial Advisory Committee18, and the European Union19 to impose standards on the 
emissions of nanoscale particulate matter. For example, the Euro 6 update limited the emission 
of particulate matter to 0.01 g/kWh for heavy duty engines and 0.005 g/km for light-duty 
vehicles operating in Europe, and further, more stringent air quality standards are expected in 
the future. Effective implementation of these policies is key to control and mitigate PM2.5 air 
pollution20.  

Black Carbon is other name that refers to optically black combustion generated particles, 
especially diesel particles. Black Carbon is the second largest contributor to human-induced 
climate warming, after carbon dioxide. Shipping over the ocean contributes 8 to 13% of global 
Black Carbon emissions21. The arctic climate is especially vulnerable to Black Carbon deposition 
because of its impact on the albedo of snow, glaciers, and sea ice—accelerating melting and 
increasing sensitivity to warming.  

These requirements have necessitated the need for an improvement in the technology 
restricting diesel engine particulate emissions. Diesel particulate filters (DPFs) and electrostatic 
precipitators (ESPs) are common methods of reducing combustion engine emissions22–24. 
However, these DPFs become clogged over extended use and must be cleaned out. If not 
maintained properly, these filters can exert a large back pressure on the engine ultimately 
reducing engine efficiency. The carbonaceous waste soot collected from these filters is of 
limited use and mostly ends up as industrial toxic waste. Potential commercial application of 
the waste material is needed to transform it into useful chemicals for sustainability. Previously, 
we demonstrated the application of diesel engine exhaust soot as a conductive additive for two 
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different Li-ion battery cathode materials, lithium manganese oxide (LMO) and lithium iron 
phosphate (LFP)25. In the study presented here, we examine the electrochemical storage 
capability of carbonaceous particulate matter as an anode material for Li-ion batteries. 

Li-ion batteries are pervasive in modern society with applications in cell phones, laptops, and 
power tools. The discovery of graphite anodes in the early 1990s lead to the commercialization 
of rechargeable lithium-ion batteries in 1991 because graphite allows reversible Li-ion insertion 
(i.e., intercalation) and removal from its structure. In recent years, a number of publications 
have come forth with various carbonaceous electrodes as alternatives to graphite electrode 
from a variety of sources including prawn shells26, corn stalk cores27, rice husks28, garlic peels29, 
sweet potatoes30, wheat flour31, and soot from marine gas oil32 among others. The porous 
carbon derived from these sources were exposed to the high temperature treatment, which 
results in a cost penalty for the production of the material. On the other hand, in this study, 
soot particles, collected by the electrostatic precipitation, only baked at 250 oC. Table 1 lists the 
carbon sources, synthesis process and electrochemical performance of the porous carbon 
electrodes derived from biomass resources.  

Table 1. Literature survey on the synthesis and the electrochemical performance of the 
recycled carbon materials derived from various sources as anode in Li-ion batteries. C-rates 
are based on theoretical capacity of 372 mA/g. 

Li or Na-
ion 
Battery 

Carbon Source Synthesis Discharge 
Capacity 
(mAh/g) 

Current 
Density 
(mA/g) 

Li-ion Garlic Peel29 Baking (300 oC)+ KOH bath + 
Pyrolysis (850 oC for 2 hrs) 

200 4000 
(~10.8C) 

Li-ion Sweet patato30 Pyrolysis (800 oC for 4 hrs) + 
Autoclave  

84 3720 (~10C) 

Li-ion  Rice husk28 Autoclave + H2SO4 bath + 
Pyrolysis (600 oC for 1.5 hrs) 

155 1860 (~5C) 

Li-ion soot from 
marine gas 
oil32 

Pyrolysis (1000 oC for 1 hr) 395 3720 (~10C) 

Li-ion prawn shells26 Baking (300 oC)+ NaOH bath + 
Pyrolysis (750 oC for 2 hrs) 

147 2000 (~5.4C) 

Li-ion corn stalk 
cores27 

Baking (300 oC) 107 1860 (~5C) 

Li-ion corn stalk 
cores27 

Baking (300 oC)+ Pyrolysis (550 
oC for 4 hrs) + KOH bath 

275 1860 (~5C) 
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Li or Na-
ion 
Battery 

Carbon Source Synthesis Discharge 
Capacity 
(mAh/g) 

Current 
Density 
(mA/g) 

Na-ion Garlic Peel29 Baking (300 oC)+ KOH bath + 
Pyrolysis (850 oC for 2 hrs) 

142 500 

Na-ion prawn shells26 Baking (300 oC)+ NaOH bath + 
Pyrolysis (750 oC for 2 hrs) 

107 2000 

Na-ion Onion33 Baking (300 oC)+ NaOH bath + 
Pyrolysis (600 oC for 3 hrs) 

