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In the past decade, renewable energy has been a hot pursuit in scientific and industrial communities

because of the fast depletion of fossil fuels and increasing concern about the environment. To efficiently

utilize and largely deploy the intermittent renewable energy, high-performance electrochemical energy

storage devices are desperately needed. As a result, tremendous effort has been devoted to this field

with remarkable achievements. Despite this progress, fossil fuels, like petroleum, will still play an

indispensable role in our energy structure in the foreseeable future. Besides, petroleum is becoming

increasingly heavier and the heavy oil results in more and more low-value by-products such as asphalt

and petroleum coke during the oil refinery processes. In this context, how to harmonize the deployment

of renewable energy and value-added utilization of these abundant and low-cost by-products from the

petroleum industry represents a significant challenge. Considering their high carbon content and

versatile tunability, one viable solution may be the controllable conversion of asphalt and/or petroleum

coke into functional carbon materials for energy storage applications. In this article, we summarize the

recent progress of carbon materials derived from heavy oil by-products and their utilization as electrode

materials for energy storage devices. At first, we give a brief introduction to the features and advantages

of heavy oil by-products compared to biomass and polymers as the precursors of carbon materials.

Then, the typical methods of constructing functional carbon materials from these by-products are

discussed in detail. After that, their performance as electrode materials for lithium-ion batteries, sodium-

ion batteries, and supercapacitors is elaborately presented. Finally, the possible challenges and future

perspectives are analyzed based on our knowledge to end this review.
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1. Introduction

In the past 100 years, the development of our world has been
largely dependent on the overconsumption of non-renewable
fossil fuels.1,2 This unsustainable development has resulted
in serious resource shortage, environmental pollution, and
global warming.3–8 To address these severe issues, our society
is actively moving towards alternative resources with renew-
ability and sustainability.9–13 In this regard, an increasing
amount of world energy has been produced from the sun and
wind in the past few years.14,15 However, renewable energy is
generally produced intermittently, and its efficient utilization
strongly relies on energy storage systems.8,16,17 Thus far,
tremendous research efforts have been devoted to exploring
high-performance energy storage systems with remarkable
progress achieved, as evident by the popularity of lithium-ion
batteries, sodium-ion batteries, supercapacitors, etc.18–26 As the
key component of energy storage systems, energy storage
materials play a pivotal role in determining their performance,
thus making the development of energy storage materials one
of the most active research elds recently.27–30 Among all the
available candidates, carbon materials have received focused
attention because of their wide availability, diverse tunability,
This journal is © The Royal Society of Chemistry 2020
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high conductivity, and excellent stability.31 Tremendous
efforts devoted to this eld have led to a wealth of novel
nanostructured carbon materials with excellent performance
for energy storage applications.32–34 However, most of the
promising results remain at the stage of laboratory studies.
One main reason is that these novel carbon materials are
mainly produced using expensive polymers as the precursors,
which inevitably increases the cost of nal products.35 The
employment of widely available and renewable biomass to
produce carbon materials for energy storage offers an alter-
native strategy to alleviate the limitation of polymer precur-
sors.36 By rationally selecting biomass precursors, carbon
materials with multiple structures and morphologies have
been produced and successfully utilized as electrode materials
for a wealth of energy storage devices.32,36 Nevertheless,
biomass generally shows well-dened structures, offering very
limited possibilities to manipulate the structures of nal
carbon materials during the manufacturing process. Suitable
biomass precursors for carbon materials with desired prop-
erties have to be determined using low-efficient trial and error
processes. Besides, biomass is largely inuenced by season
and region which may impose a signicant challenge for
precursor management. As a result, biomass still cannot fully
full the diverse requirements of energy storage systems on
carbon materials and precursors with low-cost and high
tunability still need to be actively exploited.37

The percentage of fossil fuels, for example petroleum, in our
energy structure is gradually decreasing because of the rapid
development of renewable and sustainable energy.38 Neverthe-
less, petroleum will still play an indispensable role in modern
society in the foreseeable future.39–41 The petroleum industry is
the largest industry which not only produces fuels to power
vehicles but also contributes to a multitude of products pene-
trating deeply into almost all aspects of our life.39,40 Due to
excessive consumption of petroleum resources for a long
duration, a very serious situation we have to face now is that the
crude oil supplied for the petroleum industry is becoming
heavier and heavier, which inevitably results in the production
of an increasing number of low-value and extremely heavy by-
products, such as asphalt and petroleum coke.39,40 As a result,
the effective utilization of these heavy by-products presents
a formidable challenge for today's petroleum industry.42 The
heavy by-products generally contain a very high content of
carbon which mainly exists in the form of polycyclic aromatic
hydrocarbons (PAHs), a class of organic compounds made of
two or more fused aromatic rings.42–45 These compounds have
been regarded as the fundamental subunits of graphene and its
derivatives that can possibly result in the formation of a broad
spectrum of functional carbon nanomaterials.46 Compared to
their counterparts from biomass and/or polymer precursors,
PAH derived carbons hold higher conductivity and tunability.47

Moreover, asphalt is normally carbonized through a liquid-
phase process which provides multiple opportunities for elab-
orately manipulating the structure of the nal carbon mate-
rials.22,37 These features make the heavy by-products from the
petroleum industry excellent precursors to construct novel
nanostructured carbons.
This journal is © The Royal Society of Chemistry 2020
Oil-derived heavy by-products have been used to prepare
carbon materials for a while.48–52 Typical examples include
activated carbon and carbon bres from petroleum coke and
asphalt, respectively.53–55 With the development of nanotech-
nology in recent years,56 these precursors have been extended to
construct novel nanostructured carbon materials with wide
applications and their potential for energy storage has been
successfully demonstrated.22,57 Because of the aforementioned
advantages of the oil-derived heavy by-products, the structural
details of the as-prepared carbon nanomaterials can be elabo-
rately modulated.37 In this regard, the current heavy oil-derived
by-products can serve as promising precursors for the cost-
effective production of energy storage carbon materials. Our
group has been actively engaged in this eld for years. Through
innovative yet simple approaches, zero-dimensional carbon
quantum dots, one-dimensional carbon nanobres, two-
dimensional carbon nanosheets, and three-dimensional
carbon frameworks have been successfully prepared.58–61 The
rich tunability of heavy oil-derived precursors, as well as their
low-cost and wide availability, makes themmore competitive in
producing novel nanostructured carbon materials compared to
biomass and polymer precursors. As a result, a timely summary
of recent progress in this eld is urgently required. In this
review, we rst give a brief introduction to the typical heavy oil-
derived precursors, such as asphalt and petroleum coke, for
novel nanostructured carbon materials. Then, innovative strat-
egies for modulating their morphology, porosity, specic
surface area, conductivity, and so on are discussed in detail.
Aer that, the progress of these novel carbon nanomaterials as
electrode materials for lithium-ion batteries, sodium-ion
batteries, and supercapacitors is presented. Finally, we
conclude this review with the urgent challenges and promising
prospects of heavy oil-derived nanostructured carbon materials
for energy storage applications.
2. Typical heavy by-products from
crude oil

Petroleum cannot be directly used but serves as the feedstock
that must be processed into light fuels to power vehicles and
petrochemicals for many industries.39,40 The main aims of the
modern renery are to harvest as many fuels and chemicals as
possible from the crude oil. In addition to these valued prod-
ucts, quite some low-value and heavy by-products are also
generated. As the worldwide crude oil is getting heavier, abun-
dant heavy by-products are inevitably produced.39

Despite the diversity of the renery processes, they can be
simply categorized as separation and conversion ones.40 The
typical heavy residue from the separation processes, for
example distillation, is asphalt, a complex mixture of satu-
rates, aromatics, resins, and asphaltenes, as shown in
Fig. 1.62,63 Asphalt can be either hard or so and even liquid,
depending on the relative content of the aforementioned four
fractions. The typical structure of the four fractions is illus-
trated in Fig. 1. Most of them are made of PAHs, which can
condense into large graphene domains.57 This provides the
J. Mater. Chem. A, 2020, 8, 7066–7082 | 7067
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Fig. 1 Representative structures of asphalt fractions. (Permission from
ref. 62, Copyright 2014, Hindawi.)