46 2000 

Na-ion low density 
polyethylene 
bags34 

Pyrolysis (700 oC under 3310 
kPa) 

92 150 

Na-ion N-doped 
porous carbon 
nanosheet35 

KOH bath + Pyrolysis (800 oC 
for 2 hrs) 

140 500 

In this study, we investigate the electrochemical performance of soot particles derived from the 
combustion of diesel fuel. The morphological and chemical structure of the soot particles were 
characterized using SEM, XPS, and XRD analysis. The composite anode electrodes were 
fabricated by mixing the soot particles with conductive carbon and binder. The electrochemical 
behavior of the soot composite electrodes was characterized via cyclic voltammetry and 
impedance spectroscopy. The cycle life and rate capability of the electrode were investigated 
via galvanostatic cycling tests. The electrode demonstrated 150 mAh/g capacity at a 4C rate and 
capacity retention was almost 77% after 500 cycles. Excellent rate-capability of the soot 
electrode suggested pseudocapacitive charge behavior of the electrode, which was further 
investigated by conducting cyclic voltammetry over a wide range of scan rates and Raman 
spectroscopy studies. 

Materials and Methods 

Recycled Particulate Matter 

The details of the preparation of the soot particles were explained in detail in our previous 
publication25. Briefly, soot particles were collected from diesel engine exhaust using 
electrostatic precipitation. The electrostatic precipitation of soot is highly energy efficient and 
requires less than 1% of the engine power. The preparation of soot anode material consists 
primarily of low-temperature annealing that could potentially be carried out using various 
waste heat sources. The collected particles were then annealed at 250 oC in the argon 
environment for 4 hours. We performed high resolution transmission electron microscopy 
(
H
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Figure 9). Both samples show crystal lattice fringes corresponding to roughly 3.4Å spacing, 
indicating graphitic structure. According to these images, there is no apparent difference in the 
material structure with and without annealing. Gas chromatography/mass spectrometry 
(GC/MS) during the annealing process is shown in Figure 10 of the Supplemental Document. 
The temperature was scanned from 50 Celsius to 300 Celsius, while GC/MS spectra were taken. 
As the temperature increased, the emergence of a CO2 increased with temperature. The 
absence of any other species observed at later retention times (i.e., 4–12 minutes) indicates 
that there are no substantial hydrocarbons emitted during this annealing process. 

Electrode Fabrication 

Annealed diesel soot particles were used as the active material in composite electrodes for 
electrochemical characterizations. The composite electrodes were fabricated by mixing the 
annealed soot particles with carboxymethyl cellulose sodium salt binder (CMC, Aldrich) and 
Super P® conductive carbon additive (Alfa Aesar) in an 8:1:1 mass ratio, respectively. CMC was 
chosen as a binder because the electrode undergoes less irreversible deformations due to the 
formation of solid-electrolyte interface when CMC is used as a binder for carbonaceous Li-ion 
anodes compared to the PVDF binder36. First, the CMC binder was dissolved in ultrapure water 
and mixed for 10 min in a Thinky centrifugal mixer at 2000 rpm mixing speed. Next, the 
annealed soot particles and Super P® conductive carbon were added to the binder mixture. The 
resulting slurry was mixed in a Thinky centrifugal mixer at 2000 rpm for 30 minutes. The slurry 
was then cast onto Cu foil (9 μm thick, >99.99%, MTI) using a doctor blade. 

Electrochemical Cycling 

CR2032 coin cells were assembled using the composite electrode as a working electrode, Li foil 
(99.9% metal basis, Alfa Aesar) as a counter electrode, and Celgard polyethylene film as a 
separator. The electrolyte was prepared by dissolving 1 M LiClO4 in 1:1 (v:v) ethylene carbonate 
(EC, anhydrous, 99%, Sigma Aldrich): dimethyl carbonate (DMC, anhydrous, >99%, Sigma 
Aldrich). Coin cell assembly and electrolyte preparation were both performed in a glovebox 
under an inert argon atmosphere with moisture and oxygen levels kept below 1.5 ppm. 
Galvanostatic cycling and cyclic voltammetry tests were conducted between 2.0 to 0.01 V vs 
Li+/0 on an Arbin potentiostat/galvanostat (MSTAT21044). Lithiation refers to the insertion of Li+ 
ions into the composite electrode during the discharge cycle, and delithiation refers to the 
extraction of Li+ ions from the composite electrode during the charge cycle.  

During galvanostatic cycling, a constant current, 𝐼, is applied until the cell potential reaches the 
set minimum (0.01 V) or maximum (2.0 V) value. The C-rates in galvanostatic cycling were 
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calculated using Faraday’s law: 𝐶 − 𝑟𝑎𝑡𝑒 =
𝑄𝑚𝑠𝑝

𝐼
 , where the theoretical capacity of graphite, Q 

is 372 mAh/g and 𝑚𝑠𝑝  denotes a mass of annealed soot particles in the composite electrode36. 

In all galvanostatic tests, coin cell batteries were first cycled 3 times to allow the formation of 
solid-electrolyte interface (SEI) layers. The capacity retention and rate capability of the soot 
composite electrode were then investigated by conducting galvanostatic cycle experiments at 
various rates. The experiments were performed at least twice, and the average values based on 
repeated experiments are presented in the paper.  

During cyclic voltammetry, the cell potential was increased and decreased at a constant rate 
(μV/s) between 0.01 and 2.0 V vs Li+/0. Cyclic voltammetry experiments were performed at 
different rates (between 25 and 2500 μV/s) to investigate the charging mechanism of Li ions 
into annealed soot particles. Electrochemical impedance spectroscopy (EIS) was conducted on 
the pristine and cycled cells using a Biologic potentiostat equipped with EC-lab® acquisition 
software. 

Structural and Morphological Characterization 

X-ray diffraction (XRD) patterns were captured using a Bruker D8 Advance XRD with Lynxeye 
Detector. A Witec alpha300 Raman microscope was used to identify carbon-related bands using 
a 532nm laser and a 50x objective lens with a power of 2.5-3.5 mW and integration time of 
2.5s. X-ray photoelectron spectroscopy (XPS) measurements were taken with a Kratos Axis 
Ultra DLD spectrometer. 

 

Figure 1. Characterization of Material Chemistry: A) XRD analysis of annealed soot powders, 
B) XPS spectrum of annealed soot powder, C) Raman spectrum of pristine soot 

Results and Discussion 

Material Characterization 

The structure and chemical composition of the diesel soot particles were characterized by using 
high resolution transmission electron microscope (HRTEM), powder X-ray diffraction (XRD), 
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Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) measurements. The crystal 
structure of the annealed soot particles was investigated using XRD, as shown in Figure 1A. It is 
a well-known phenomenon that the high number of structural defects in the layered structure 
of graphite produces strong distortions of the diffraction peaks37,38. This distortion cannot be 
avoided as it is an intrinsic feature of graphitized carbon. Despite this distortion, two diffraction 
peaks were observed near 24.7o and 43.8o, corresponding to the (002) diffraction peak for 
parallel graphene sheets and the (100) peak from the covalently bonded structure of carbon 
atoms within each graphene sheet, respectively39. These results suggest the presence of 
graphitized carbon in the structure of annealed soot particles. High-resolution XPS C1s spectra 
are shown in Figure 1B. The C1s spectrum is found to be a combination of three peaks at 285, 
286, and 289 eV, which correspond to sp2 C–C, C–OH, and O=C–O bonds, respectively26,40–42. 
The areal percentage of these peaks was calculated, and the percentage of sp2 C–C, C–OH, and 
O=C–O peaks were found to be 43.0, 27.8, and 29.2%, respectively. 

The Raman spectra of the pristine soot composite electrode are shown in Figure 1C. The 
presence of two peaks, a D-band at ~1350 cm-1 and a G-band at ~1580cm-1, is a distinctive 
feature of graphitized carbon. The first peak, at ~1340 cm-1 is caused by the A1g vibration 
associated with defects in the aromatic rings and can be attributed to amorphization of the 
carbon structure43. The second peak at ~1580-1 is caused by the E2g vibration of the sp2 
hybridized carbon atoms. The ratio of the intensity of these two peaks (ID/IG) is commonly used 
to evaluate the degree of disorder present in graphitized carbon44,45. For the pristine soot 
composite electrodes, the ID/IG ratio was measured to be 0.94. The average particle size of the 
soot particles was measured to be around 20-30 nm25.  