Fig. 2 Structural model of a typical petroleum coke. The carbon,
oxygen, sulphur, nitrogen, and hydrogen atoms are denoted as green,
red, yellow, red, and grey balls. (Permission from ref. 66, Copyright
2018, Elsevier.)
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thus-produced carbon materials with excellent conductivity
and exibility. At elevated temperatures, asphalt will become
highly uid, allowing the nal structures of the carbon to be
elaborately modulated through the interaction with deliber-
ately introduced templates and/or other additives.57,60,61

Moreover, the heteroatoms in resins and asphaltenes can lead
to the production of heteroatom-doped carbon materials
capable of pseudocapacitive energy harvest, a highly deman-
ded property for rate-capable energy storage devices.64 Because
of the aforementioned advantages, asphalt holds great
promise in constructing carbon materials for energy storage
applications.

The representative heavy by-product from the conversion
processes is petroleum coke,40,65 which is usually formed
during the cracking of hydrocarbon molecules around 400–
500 �C.66 With the heavy oil as the feedstock, the yield of
petroleum coke can approach 10%, and even exceed 20% if
extra-heavy oil is employed.39 A large amount of petroleum
coke is treated as fuel, especially in developing countries.39

The combustion of such a heavy by-product can result in
serious greenhouse gas emissions. Besides, petroleum coke
usually contains high levels of sulphur and metal residuals
that would cause very formidable environmental pollution in
combustion processes.67 As a result, alternative strategies are
urgently needed to consume such a large amount of petroleum
coke in an environment-friendly and value-added manner.68

Normally, petroleum coke gives a carbon content as high as
80 wt%, and is made of stacked, linear, and curved PAH
molecules decorated with heteroatoms and defects, as illus-
trated in Fig. 2.66 In this regard, one viable solution may be the
fusion of PAHs and isolation of them into graphene nano-
sheets.69 Another possibility is to cut petroleum coke at
defective sites into carbon quantum dots.70 Previous results
have demonstrated that both of these two nanostructured
carbon materials are promising candidates for energy storage
applications.71,72 As a result, the establishment of reliable and
cost-effective strategies to convert petroleum coke into gra-
phene nanosheets and carbon quantum dots can be of para-
mount importance in its sustainable utilization.
7068 | J. Mater. Chem. A, 2020, 8, 7066–7082
3. Preparation methods of heavy oil-
derived carbon materials

In general, the precursors are thermally annealed in an inert
atmosphere to progressively liberate volatile matter and reor-
ganize the remaining atoms, giving rise to carbon materials.22

To exert elaborate control on the resulting carbon materials
made from heavy oil-derived by-products for reliable energy
storage applications, a multitude of manipulation strategies
have been proposed in the past few years.
3.1 Direct carbonization

Herein, direct carbonization refers to thermal annealing of the
feedstock in an inert atmosphere without any additives.73 The
straightforwardness and simplicity make direct carbonization
competitive in terms of cost andmass production.51 To precisely
control the structures of products from direct carbonization,
pre-treatments, as well as the thermal annealing processes,
should be delicately conducted based on the properties of the
precursors.

One representative example of pre-treatment is the manip-
ulation of asphalt into a mesophase as the precursor for mes-
ocarbon microbeads (MCMBs).74 MCMBs are micrometer-sized
carbon spheres made of stacked graphene nanoplates. These
structural merits provide MCMBs with a promising potential in
a wealth of current and emerging applications including high-
strength and high-density materials, column llers, catalyst
supports, and so on.75,76 Their potential for direct lithium
storage has been widely demonstrated.77 Alternatively, they can
also serve as excellent supports to load active species with poor
conductivity, for example amorphous silica, for further
enhanced lithium storage capability.78 Generally, asphalt will
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Schematic comparison of carbon materials from asphalt
precursors with and without pre-oxidation. (Permission from ref. 51,
Copyright 2018, Wiley-VCH.)
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undergo uncontrolled melt and fusion at elevated temperatures
that results in carbonized products with irregular structures
and unsatisfactory properties.51 To prepare MCMBs, asphalt
must be pre-treated to manipulate the content of different
fractions.79 Typical pre-treatments include thermal poly-
condensation, catalytic polymerization, etc.79 During these
processes, the mesophase asphalt is formed which will then be
gradually grown into spheres with suitable sizes before leaching
out, giving rise to mesophase microbeads (MPMBs). The
subsequent thermal annealing process also plays a critical role
in determining the properties and practical performance of
MCMBs. As a result, a delicate annealing procedure is generally
proposed based on a thorough thermogravimetric analysis of
MPMCs. Typically, a fast ramping rate is applied at relatively low
temperatures, for example below 350 �C, as the microbeads
remain quite stable in this temperature range. At elevated
temperatures, the heating rate should be essentially reduced
because of the liberation of small molecules. Aer that, a higher
ramping rate could be restored as a stable structure is already
formed. Another important parameter is the annealing
temperature. The interlayer spacing of MCMBs is rstly
increased and then decreased with continuously increasing the
annealing temperature.80 The reasons for the uctuation are as
follows. At relatively low temperatures, the release of small
molecules will cause the turbulence of the stacked layers, which
will inevitably expand the interlayer spacing. This trend nor-
mally extends to the heating temperature of around 900 �C. At
higher temperatures, the preferred orientation of the graphene
sheets will lead to the ordering of the stacked layers, giving rise
to the decreased interlayer spacing.

Because of the relatively low yield of MPMBs, simplied pre-
treatments are urgently required for cost-effective and mass-
production of carbon materials with desired properties. Hu
and his colleagues reported the fabrication of disordered
carbon materials capable of sodium storage by carbonizing pre-
oxidized asphalt. As shown in Fig. 3, the asphalt will melt and
reorder at elevated temperatures, resulting in a well-organized
stacking structure almost without porosity. To prevent heavy
restacking, pre-oxidation has been proposed to introduce
bridge bonds among these asphalt molecules which will limit
their reordering at elevated temperatures, allowing the porosity
to be inherited by the nal carbon materials.51 Another efficient
strategy for producing this kind of disordered carbon material
is to carbonize solvent extracted asphalt where fractions with
low molecular weight are removed. Very recently, Hu's group
reported an even more simplied means to produce disordered
carbon materials by directly annealing asphalt at a precisely
controlled temperature.73

Petroleum coke is generally formed at relatively low
temperatures, which contains volatile matter ranging from 6 to
20 wt%. As a result, it must be processed at higher temperatures
for a thermal upgrade before practical use. For the sake of
producing carbon materials for energy storage applications,
direct carbonization of petroleum coke is also one of the most
straightforward strategies. There are quite some different types
of petroleum cokes as they can be formed during different
processes in the renery. The rational selection of the suitable
This journal is © The Royal Society of Chemistry 2020
one represents the rst step. The annealing temperature also
plays an important role in determining the structure of the nal
carbon materials. As a result, the origin of petroleum coke as
well as the carbonization temperature should be carefully
considered in the process of controlled production of carbon
materials for real applications.

3.2 Activation

Carbon materials with large specic surface areas and high
porosity are desperately needed for quite some energy storage
applications. To this end, activation represents the most effi-
cient and straightforward means and has been widely used. The
activation process is usually carried out by calcining precursors
in the presence of activation agents, for example KOH, in an
inert atmosphere. During the heat treatment, multiple K-
containing species such as K2CO3 and K2O will be generated
and etch the matrix via redox reactions, leaving the carbona-
ceous framework with rich micro- and meso-pores behind.
Besides, metallic K will also be produced through these reac-
tions, which can intercalate into the carbon lattice, inducing
distortion and expansion of carbon layers. Through the afore-
mentioned processes, the specic surface area and porosity of
the matrix can be signicantly increased. J. Tour et al. reported
the production of a high surface area activated porous carbon
through carbonizing asphalt in the presence of KOH at 700 �C.49

The as-obtained porous carbon offers a specic surface area of
2780 m2 g�1 and a pore volume as high as 1.17 cm3 g�1. Besides
KOH, ZnCl2, H3PO4, and H2O have also been widely employed
as activation agents in preparing porous carbon materials. Wu
and his colleagues compared the effects of different activation
agents.81 In their research of activating petroleum coke, they
found that the combined use of KOH and H2O is more powerful
in generating high specic surface areas than the sole
employment of either KOH or H2O. Another interesting nding
in their research was that the metal impurity in petroleum coke
J. Mater. Chem. A, 2020, 8, 7066–7082 | 7069
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benets the formation of large specic surface areas. Compared
to petroleum coke with less metal impurity, the one with higher
metal content led to the formation of porous carbons with
a larger surface area.

Increasing the surface area will inevitably deteriorate the
electrical conductivity of carbon materials. As a result, the
traditional activation methods should be properly modied to
exclude this adverse effect. In this regard, Kang et al. proposed
the introduction of FeCl3 during the KOH-mediated activation
of MCMBs where the Fe species could promote the localized
graphitization during the etching process.82 The as-formed
graphitic region serves as an alternative electron transfer
pathway, offsetting the etching-induced conductivity deterio-
ration. The as-obtained carbon materials show a highly porous
core covered by a graphitic shell (Fig. 4). As shown in Raman
spectra (Fig. 4d), the exterior surface of particles gives a much
stronger G band compared to the interior core which will favour
fast charge transfer.

Despite their wide applicability, these activation processes are
too harsh which will signicantly reduce the density of the as-
obtained porous carbon materials.83 Moreover, the activation
simultaneously proceeds via all directions and the as-formed
pores are thus highly tortuous. As a result, controlled etching
strategies are urgently required. Recently, catalytic hydrogenation
of carbon has received renewed interest as a viable solution to
create pores and tunnels in carbon materials.84 At elevated
temperatures, the hydrogen ow will etch carbon facilitated by
the pre-anchored transition metal nanoparticles. In contrast to
the traditional activation processes, the hydrogenation-induced
etching proceeds along specic directions and the etching
direction can be modulated by magnetic elds and the interac-
tion with supporting substrates. Besides, quite some different
transition metals, such as Ni, Fe, Co, Pt, and Ag, can be used as
catalysts to promote hydrogenation.84 Moreover, the size of the
etched pore/tunnel is affected by the size of the catalyst particles.
Through the combined use of these different effects, the intro-
duced pores can be preciously controlled through this tech-
nology, enabling the activation of carbon materials in a desired
manner. J. Cho et al. used Ni nanoparticles to etch MCMBs
through the hydrogenation reaction and the as-formed particles
are decorated with highly oriented pores without distortion.78
Fig. 4 Structural characterization of the activated MCMBs in the
presence of FeCl3: (a and c) SEM images, (b, e, and f) TEM images and
(d) Raman Spectra. (Permission from ref. 77, Copyright 2013, Springer
Nature.)

7070 | J. Mater. Chem. A, 2020, 8, 7066–7082
3.3 Co-carbonization

The structure of carbon materials is largely determined by the
employed precursors. Thus, the rational selection of precursors
represents an important means in the controlled construction
of carbon materials with desired properties. Nevertheless,
carbon materials from a single precursor, sometimes, cannot
fully full the practical requirements of many applications. As
a result, the combined use of different precursors with distinct
properties for the production of carbon materials has risen as
a viable solution to address the bottleneck of single-precursor
strategies.35,85 In this context, the different structural merits
can be collectively fused at micro-, nano-, and even atomic
scales, thereby signicantly extending the practical applications
of carbon materials.

Co-carbonization has been used to produce so-hard
composite carbon.86–88 Heavy by-products from the petroleum
renery are rich in PAHs, which are prone to form so carbon
consisting of stacked graphene layers with a high degree of
ordering. These structural merits make so carbon rate-capable
anodes for lithium/sodium storage.89 In contrast, polymers and
biomass tend to be converted into hard carbon, which is bulky
particles consisting of small-size graphene with poor ordering.
Such a structural feature may provide more active sites for
lithium and sodium storage, thus contributing to higher
specic capacities. In fact, hard carbon represents the state-of-
the-art carbon-based anode material for sodium-ion batteries.22

Carbon materials synergistically combining the advantages of
so and hard carbons are a preferable choice for electrode
materials for many energy storage applications. Their synthesis
can be realized via the co-carbonization of asphalt and
polymers/biomass. Li et al. reported the cost-effective fabrica-
tion of so-hard composite carbon materials through a co-
carbonization of asphalt and phenolic resin.90 With a properly
modulated formulation of the precursors, a hybridized carbon
material with the uniformly mixed graphitic local region and
turbostratic structure is formed. Then, the same group reported
the fabrication of such a carbon material at a lower cost by
replacing the phenolic resin with lignin.35 The evolution of the
local structure at different asphalt/lignin ratios and tempera-
tures is exhibited in Fig. 5. As is shown, both higher annealing
temperature and a larger portion of asphalt in the precursors
result in extended graphitic regions, indicative of the high
controllability of this method.

In addition to the formation of the so-hard composite
carbon, the co-carbonization method has also been extended to
synthesize two-dimensional nanosheets with alternately
stacked so carbon and graphitic carbon nitride (g-C3N4). Tay-
lor et al. reported such a structure through annealing urea and
asphalt simultaneously. During this process, urea would be
converted into two-dimensional g-C3N4 nanosheets which
further mediate in situ loading of so carbon nanosheets
derived from asphalt on them.91

Considering the high yield of carbon from asphalt, one
promising possibility is to construct carbon monolithic struc-
tures through carbonizing the composite of asphalt and organic
monoliths. These organic monoliths generally give very low
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Structural evolution of soft-hard composite carbon obtained by
co-carbonization of asphalt and lignin with a mass ratio of 1 : 1 at (a)
1200, (b) 1400, and (c) 1600 �C as well as structures derived from
precursors with mass ratios of (d) 7 : 3 and (e) 3 : 7. (f) TEM images of
carbon derived from direct carbonization of asphalt at 1400 �C.
(Permission from ref. 35, Copyright 2016, Royal Society of Chemistry.)
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carbon yield and exclusive annealing of them at elevated
temperatures would cause the collapse of the monolithic
framework. With a suitable amount of asphalt introduced, the
original macro-structure of the organic monolith can be well
maintained. For example, Yang et al. reported such a mono-
lithic structure through carbonizing asphalt coated melamine
sponges and the nal product offers excellent exibility.92 This
structure affords a large surface area and high porosity for active
species loading. Combined with its high conductivity and ex-
ibility, it may hold great promise to serve as a current collector,
capable of high mass loading, for electrodes of rechargeable
batteries and supercapacitors, similar to graphene aerogels.93
Fig. 6 (a) and (b) SEM images of honeycomb-like carbon synthesized
using SiO2 nanosphere templates. (Permission from ref. 102, Copyright
2018, Elsevier.)
3.4 Template method

Carbon materials with well-dened structures and morphol-
ogies are of particular importance for many energy-related
applications.94 As a result, precious control and manipulation
of their shapes and other structural details have been high-
lighted as an important means to improve the practical
performance of nanostructured carbon materials. Among all
the available methods, the template-mediated synthesis has
been regarded as the most straightforward technology.95,96 In
a typical process, the precursor, for example asphalt, is
uniformly mixed with pre-synthesized templates or compounds
that can be converted into templates with well-dened
morphologies and then annealed at elevated temperatures,
giving rise to carbon materials with expected structures aer
template removal.