Electrochemical Behavior of Soot Composite Electrode 

The electrochemical properties of the soot composite electrodes were evaluated using a variety 
of electrochemical experiments, as shown in Figure 2. First, cyclic voltammetry (CV) was 
performed to investigate reversible and irreversible electrochemical reactions during the initial 
cycles46. During CV, the potential changes linearly with time at a constant rate between the two 
cutoff voltages. Figure 2A shows the current evolution during the first five cycles of CV between 
0.01–2.0 V vs Li/Li0/+ at a scan rate of 200 μV s-1. During the first cathodic scan (i.e., potential 
sweep from higher potential to lower potential), a broader current peak was detected at 1.26 
and 0.76 V. These peaks disappeared in the subsequent cycle, indicating that they are due to 
the formation of the solid-electrolyte interface (SEI) on the electrode from electrolyte 
decomposition47. Irreversible reduction current peaks were detected for various carbonaceous 
electrodes during the first cycle due to the electrolyte decomposition48,49. For carbonaceous 
electrodes, the cathodic peak between 0.01-0.2V is associated with reversible Li-ion 
intercalation, and the anodic peak at around 0.25 V results from Li-ion extraction from the host 
structure30. Similar electrochemical behavior is observed for the soot composite anode in Fig. 
10A. A reversible and sharp cathodic peak was observed around 0.01 V in the first five cycles, 
associated with the lithiation of the soot composite electrode. During the anodic scan (i.e., 
increasing from lower potential to higher potential), a broad and reversible current peak was 
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detected around 0.25 V in the first five cycles, indicating delithiation of the electrode. 
Interestingly, the current profile of the electrode beyond the first cathodic cycle demonstrates 
a quasi-rectangular shape without pronounced redox peaks, indicating that the electrode 
material may possess a considerable pseudocapacitive contribution to charge storage50. We will 
discuss the capacitive behavior of the electrode by performing cyclic voltammetry at different 
scan rates in a later section of this manuscript. 

 

Figure 2. Electrochemical behavior of soot composite anode. A) Cyclic voltammetry at 200 
μV/s for 5 cycles, B) Electrochemical impedance spectra of the composite electrode before 
and after 5 cycles cyclic voltammetry at 200 μV/s, C) Potential – capacity profiles during the 
first 3 galvanostatic cycles at C/2 rate. 

Electrochemical impedance spectroscopy (EIS) is a common method for quantifying the 
relationship between current and voltage in an electrochemical cell through an equivalent 
circuit that represents physical processes occurring in the cell. EIS was applied to the composite 
electrode before and after cyclic voltammetry measurements, as shown in Figure 2B. The 
purpose of the EIS measurement is to investigate changes in cell resistance. The surface 
resistance is associated with the electron transfer reaction occurring on the electrode’s surface 
and it has a direct relationship with the radius of the real impedance portion of the semicircle. 
The radius of the semi-circle increased from 50.9 Ω/cm2 before cycling to 150.7 Ω/cm2 after five 
cycles. This increase indicates a higher resistance to the electron transfer reaction occurring on 
the electrode and can be attributed to increased resistance to Li+ diffusion through the surface 
film caused by the formation and growth of the SEI layer51. 

The charge/discharge capacity of the electrode was analyzed by performing galvanostatic 
measurements at a C/2 rate for the first 3 cycles, as shown in Figure 2C. C-rates are calculated 
based on the theoretical capacity of graphite (372 mAh/g). The composite electrodes display a 
large first cycle lithiation capacity of 625.3 mAh g-1

, which quickly reduced to 285 and 257 mAh 
g-1 during the 2nd and 3rd lithiation cycles, respectively. During the first discharge cycle, the 
slope of the potential vs capacity curve changes dramatically at around 1.25 V. This observation 
further supports the contribution of SEI growth on the large discharge capacity in the first cycle. 
The large discharge capacity drop between the first and second cycles is attributed to the 
formation of an SEI layer on the electrode surface52. It also agrees well with the increase in the 
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resistance in Figure 2B. The delithiation capacities during the first three cycles were 268, 247, 
and 237 mAh g-1, respectively. Beyond the first discharge cycle, the potential–capacity curves 
show an almost linear relationship. This is in contrast to traditional graphite anodes which 
display a series of plateaus during galvanostatic cycling, caused associated by the phase 
transformations between different stages of graphite during (de)lithiation37. A quasi-linear 
relationship between potential and capacity in the soot composite electrode suggests the 
capacitive behavior of the electrode, which will be discussed later. 

Rate Capability 

The rate-capability of the soot composite electrodes was tested by performing galvanostatic 
cycling at different rates. Figure 3A shows the charge/discharge capacities and Coulombic 
efficiencies at 1 C, 2 C, 5 C, 10 C, and 20 C-rates. The electrode was cycled for five consecutive 
cycles at each scan rate. The electrodes display excellent rate performance with charge 
capacities of 233, 194, 150, 118, and 82 mAh g-1 during the first cycle at C-rates of 1C, 2C, 5C, 
10C, and 20C, respectively. Additionally, when the C-rate was restored to its initial value of 1C, 
a capacity of 229 mAh/g was retained which demonstrates the high reversibility of the charge 
storage. Compared to the literature listed in the Table 1, the composite soot electrode 
demonstrates very competitive performance. The potential–capacity plots for different scan 
rates are shown in Figure 3B. 

 

Figure 3. A) Rate performance of the electrode cycled at different C-rates, B) Potential – 
Capacity curves for charge and discharge cycles at different C-rates. 

The potential curves retain their shape with respect to capacity at various rates, and the 
potential profiles lack any distinct voltage plateaus, further indicating the capacitive charge 
storage mechanisms in addition to Li-ion intercalation37,53. 
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Cycle Life of the Soot Composite Electrode 

 

Figure 4. A) Columbic efficiency, capacity retention, and discharge capacity of the soot 
composite electrode cycled 4C for 500 cycles. B) Raman spectra of the electrode taken before 
cycling, after 1st lithiation and after 500 cycles. 

The cycle life of the soot composite electrodes was tested by performing long-term 
galvanostatic cycling. Figure 4A shows the average charge/discharge capacities, capacity 
retention, and Coulombic efficiency for soot electrodes cycled at a 4C rate for 500 cycles. 
Before the cycle life testing, the electrode was charged/discharged three times for SEI 
formation and stabilization. The initial charge and discharge capacities of the electrode were 
168 and 154 mAh/g, respectively, but decreased steadily throughout the initial 10-15 cycles. 
The charge and discharge capacities became reversible at 148 and 152 mAh/g after 15 cycles, 
respectively. The capacity retention was calculated by taking the ratio of the capacity at the 

current cycle over the first cycle: 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =
𝑄𝑛

𝑄1
 × 100%. The discharge capacity 

retention was about 90% by cycle 10 and decreased to 80% when the electrode was cycled 300 
times, indicating highly reversible Li-ion storage ability of the soot composite anode. The 
Coulombic efficiency was calculated as the ratio between charge extracted (delithiation, Qcharge) 

to charge inserted (lithiation, Qdischarge) for each cycle: 𝐶𝐸 =
𝑄𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
× 100%. The Coulombic 

efficiency rose steadily over cycling from its initial value and reaches 99.99% by cycle 500. 
Complimentary Raman analysis was conducted to better understand the high-capacity 
retention in the soot composite electrode. Figure 4B shows the Raman spectra of the pristine 
electrode, electrode after 1st lithiation and electrode after 500 cycles. The ratio of ID/IG 
decreased after the first lithiation, demonstrating an increase in ordering of the soot carbon 
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with Li intercalation. The ID/IG ratio does not change significantly between after 1st lithiation 
and after 500 cycles, indicating that structural ordering is retained in the soot carbon54.  

Charging Kinetics of Li+ in Soot Composite Anode 

 

Figure 5. Li+ charge storage mechanisms in soot composite electrode. A) CV curves of the 
electrode at various scan rates from 25–2500 μV/s. B) Relationship between current peak and 
scan rate. 

Cyclic voltammetry experiments were conducted at various scan rates to investigate the 
kinetics of lithium-ion storage in the soot composite electrode. Previous research efforts have 
utilized cyclic voltammetry to interrogate whether the charge storage mechanism in a material 
is based on intercalation or capacitive behavior55–57. By conducting CV at different scan rates, 
the difference in reaction kinetics between intercalation (which is diffusion-limited) and 
capacitive mechanisms can be exploited to ascertain their contributions to charge storage. The 
current response of the soot composite electrode cycled at a range of scan rates from 25–2500 
μV/s is shown in Figure 5A. We can quantify the diffusion-controlled and surface capacitive-
controlled contributions through the application of the following power-law relationship 
between current and scan rate:  

 𝑖 = 𝑎𝜐𝑏  Eqn. 1 

where i is peak current, ν is the scan rate, and a and b are fitting parameters32,42. If the b-value 
is equal to 0.5, it indicates diffusion-controlled process charge storage behavior. On the other 
hand, if the b-value is equal to 1.0, then it suggests surface-capacitive controlled charge 
behavior in the electrode. Plots of log(|i|) vs log(|ν|) were generated from the CV data, and the 
slopes of lines fitted to the data were taken as the b-values for the peak currents in the 
cathodic and anodic sweeps (Figure 5B).  

Based on these power-law fits, the b-values for the anodic and cathodic peaks were 0.84 and 
0.68, respectively. These values suggest a combination of diffusion-controlled and surface-
capacitive controlled mechanisms for the lithium-ion storage in the soot composite electrode. 
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Further separation of the diffusion-controlled and pseudocapacitive mechanisms of charge 
storage was accomplished using the method of Dunn et al58. At each potential in the CV curve, 
there is a current contribution from both the intercalation and surface-controlled electron 
transfer reactions. The insertion process is diffusion-limited and will vary with the square root 
of the scan rate according to the equation 

 𝑖 = 𝑛𝐹𝐴𝐶∗𝐷
1

2 (
𝛼𝑛𝐹

𝑅𝑇
)

1

2
𝜋

1

2𝜒(𝑏𝑡)𝜈1/2 Eqn. 2 

where n is the number of electrons involved in the electron transfer reaction, F is the Faraday 
constant, A is the surface area of the electrode, C* is the surface concentration of the electrode 
material, D is the chemical diffusion coefficient, α is the charge transfer coefficient, R is the 
ideal gas constant, T is the temperature, and χ(bt) is a function representing the normalized 
current for an irreversible system. In contrast, the surface-controlled mechanism will be directly 
proportional to the scan rate according to the following equation:  