The most widely employed templates include ZnO nano-
particles, MgO nanoplates,97 SiO2 nanospheres,98 and so on.99

One common feature of these templates is their high thermal
stability which remains almost unchanged during the whole
synthesis process. At the initial stage of annealing, the asphalt
will become highly uid and then uniformly and fully cover the
templates at an optimal mass ratio of template and asphalt.57

With further increase of temperature, the asphalt will be
This journal is © The Royal Society of Chemistry 2020
gradually converted into carbon with an inverse replica of the
template structure which nally contributes to nanostructured
carbon materials with well-dened morphology, porosity, and
so on. Wu et al. reported the synthesis of an ultrathin hollow
carbon shell by employing commercial ZnO nanoparticles as
the template.100 At an optimal mass ratio of the precursor and
template, the as-obtained carbon shell shows ultrathin thick-
ness. Because of the wide availability of both the precursor and
template, mass production of this carbon shell is possible. He's
group proposed the synthesis of carbon nanosheets using MgO
nanoplates as the template.101 Aer removing the template,
carbon nanosheets with a thickness of around 1 nm with highly
wrinkled surfaces are obtained with a very high yield. The
ultrathin thickness essentially shortens the diffusion path for
ions/electrons, thus allowing the aforementioned carbon shells
and nanosheets as rate-capable electrodes for supercapacitors,
lithium-ion batteries, sodium-ion batteries, and so on.

SiO2 nanospheres represent the most widely used template
because of their facile synthesis procedure and high controlla-
bility. In this context, Wang and his colleagues prepared
a honeycomb-like carbon material by using SiO2 nanospheres
as the template.102 Due to the uniform size of the SiO2 nano-
spheres, they can be closely packed into a superstructure and
the melted asphalt would ll the void of the superstructure,
giving rise to the honeycomb-like carbon material as shown in
Fig. 6. Moreover, KOH has been simultaneously included to
activate the carbon material for a large specic surface and
hierarchical porosity. Such an architecture is highly desirable
for capacitive energy harvest. Besides the possibility of manip-
ulating the morphology of carbon materials, their composition
can also be tuned by employing suitable templates. Wu et al.
suggested the synthesis of an Fe–N-doped porous carbon
framework using Fe2O3 nanoparticles as the template. Some Fe
species could be rmly conned with the carbon framework
that survive the subsequent harsh acid etching for template
removing.103 These single metal-atom sites embedded in the
carbon frameworks feature unsaturated coordination, and nd
applications in efficient electrocatalysis.104

The templates can also be introduced through the conver-
sion reactions of some compounds, such as ferrocene,105

melamine,106 and citrate.61 Although these compounds show
ambiguous morphologies, they would be converted into
templates with well-dened shapes directing the formation of
carbon materials with anticipated structures. Song et al.
annealed the mixture of asphalt and ferrocene in an autoclave
J. Mater. Chem. A, 2020, 8, 7066–7082 | 7071
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during which the ferrocene was converted into Fe nanorods and
the asphalt would be converted into hollow carbon nanotubes
around the nanorods.105 Melamine will condense into two-
dimensional g-C3N4 at elevated temperatures that can mediate
the synthesis of two-dimensional carbon nanosheets. Moreover,
the g-C3N4 would be decomposed into active nitrogen-
containing species at higher temperatures, facilitating the
formation of nitrogen-doped carbon materials.107 In our
research, the uniformly mixed asphalt and melamine were
annealed in a nitrogen atmosphere to give nitrogen-doped
carbon nanosheets.106 Other compounds can also be intro-
duced simultaneously to construct dual and/or triple doped
carbon nanosheets. For example, the direct annealing of
asphalt, melamine, and phytic acid could give rise to nitrogen
and phosphorus co-doped carbon nanosheets. Citrate would be
decomposed into stacked carbonate particles that facilitate the
formation of hierarchical carbon architectures.108 In a typical
example, the mixture of potassium citrate and asphalt with an
optimal ratio was thermally treated.61 The potassium citrate
would be decomposed into potassium carbonate that serves as
the in situ template, guiding the asphalt to form the nanosheet-
assembled architecture. The potassium carbonate will be
further decomposed into potassium oxide and carbon dioxide
to activate the architecture, giving rise to a hierarchically porous
structure. Even without employing the highly corrosive KOH as
the activation agent, the as-obtained hierarchical carbon
architecture can still give a specic surface area as large as 1200
m2 g�1 and porosity of 0.60 cm3 g�1.
Fig. 7 Molten salt-mediated synthesis of nanostructured carbon with
different morphologies. (Permission from ref. 60, Copyright 2018,
American Chemical Society.)
3.5 Molten salt method

Molten salt synthesis has recently been emerging as an
intriguing technology to prepare nanostructured materials.83

Molten salt refers to a salt that is in the solid state under
ambient conditions but becomes liquid at elevated tempera-
tures. A wide range of salt systems shows this property, thus
providing versatile reaction environments. The molten salt
synthesis combines the advantages of solution synthesis and
solid-state reaction. On one hand, the liquid environment of
molten salts can provide better heat control, sufficient
dynamics, and facile reaction paths. On the other hand, the
molten salts can create a high reaction temperature, which
contributes to increased crystallinity for the as-synthesized
materials. The unique reaction environment created by
molten salt systems thus provides diverse control of the
porosity, surface area, and morphology of carbon materials.
Moreover, the introduction of extra additives can achieve the
modulation of composition and graphitization of carbon
materials. For example, the addition of nitrate into the LiCl/KCl
molten salt system led to the formation of nitrogen-doped
carbon while the introduction of sulphate results in the
production of sulphur-doped carbon.109 The content of hetero-
atoms within the carbon lattice can be tuned in a wide range.
The promotion of graphitization was realized through inten-
tionally adding iron containing salts through catalytic graphi-
tization.110 Another interesting feature of molten salt synthesis
is the environmental friendliness since the salts can be easily
7072 | J. Mater. Chem. A, 2020, 8, 7066–7082
recycled from the nal products via water washing for repeated
use.111

For the rst time, our group has employed this technology to
produce heavy oil-derived carbon materials.60,111 The heavy oil
by-products, for example asphalt, were mixed uniformly with
a eutectic salt made of NaCl and KCl, which can contribute to
a liquid medium at temperatures higher than 657 �C. The
melted salts create a exible interface facilitating the dehydro-
genation of PAHs which nally gives rise to large two-
dimensional nanosheets. The direct carbonization of asphalt
can only result in the formation of irregular carbon particles of
several micrometers. Another interesting nding is the higher
yield of carbon materials within the molten salt system.
Specically, the yield from direct carbonization of asphalt is
20.8 wt% while the molten salt system can offer a carbon yield
of around 30 wt%. The reason may be due to the strong affinity
of molten salt towards the organic species that leads to more
precursors being converted. Aer the synthesis, the salts remain
unchanged and can be recovered by simple water washing.111

The recycled salts are available for repeated use. Another
tunable molten salt synthesis has been realized via modulating
the carbonization temperature. In the KCl and CaCl2 molten
system, porous carbon particles, carbon nanoplates, and carbon
nanosheets with different thicknesses have been produced at
different temperatures. As shown in Fig. 7, the porous particles
are obtained at 550 �C. With the increase of temperature to
675 �C, carbon nanoplates are harvested. When the temperature
reaches 800 �C, exible carbon nanosheets are produced where
the thickness of the nanosheets can be further reduced with
increasing the temperature to 925 �C.60 Because of the high
controllability, the molten salt synthesis may serve as a prom-
ising strategy for the controlled synthesis of carbon materials
cost-effectively. In addition, the continuous evolution of the
structural merits makes the molten salt-mediated carbon
materials an excellent platform to reveal the structure–perfor-
mance relationships of electrode materials.