 𝑖 =  𝐶𝐷𝐴𝜈  Eqn. 3 

where CD is the capacitance. At a fixed potential, the contribution of the diffusion-limited and 
capacitive processes on the current can be defined as: 

 𝑖(𝑉) =  𝑘1𝜈 + 𝑘2𝜐0.5 Eqn. 4 

where k1 and k2 represent the capacitive and interaction contributions, respectively50. 
Therefore, if values of k1 and k2 are found over the range of potentials in the CV, then the 
individual contribution of each process can be identified. To assist with this, Eqn. 4 was re-
arranged into the form: 

 
𝑖(𝑉)

𝜐0.5 = 𝑘1𝜈0.5 + 𝑘2  Eqn. 5 

which allows for calculating k1 and k2 values from linear fits of i(V)/ν0.5 vs ν0.5 plots, where k1 is 
the slope and k2 is the y-intercept in Figure 12 at various potentials. The k1 and k2 values 
produced from the graphs in Figure 5A are provided in Table 2 alongside the R2 value of the line 
fit to the data points. These values are used to calculate the current produced from the 
capacitive processes according to the following equation: 

 𝑖𝑐𝑎𝑝(𝑉) = 𝑘1𝜈 Eqn. 6 
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Figure 6. A, B) Current response (black straight line) and Capacitive charge storage 
contributions (colored with blue) at 25 and 2500 μV/s, respectively. C) Contribution ratio of 
diffusion-limited and capacitive factors on the charge storage at scan rates between 25.- 2500 
μV/s. 

The contribution of capacitive behavior to the current is plotted on top of the experimentally 
recorded current profiles when the electrode is cycled at 25 and 2500 μV/s in Figure 6A and 
Figure 6B. Contributions of the capacitive charge storage are also presented for the other scan 
r
a
t
e
s 
i
n  

Figure 13. Figure 6C illustrates the overall contribution of capacitive and diffusion-controlled 
processes on the discharge capacity of the electrode at various scan rates. The relative 
contribution is calculated by numerically approximating the area under the curve of the overall 
current response and the capacitive current response using the trapezoidal rule at each scan 
rate and dividing the area of the capacitive current response by the overall current response, as 

follows: 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =
𝐴𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑣𝑒

𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙
∗ 100%. At the slowest scan rate of 25 μV/s, the 

capacitive contribution is about 45.8% of the total charge storage, indicating that insertion is 
the primary contributor to the charge storage at this rate. However, with increasing the scan 
rate, the capacitive contribution significantly increases to account for 87.1% of the total charge 
storage when cycled at 2500 μV/s. The intercalation of Li ions into the electrode structure is a 
diffusion-controlled process. The pseudocapacitive mechanism involves the adsorption of ions 
onto the electrode surface alongside an accompanying faradaic charge transfer. As a result, the 
surface-capacitive charge storage mechanism has much faster kinetics than the diffusion-
controlled intercalation of Li ions into the annealed soot particles50,53. For this reason, the 
capacitive charge storage mechanism provides a larger contribution to charge storage at faster 
scan rates. 
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Performance of Soot Composite Anode in Na-ion Batteries 

 

Figure 7. A) Rate performance of the electrode cycled at different C-rates for Na-ion storage, 
B) Potential – Capacity curves for charge and discharge cycles at different C-rates. The 
electrolyte was 1 M NaClO4 in EC:DMC electrolyte and the soot composite electrode was 
cycled against Na counter electrode.  

We also investigated the ability of the soot electrode to store Na-ions as an anode electrode. 
The soot electrode was cycled against sodium counter electrode in 1M NaClO4 in EC:DMC 
electrolyte. The charge/discharge capacity of the soot composite electrode in Na-ion battery at 
various rates was analyzed by applying constant current densities of 400, 800, 2000, 4000 and 
8000 mA/g (Figure 7A). The electrode was cycled for five consecutive cycles at each constant 
current density. The discharge capacity of the electrode was 155, 132, 99, 72 and 48 mAh/g 
when discharged at constant current density of 400, 800, 2000, 4000 and 8000 mA/g, 
respectively. The discharge capacity reduced to 126 mAh/g when the applied current density 
was 400 mA/g at the cycle number 45. Compared to the literature listed in Table 1, the 
composite soot electrode demonstrates much better discharge capacity at similar scan rates for 
Na-ion batteries. The potential–capacity plots for different scan rates for Na-ion storage are 
shown in Figure 7B. The potential curves retain their shape with respect to capacity at various 
rates. Similar to Li-ion storage in Figure 3B, the potential profiles in Figure 7A lack any distinct 
voltage plateaus, further indicating the capacitive charge storage mechanism for Na-ions too.  

Suggestions for Future Directions 

In this study, we demonstrated the ability of the soot composite electrode to store Li-ion and 
Na-ions in Li-ion and Na-ion batteries, respectively. Due to its ability to store charge in Li-ion 
and Na-ion chemistries, we are curious about its ability to store other metal-ions. The 
pseudocapacitive behavior of the soot composite electrodes should be further investigated in 
various electrolyte solutions in order to further optimize its performance. We also emphasize 
that future research should also focus on the manufacturing ability of the soot composite 
electrodes at larger scale because of the low bulk density of soot particulates. In this study, the 
soot particulates were collected from diesel engine exhaust. A significant amount of the soot 
particulate matter is also generated from ships59 and airplanes60, which uses heavy crude oil 
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and kerosene as a fuel in their engine, respectively. Further studies on the collection of 
particulate matter from these engines as well as their potential to store charge as battery 
electrodes is necessary to mitigate the release of toxic soot particulates from aviation and sea-
transportation. 

Conclusion 

In summary, we report the ability of annealed diesel soot particulate matter to store Li+ ions as 
an anode electrode in Li-ion batteries. The structure and chemical composition of the annealed 
soot particles were characterized by X-ray diffraction, Raman spectroscopy, and X-ray 
photoelectron spectroscopy. The electrochemical behavior of the soot composite electrode was 
investigated by performing cyclic voltammetry, impedance spectroscopy, and galvanostatic 
cycling. The soot composite electrode demonstrated highly reversible discharge capacities 
when cycled at fast rates up to 20C. The electrode also demonstrated a remarkable capacity 
retention (77% after 500 cycles) with an initial discharge capacity of 154 mAh/g when cycled at 
a 4C rate. Raman analysis on the cycled electrode shed light on structural retention of the soot 
electrode after 500 cycles. Cyclic voltammetry analysis at different scan rates demonstrated the 
pseudo-capacitive behavior of the soot electrode, which provided remarkable rate ability for 
fast charging.  

The remarkable electrochemical performance of soot composite electrodes suggests new 
directions to ensure the provision of energy and protecting the environment at the same time. 
Although there has been promising progress on electric vehicles, many other transportation 
vehicles such as Naval ships, large trucks, trains, and airplanes are still heavily dependent on 
fossil fuels with different variety of chemical impurities. The utilization of waste products from 
the combustion of fuels from these vehicles into valuable products for electrochemical storage 
devices can reduce the release of toxic materials into the earth’s atmosphere and can promote 
the development of new electrode materials for energy storage devices.   
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Data Summary 

Products of Research  

Figure 1. Characterization of Material Chemistry: A) XRD analysis of annealed soot powders, B) 
XPS spectrum of annealed soot powder, C) Raman spectrum of pristine soot 

Figure 2. Electrochemical behavior of soot composite anode. A) Cyclic voltammetry at 200 μV/s 
for 5 cycles, B) Electrochemical impedance spectra of the composite electrode before and after 
5 cycles cyclic voltammetry at 200 μV/s, C) Potential – capacity profiles during the first 3 
galvanostatic cycles at C/2 rate. 

Figure 3. A) Rate performance of the electrode cycled at different C-rates, B) Potential – 
Capacity curves for charge and discharge cycles at different C-rates. 

Figure 4. A) Columbic efficiency, capacity retention, and discharge capacity of the soot 
composite electrode cycled 4C for 500 cycles. B) Raman spectra of the electrode taken before 
cycling, after 1st lithiation and after 500 cycles. 

Figure 5. Li+ charge storage mechanisms in soot composite electrode. A) CV curves of the 
electrode at various scan rates from 25–2500 μV/s. B) Relationship between current peak and 
scan rate. 

Figure 6. A, B) Current response (black straight line) and Capacitive charge storage contributions 
(colored with blue) at 25 and 2500 μV/s, respectively. C) Contribution ratio of diffusion-limited 
and capacitive factors on the charge storage at scan rates between 25.- 2500 μV/s. 

Figure 7. A) Rate performance of the electrode cycled at different C-rates for Na-ion storage, B) 
Potential – Capacity curves for charge and discharge cycles at different C-rates. The electrolyte 
was 1 M NaClO4 in EC:DMC electrolyte and the soot composite electrode was cycled against Na 
counter electrode. 

Figure 8. HRTEM images of unannealed soot particles. 

 

Figure 9. HRTEM images of annealed soot particles. 

Figure 10. (a) Gas chromatography/mass spectrometry (GC/MS) during the annealing process, 
(b) CO2 signal plotted as a function of annealing temperature. 