3.6 Defect-engineering synthesis

Defect-engineering synthesis suggested here refers to the tech-
nology that isolates nanomaterials from bulk materials by
attacking their defective sites. This method has been widely
employed to produce ultrane nanomaterials, for example
carbon quantum dots which are carbon particles smaller than
This journal is © The Royal Society of Chemistry 2020
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10 nmwith a crystalline inner core and functional groups on the
outer surface.70,71,112 The unique structure provides carbon dots
with a wide range of applications including but not limited to
photo- and electro-catalysis, lithium/sodium storage, and
supercapacitors.71 Petroleum coke is usually formed at relatively
low temperatures. Despite the high carbon content and primary
developed graphitic domain, the precursors still possess quite
a lot of defects including heteroatoms, topological defects, etc.66

These structural features allow the creation of carbon quantum
dots using petroleum coke as the precursor. The chemical
bonds at these defective sites are relatively weak, which will be
tailored in advance under harsh conditions, thus permitting the
ultrane carbon particles to be isolated from the bulk petro-
leum coke and resulting in the formation of carbon quantum
dots. We have successfully produced carbon quantum dots from
petroleum coke via harsh oxidation using a mixed acid solution
of H2SO4 and HNO3.58 The production was simply realized via
reuxing the petroleum coke particles in these acids. These
strong oxidative acids will rst attack the defective sites which
can simultaneously isolate ultrane particles as well as anchor
functional groups on their surfaces. Moreover, the functional
groups can be simply regulated through changing the temper-
ature. The carbon quantum dots synthesized at 120 �C mainly
possess carbonyl and sulfonic groups while the products ob-
tained at 180 �C are primarily decorated with sulfonic groups.
The functional groups play a decisive role in determining the
properties of the carbon quantum dots. As a result, the method
suggested here may represent a simple, effective, and highly
tunable means to produce carbon quantum dots. Besides, the
carbon quantum dots can also be isolated from the bulk
petroleum coke via a green electrolytic process.70 In a typical
synthesis, petroleum coke served as the working electrode and
was electrolyzed in an ammonia electrolyte. Nitrogen-doped
carbon quantum dots with uniform size distribution can be
effectively and straightforwardly produced via this process as
illustrated in Fig. 8. During the synthesis process, only
ammonia-related ions are introduced, which can be facilely
Fig. 8 (a) Schematic illustration of the synthesis of petroleum coke-
based nitrogen-doped carbon dots (NCDs). (b) TEM and HRTEM
images (inset) of NCDs. (c) The size distribution of NCDs obtained from
multiple images. (Permission from ref. 70, Copyright 2018, Elsevier.)

This journal is © The Royal Society of Chemistry 2020
removed, without any intractable ions in the synthesis system.
As a result, the tedious dialysis process can be removed,
allowing the essential simplication of the procedures for
synthesizing carbon quantum dots.
4. Energy storage applications

Because of their excellent conductivity and diverse structures,
carbon materials represent the most paramount electrode
materials for electrochemical energy storage devices.32,36,113–115

In these devices, carbon materials bridge the electron conduc-
tion and ion conduction which facilitates the conversion of
chemical energy and electrical energy. However, these devices
are operated using different mechanisms that impose distinct
requirements on the structures and properties of carbon
materials. For the sake of rational selection of suitable carbon-
based electrode materials, an in-depth understanding of the
relationship between the structure of carbon materials and
their performance for certain applications is urgently required.
In the following section, we will discuss the requirements on
carbon materials in different applications based on the funda-
mental operation mechanisms of the dominating electro-
chemical energy storage devices including lithium-ion
batteries, sodium-ion batteries, and supercapacitors as well as
the capability of carbon materials from heavy oil derived by-
products in fullling these requirements.
4.1 Lithium-ion batteries

Lithium-ion batteries are the dominant power sources for
portable electronic devices as well as electric vehicles because of
their light-weight and high energy density.116,117 As a typical kind
of rocking chair batteries, lithium ions are reversibly inserted
and extracted between the two electrodes for energy storage and
release, as shown in Fig. 9a.118 Carbon materials, especially
those with well-dened graphitic structures, have been widely
employed as anodes for lithium-ion batteries where the inter-
layer spacing provides favourable space for lithium ion
accommodation.33 Graphite anodes, as the most popular
Fig. 9 (a) Schematic illustration of a lithium-ion battery. (Permission
from ref. 118, Copyright 2011, Royal Society of Chemistry.) (b) Illus-
tration of the asphalt-derived hybridized carbon shells for lithium
storage and (c and d) the practical lithium storage performance based
on this material. (Permission from ref. 129, Copyright 2016, Wiley-
VCH.) (e) Comparison of specific surface area, interlayer spacing and (f)
lithium storage performance of the samples obtained under different
conditions. (Permission from ref. 60, Copyright 2018, American
Chemical Society.)
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anodes used today, are mainly made from petroleum coke, if
not mined naturally. Aer calcination, the moisture and vola-
tiles in the petroleum coke are largely removed. Then, thermal
annealing at around 2800 �C for a long duration makes the
articial graphite ready for lithium storage.67,119

Despite the popularity of graphite as anodes for lithium
storage, there are still quite some challenges needed to be
addressed because of the increased requirements on better
lithium-ion batteries by many emerging applications.33 On the
one hand, the outmost layers of graphite electrodes can be
easily exfoliated via the repeated lithium insertion/dein-
sertion.120 As a result, the appropriate modication should be
conducted to improve the stability of graphite-based anodes. To
this end, graphite anodes have been coated with asphalt-
derived carbon, giving rise to carbon/graphite composites
with improved properties.121 Aer the formation of a less
ordered graphitic layer on the graphite, not only the stability but
also the initial coulombic efficiency has been enhanced, indic-
ative of the potential of asphalt in boosting the performance of
traditional electrodes. The improved initial Coulombic effi-
ciency is mainly attributed to the blockage of the active edge
sites of the pristine graphite via which the irreversible decom-
position of electrolytes can be alleviated.122 In a comparative
study, asphalt with more heavy components has been demon-
strated to be a preferable precursor to modulate graphite
anodes for better practical performance.123

Another limitation of graphite anodes is their relatively small
capacity. Theoretically, six carbon atoms can accommodate only
one lithium ion which contributes to a theoretical capacity of
372 mA h g�1. For better fullling the increasing requirements
of many current and emerging applications, anode materials
with higher capacity are urgently demanded.33 In this regard,
MCMBs have been demonstrated as a favourable choice for
anodes. Besides accommodation of lithium ions in the inter-
layer spacing, extra sites such as unstacked carbon layers and
defects as well as the void between building blocks are also
effective for lithium ion accommodation.124 As a result,
a reversible capacity as large as 500 mA h g�1 is obtained, which
is 50% higher than that of the graphite anodes.124 Since then,
tremendous research effort has been devoted to manipulating
the performance of MCMB-based anodes for lithium storage.
Ru et al. reported that the introduction of defects on the surface
of MCMBs could effectively improve the lithium storage
capacity.125 Then, Jiang and his colleagues demonstrated that
nitrogen doping of MCMBs is also capable of enhancing the
specic capacity of the anodes.126 The synergistic effect of the
defective surface of MCMBs and nitrogen doping has been
observed by Cui et al.127 Specically, the MCMBs were rstly
oxidized using a modied Hummer's method to create defects.
Then, the oxidized MCMBs were annealed in an ammonia
atmosphere to dope with nitrogen. The thus-generated MCMBs
deliver a specic capacity of almost 800 mA h g�1.