Figure 11. Capacity retention of the soot composite anode when cycled at 1 C rate against Li 
counter metal. 

Figure 12. Relationships between i(V)/ν0.5 vs ν0.5 for calculating constants k1 and k2 at 
potentials between A) 0.01–0.5 V, B) 0.6–1.0 V, C)1.1–1.5 V, D) 1.6–2.0 V. 
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Figure 13. Capacitive charge storage contributions at A) 50, B) 75, C) 100, D) 150, E) 250, F) 500, 
G) 750, H) 1000, I)1250, J) 1500, K) 2000 μV s-1 

Data Format and Content  

All text is in Doc files and all figures are in PDF and origin.  

Data Access and Sharing  

Replication Data for: Utilizing Nanoscale Particulate Matter from the Combustion of Diesel Fuels 
as a Carbonaceous Anode Electrode for Li-ion Batteries is available at 
https://doi.org/10.7910/DVN/C5ODOH. 

Reuse and Redistribution  

Access to databases and associated software tools generated under the project was made 
available for educational, research and non-profit purposes. Such access was provided using 
web-based applications, as appropriate. Results generated under the project were 
disseminated in accordance with University/Participating institutional policies. Depending on 
such policies, materials were transferred to others under the terms of a material transfer 
agreement. The results of the research performed under this proposal were disseminated 
primarily through publication in peer reviewed journals and conference presentations. Periodic 
updates on the research were posted on the group websites. Research data that documents, 
supports and validates research findings were made available after the main findings from the 
final research data set were accepted for publication. Such research data was redacted to 
prevent the disclosure of personal identifiers.  
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Supporting Information 

 

Figure 8. HRTEM images of unannealed soot particles. 
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Figure 9. HRTEM images of annealed soot particles. 
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Figure 10. (a) Gas chromatography/mass spectrometry (GC/MS) during the annealing process, 
(b) CO2 signal plotted as a function of annealing temperature. 

 

Figure 11. Capacity retention of the soot composite anode when cycled at 1 C rate against Li 
counter metal. 
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Figure 12. Relationships between i(V)/ν0.5 vs ν0.5 for calculating constants k1 and k2 at 
potentials between A) 0.01–0.5 V, B) 0.6–1.0 V, C)1.1–1.5 V, D) 1.6–2.0 V. 
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Figure 13. Capacitive charge storage contributions at A) 50, B) 75, C) 100, D) 150, E) 250, F) 
500, G) 750, H) 1000, I)1250, J) 1500, K) 2000 μV s-1 
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Table 2. K-Values  

K-Values  

Cathodic  Anodic  

Potential [V]  k1  k2  R^2  Potential [V]  k1  k2  R^2  

0.01  -0.5239  -0.5254  0.9894  0.01           

0.1  -0.5541  -0.3112  0.9887  0.1  -0.4115  0.2891  0.9835  

0.2  -0.5291  -0.1951  0.9949  0.2  -0.019  0.3007  0.019  

0.3  -0.4867  -0.1363  0.9957  0.3  0.2893  0.2008  0.7782  

0.4  -0.4652  -0.0965  0.9963  0.4  0.4752  0.1097  0.9246  

0.5  -0.4524  -0.0687  0.9969  0.5  0.5537  0.0545  0.9592  

0.6  -0.4456  -0.0465  0.997  0.6  0.5731  0.0209  0.9807  

0.7  -0.4333  -0.0359  0.9973  0.7  0.5568  0.0048  0.9883  

0.8  -0.4053  -0.0367  0.9959  0.8  0.5223  0.0055  0.9879  

0.9  -0.3767  -0.0322  0.9959  0.9  0.4888  0.0127  0.9867  

1  -0.3135  -0.0361  0.9922  1  0.4718  0.016  0.9893  

1.1  -0.2572  -0.0299  0.9882  1.1  0.4382  0.0193  0.981  

1.2  -0.2007  -0.022  0.9895  1.2  0.3961  0.0182  0.9738  

1.3  -0.1598  -0.0126  0.9968  1.3  0.3315  0.0264  0.9588  

1.4  -0.1092  -0.0133  0.96  1.4  0.2492  0.0419  0.9469  

1.5  -0.044  -0.0223  0.9171  1.5  0.1662  0.0588  0.954  

1.6  -0.0269  -0.0082  0.9837  1.6  0.1134  0.0639  0.9646  

1.7  -0.0211  0.0006  0.9878  1.7  0.0921  0.0594  0.961  

1.8  -0.0125  0.0032  0.9424  1.8  0.0852  0.0561  0.9608  

1.9  -0.0026  0.0124  0.1978  1.9  0.0845  0.0574  0.9567  

2           2  0.0934  0.0567  0.9473  
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