Hard carbon, which can be facilely obtained from the heavy
oil-derived by-product, has been evaluated for lithium storage.51

Typically, hard carbons are generated using properly modulated
asphalt, such as pre-oxidized and/or solvent extracted one.51

These treatments allow the asphalt to be stable at elevated
7074 | J. Mater. Chem. A, 2020, 8, 7066–7082
temperatures without fusing into an extended conjugated
region for the development of a large graphitic structure. Unlike
the graphite anodes with only one insertion and extraction path
for lithium ions, hard carbon normally shows a three-
dimensional diffusion path for lithium ions enabling signi-
cantly improved rate capability.128 Apart from the graphite
anodes where the capacity is primarily harvested from the
plateau between 0 and 0.2 V vs. Li/Li+, an obvious sloping region
is generally observed from the charge–discharge curves of hard
carbon-based anodes which leads to a decent amount of pseu-
docapacitive contribution for rate-capable lithium storage. For
example, Wang et al. reported a high-power lithium-ion battery
with hard carbon as the anode and a pseudocapacitive contri-
bution as high as 94.5% is realized at a scan rate of 0.3 mV
s�1.128 The reason may be due to the synergistic effects of the
three-dimensional lithium-ion diffusion path and multiple
lithium accommodation sites.

In addition to these traditional anodes for lithium-ion
batteries, quite some novel nanostructured carbon anodes
have been prepared using heavy oil-derived by-products as the
precursors for lithium storage. For example, Wu et al. prepared
porous carbon frameworks using asphalt as the precursor and
ZnO nanoparticles as the hard template.100 The as-obtained
products consist of ultrathin carbon nanosheet assembled
architectures with interconnected pores enabling rapid ion
transfer within the electrodes. Because of the rationally
manipulated pore and morphology, the thus-produced carbon
nanomaterials offer an excellent performance where a high
capacity of around 400 mA h g�1 is obtained at a current density
of 1 A g�1. Then, Fe3O4 nanoparticles have also been employed
as the template to create such a porous network. Moreover, the
existence of Fe species can promote the formation of graphitic
regions at relatively low temperatures which can facilitate effi-
cient electron conduction. Because of the aforementioned
advantages, the anode based on this carbon material offers
a high specic capacity of around 800 mA h g�1 at a current
density of 100 mA g�1 and excellent cycling stability.44 Wang
et al. employed mesoporous SiO2 sphere-mediated chemical
vapour deposition to directly synthesize hybridized asphalt-
derived carbon shells where the inner part is made of disor-
dered carbon while the outer part consists of graphitic layers.129

The thus-obtained carbon shells were modied with nitrogen
through incorporating CH3CN as the nitrogen source. Aer
activation with HNO3 vapour, the electrode made of this mate-
rial delivers a long-term stability and excellent rate perfor-
mance, as shown in Fig. 9b–d. The rise of graphene has
stimulated strong interest in storing lithium using two-
dimensional carbon nanosheets. In this regard, Wei and his
colleagues have carbonized asphaltene within a conned space,
namely the interlayer spacing of vermiculite. The asphaltene
molecules are then regularly joined together at the edges, thus
giving rise to two-dimensional carbon nanosheets of several
tens and even hundreds of micrometers.130 Considering the
wide availability and low cost of these precursors and the simple
process, the two-dimensional carbon nanosheets synthesized
through this technology are cheap enough to full the
requirement of electrode materials. Another interesting nding
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 In situ TEM internal pressurization lithiation measurement on
(a) acetylene-derived carbon and (b) asphalt-derived carbon coated Si
nanoparticles. (c) Comparison of the cycling stability of asphalt-
derived carbon (red line) and acetylene-derived carbon coated Si-
based anodes. (Permission from ref. 57, Copyright 2019, Wiley-VCH.)
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in this research is the simple synthesis of CNT-graphene hybrid
materials by introducing a certain amount of melamine
together with asphaltene. During the heat treatment, melamine
would be decomposed into reducing species at elevated
temperatures which reduce the oxidative Fe species to iron
particles. These particles can then catalyse the growth of CNTs
seamlessly anchoring on the two-dimensional carbon nano-
sheets. These materials not only offer a high specic capacity of
around 800 mA h g�1, but also excellent rate capability where
the capacity retention can be as high as 65% with a 20-fold
increase of the current density.131

The practical performance of carbon materials for lithium
storage is determined by quite some different factors, including
crystallinity, particle size, porosity, morphology, hetero-species,
and so on. To get a systematical understanding of their inu-
ences, the investigation of the lithium storage performance of
distinct carbon materials from single sources as well as simple
yet tunable strategies is required. Asphalt-derived carbon
materials may be a promising platform for this purpose because
of their excellent versatility in the construction of carbon
materials as we mentioned before. Moreover, these totally
different structured carbon materials can be obtained through
a very simple process by changing only one parameter during
the synthesis. For example, Wu and his colleagues produced
a series of carbon materials from bulk particles and porous
networks to ultrathin carbon nanosheets via a simple molten
salt mediated synthesis.60 The authors carefully compared the
structural merits of different samples and their lithium storage
properties in great detail. Fig. 9e and f show an interesting
nding where a small specic surface area cannot secure high
initial coulombic efficiency (ICE) as the sample with a specic
surface area of 4 m2 g�1 offers a similar ICE to the one of around
100 m2 g�1. Among all the parameters affecting the specic
capacity, the interlayer spacing stands out. The specic capacity
increases monotonously with the distance of interlayer spacing.
Clearly, a higher interlayer spacing distance gives a larger
specic capacity.60 As a result, a suitable carbon anode for
lithium storage should have a large interlayer spacing and
a relatively large specic surface area.

Besides, asphalt has also been widely employed to hybridise
with newly emerged anodes, such as silicon andmetal oxides, to
synergistically harvest the merits of different components for
enhanced lithium storage. Wu et al. proposed a ZnMn2O4 and
porous carbon framework composite (ZnMn2O4/PCF) by in situ
growth of ZnMn2O4 particles within the PCF from template-
mediated carbonization of asphalt.132 At the identical current
density, the composite offers a larger specic capacity than that
of PCF and ZnMn2O4 particles. The synergetic effect may be
ascribed to the improved dispersion of ZnMn2O4 particles and
the three-dimensional conductive network. In another attempt,
Kang et al. coated SnO2–CoO yolk–shell microspheres with
asphalt-derived carbon offering signicantly improved stability
for lithium storage.133 Very recently, Choi's group suggested that
asphalt-derived carbon is more effective in alleviating the
formidable volume variation of alloy anodes by systematically
comparing the stability of carbon coatings from different
precursors.57 In addition to its economic advantages, asphalt
This journal is © The Royal Society of Chemistry 2020
offers a totally different carbonization behaviour that may
facilitate the formation of a exible structure for signicantly
improved stability. The carbon yield, which is highly associated
with themechanical strength, of asphalt is much higher than its
polymer and biomass counterparts. Besides, the asphalt will
become uid allowing the molecules to be oriented for large
stacked graphene nanosheets with high orientation. Such
a structure is highly exible and can survive the large volume
variation of anode materials, for example silicon, without
structural fracturation. As shown in the in situ TEM image of
internal pressurization of lithiation in Fig. 10, the carbon
coating layer derived from decomposed acetylene is easily
cracked while the asphalt-derived carbon layer closely covering
the silicon particles is expanded and shrunk synchronously
with the silicon core without any breaks. Thus, the asphalt
derived carbon-coated silicon particles show much improved
cycling stability (Fig. 10c).
4.2 Sodium-ion batteries

Despite the multiple advantages of lithium-ion batteries, the
scarcity and uneven distribution of lithium resources have
severely hindered the wide deployment of lithium-ion batteries
in large-scale energy storage facilitating the efficient utilization
of intermittent renewable energy.22 In this regard, sodium-ion
batteries have attracted focused attention as a promising
alternative to lithium-ion batteries technology.134,135 Sodium-ion
batteries show a conguration similar to that of lithium-ion
batteries, as shown in Fig. 11a.136 Sodium is an earth-
abundant and evenly distributed element which can thus
secure a reliable supply of the resource. Moreover, the higher
redox potential of sodium enables the use of aluminum foil as
J. Mater. Chem. A, 2020, 8, 7066–7082 | 7075
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Fig. 11 (a) Typical configuration of a sodium-ion battery. (Permission
from ref. 136, Copyright 2011, American Chemical Society.) (b) Sche-
matic illustration of the carbon materials with tunable interlayer
spacing. Interlayer spacing of petroleum-derived carbon (c), with
nitrogen-doping (d), and nitrogen and phosphorus co-doping (e).
Surface charge distribution modified by C3PO (f), CPO3 (g), and N-6(h)
functional groups. (i) Capacitive contribution of nitrogen and phos-
phorus co-doped carbon derived from asphalt at a scan rate of 1.2 mV
s�1 and (j) the cyclic performance at a current density of 1 A g�1 for
sodium storage. (Permission from ref. 106, Copyright 2019, Elsevier.)
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the anode current collector, instead of copper foil required in
lithium-ion batteries, which makes sodium-ion batteries more
economically competitive. Finally, the adjacency of sodium to
lithium in the periodic table makes the sodium-ion batteries the
drop-in technology and the experiences in lithium-ion batteries
development can be largely drawn. Nevertheless, there are still
some differences between these two elements, which result in
special issues for sodium-ion batteries needed to be addressed.
For example, the higher redox potential of sodium makes the
formation of sodium intercalated graphite thermodynamically
unfavourable. As a result, the mature graphite anode for
lithium-ion batteries technology is inapplicable for sodium-ion
batteries and the exploration of suitable anodes represents the
most signicant challenge for sodium-ion batteries.

A very early anode for reversible sodium storage is so
carbon derived from petroleum coke, which was reported by
Doeff et al.137 However, the sodium storage sites of so carbon
are mainly located at the micropores and defects of the external
surface, resulting in a relatively small specic capacity. To
address this issue, hard carbon has been proposed for sodium
storage as the internal micropores, expanded interlayer spacing,
and defects are capable of sodium storage, enabling a much
higher specic capacity.22

Then, quite some biomass and polymers have been
employed as the precursors to produce hard carbon for sodium
storage and decent performances have been widely reported.
For example, Ji et al. reported a cellulose-derived hard carbon
7076 | J. Mater. Chem. A, 2020, 8, 7066–7082
with a reversible capacity of 255 mA h g�1 at a current density of
40 mA g�1.138 Nevertheless, the high price of these precursors
has stimulated the search for more economical raw materials.35

For the rst time, Hu and his colleagues proposed that hard
carbon can be facilely synthesized by co-carbonizing the
mixture of asphalt and lignin.35 The lignin can emulsify asphalt
which not only induces the formation of a disordered structure
but also contributes to a high yield. The optimized product gives
a reversible capacity of 254 mA h g�1 as well as excellent cycling
stability. Other additives that facilitate the disordering of
asphalt-derived carbon include phenolic resin, graphene oxide,
etc., and the thus-obtained materials exhibit excellent sodium
storage performance. Since the rst successful utilization of
asphalt for preparing hard carbon to store sodium, Hu's group
has elaborately designed a series of simple yet efficient tech-
nologies to produce asphalt-derived hard carbon with excellent
performance. For example, defect-rich and disordered hard
carbon can be facilely prepared by bridging the asphalt mole-
cules through oxygen bonds before carbonization.51 As shown in
Fig. 2, the as-prepared carbon gives a higher disorder that
contributes to abundant internal micropores and defects. When
evaluated as an anode for sodium storage, a high reversible
capacity of around 300 mA h g�1 is delivered which almost
remains unchanged aer 200 cycles. The same group has also
suggested that such an architecture could also be obtained by
simply reducing the carbonizing temperature.73 In particular,
a carbonizing temperature higher than 1000 �C generally leads
to reordering of the asphalt molecules while at a lower
temperature the driving force for this process is very weak. The
product formed at 800 �C gives excellent rate capability where
a large capacity of around 150 mA h g�1 is still obtained even at
a rate of 12C.

Besides the microcrystal structure and defects, other struc-
tural parameters have also been rationally modulated for
enhanced sodium storage. Xu and his colleagues reported
a nano-CaCO3 template method to create a three-dimensional
framework made of asphalt derived carbon.89 Moreover, the
scaffold consists of the uniformly mixed disordered region and
graphitic region. The high porosity can secure sufficient elec-
trolyte penetration while the mixed scaffold allows simulta-
neously fast electron transfer and sufficient active sites for
sodium storage. When evaluated as an anode for sodium storage,
a reversible capacity of 331 mA h g�1 is obtained at a current
density of 30 mA g�1. With the almost 20-fold increase of the
current density, the capacity retention is as high as 50%.
Furthermore, a specic capacity of 103 mA h g�1 is retained aer
3000 cycles at a current density of 500 mA g�1. Yang and Yu's
groups separately reported a more efficient template method.87,88

In both cases, the phenolic resin has been introduced to modu-
late the distribution of the disordered region while the water-
soluble salt, namely NaCl, has been used as the template to
create the three-dimensional network made of carbon nano-
sheets. The optimal structure gives a large reversible capacity of
280 mA h g�1 and a high initial coulombic efficiency of 75%.
Moreover, such a structure can deliver excellent rate capability
where the pseudocapacitive contribution is as high as 76% at
a scan rate of 1 mV s�1 in the cyclic voltammetry evaluation.
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 (a) Scheme of a typical supercapacitor. (Permission from ref.
142, Copyright 2014, Elsevier.) (b and c) TEM images of nitrogen and
sulphur co-doped carbon nanosheets and their elemental distribution
(d). (e) Rate performance of nitrogen and sulphur co-doped carbon
nanosheets with different heteroatom contents. (f) Long-term stability
of optimized nitrogen and sulphur co-doped carbon nanosheets.
(Permission from ref. 42, Copyright 2019, American Chemical Society).
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The effects of surface charge and interlayer spacing on
sodium storage have also been elaborately investigated. Our
group has recently designed an in situ template and doping
strategy to create carbon nanosheets with different surface
charge distribution and interlayer spacing, which is illustrated
in Fig. 11b.106 Specically, the two-dimensional morphology has
been realized by carbonizing petroleum asphalt in the presence
of melamine where the melamine could condense into two-
dimensional graphitic-C3N4 nanosheets as the template at
elevated temperatures and the template can be decomposed at
higher temperatures. Moreover, the surface charge and inter-
layer distance can be simply manipulated by incorporating
different doping atoms such as nitrogen and phosphorus. For
example, the directly carbonized asphalt shows an interlayer
distance of 0.34 nm, while this value increases to 0.37 and
0.41 nm with nitrogen doping and nitrogen/phosphorus co-
doping, respectively, as shown in Fig. 11c–e. Furthermore, the
co-doping can create a negatively charged surface (Fig. 11f–h)
which can facilitate sodium ion adsorption. In this regard, the
co-doped carbon nanosheets show a capacity of 285 mA h g�1 at
a current density of 200 mA g�1 and a pseudocapacitive
contribution of 76.1% at a scan rate of 1.2 mV s�1 (Fig. 11i).
Even when cycled at a current density of 1 A g�1 for 4000 times,
a capacity retention of 94% is achieved (Fig. 11j), indicative of
the excellent cycling stability. A similar contribution has also
been observed by storing sodium using nitrogen/sulphur co-
doped carbon materials.139,140 Considering the possibility of
facilely fabricating such materials by selecting the heavy by-
products with inherent sulphur and nitrogen, nitrogen/
sulphur co-doped carbon materials from heavy oils represent
a promising choice for anodes for rate-capable sodium storage
deserving exploration.
4.3 Supercapacitors

Batteries are capable of large energy output but with a poor
power density. In modern society, energy storage devices with
excellent power capability are indispensable for many applica-
tions such as electric tramcars, braking energy harvest, and
gantry cranes.20,141 Supercapacitors are a preferable choice of
devices for this purpose because of their capability of fully
delivering the stored charge within seconds. Unlike batteries
where the charge is stored in the bulk phase of the electrode
materials, supercapacitors only use the surface of electrode
materials for charge storage either via electrostatic adsorption
of ions or fast surface redox reactions, as shown in Fig. 12a.142 In
order to store as much charge as possible, electrode materials
with a large specic surface area are the priority. To secure fast
charge/discharge, electrode materials should possess high
conductivity and low tortuous pores. As a result, porous
carbons, especially those with hierarchical porosity, have been
widely employed as electrodes for supercapacitors. Generally,
macropores provide sufficient space as the electrolyte reservoir
while mesopores and micropores are responsible for fast elec-
trolyte diffusion and ion accommodation, respectively.143 In the
past decades, tremendous research effort has been devoted to
this area with remarkable progress. Because of the high
This journal is © The Royal Society of Chemistry 2020
tunability of heavy oil by-products in creating carbon materials,
these carbon materials have been widely used for capacitive
energy harvesting.2,68,144

To contribute to such a carbon architecture, KOH-mediated
activation is the most straightforward technology. The carbon
precursor, for example petroleum coke, is mixed with a large
amount of KOH and annealed at elevated temperatures to create
a large specic surface area and high porosity for electrostatic
ion adsorption. Yang et al. reported a three-dimensional
graphitized carbon nanovesicle architecture by simple activa-
tion of petroleum coke with KOH.145 An unusual discovery is
that such a structure mainly consists of highly graphitic pore
walls made of three to four layers of graphene. The pores are
mainly mesoporous which are suitable for large electrolyte ions.
As such, an ionic liquid-based supercapacitor is assembled
using this carbon material as the electrode with superior
performance. The traditional KOH-activated carbon materials
solely utilize ion adsorption for energy storage and surface
redox reactions should also be rationally incorporated for
further improved performance. In this regard, quite some post-
treatments have been conducted on KOH-activated carbons for
enhanced capacitive performance. Of particular note is the
incorporation of heteroatoms, for example nitrogen, for essen-
tially modulating the local electronic conguration and
J. Mater. Chem. A, 2020, 8, 7066–7082 | 7077
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chemical properties via which improved wettability, enhanced
conductivity, and pseudocapacitive contribution could be ex-
pected.146 In this regard, fundamentally boosted electro-
chemical performance is highly possible. For example, Wu and
his colleagues reported the combination of KOH activation of
petroleum coke with a subsequent ammonia hydrothermal
modication. The as-obtained carbon materials contain a large
number of nitrogen-containing species which can simulta-
neously improve the wettability and conductivity.147 When
evaluated as electrode materials for supercapacitors, an obvi-
ously pseudocapacitive contribution, as well as signicantly
improved rate capability, is observed. Besides these functional
active species, redox couples have also been graed on the
surface of the KOH-activated carbons for a higher capability of
surface charge storage. Yan et al. modied petroleum coke-
derived carbon with hydroquinone/benzoquinone, the two-
electron redox couple which almost leads to a two-fold
increase of specic capacitance.144 Specically, an unprece-
dented specic value of 300 F g�1 is obtained for the redox
couple modied carbon while the one without any modication
only gives a specic capacitance of around 160 F g�1.

Nevertheless, direct activation with KOH shows poor
controllability in determining pore structures. As a result, the
template-mediated synthesis has been coupled with KOH-
activation which simultaneously increases the specic surface
areas and modulates the pore structure. Wang and his
colleagues reported a hierarchically porous carbon architecture
from asphalt enabled by template mediated synthesis and
simultaneous KOH activation.102 The macropores inherited
from hard templates can hold sufficient electrolytes that can be
immediately transferred to microporous active sites via the
adjacent mesopores, thus enabling outstanding capacitive
performance. High specic capacitances of around 341 and 189
F g�1 are obtained at 1 and 50 A g�1, respectively. Similar results
have also been reported by our group in constructing such an
architecture using KOH-activation of asphalt in a molten salt
environment. Specically, the petroleum asphalt was carbon-
ized in the presence of KCl and KOH where the combined effect
of molten salt, namely KCl and activation contributed to the
carbon architectures with the desired morphology.148 When
evaluated as electrodes for supercapacitors, the as-obtained
materials deliver an outstanding performance.

The rate capability of capacitive electrode materials can
also be manipulated through constructing highly porous and
ultrathin carbon nanosheets as the ultrathin thickness can
signicantly reduce the ion diffusion path for an enhanced
rate performance. He's group employed two-dimensional MgO
nanoplates for the direct synthesis of ultrathin carbon nano-
sheets and then creation of nanopores on these sheets through
subsequent KOH-activation.101 The optimal structure gives
a specic capacitance of 280 F g�1 at a current density of
0.05 A g�1 and 233 F g�1 at 20 A g�1. Similar conclusions have
also been conrmed by Ning and Li's groups, separately.37,42

Based on the aforementioned progress, the rational assembly
of hierarchical architectures using two-dimensional carbon
nanosheets as the sub-units represents a promising strategy to
boost the electrode material performance in supercapacitors.
7078 | J. Mater. Chem. A, 2020, 8, 7066–7082
Recently, our group proposed an effective in situ technology to
construct such an architecture as an electrode material for
supercapacitors.61 This architecture was simply obtained by
annealing the mixture of asphalt and potassium citrate at an
optimal mass ratio. The potassium citrate will rst be
decomposed into stacked potassium carbonate particles as the
template and then be reduced to a wealth of activation agents
such as CO2 and metallic potassium to create porosity. The
facilely constructed three-dimensional carbon architecture
made of porous carbon delivers robust capacitive energy
storage performance in terms of a high specic capacitance
(307 F g�1 at 0.05 A g�1), an outstanding rate capability (73%
capacitance retention at a 400-fold increase of current
density), and favourable cycling stability (93.4% capacitance
retention aer 10 000 cycles). Li et al. introduced nitrogen and
sulphur into hierarchical porous carbon nanosheets using
graphitic carbon nitride as the template.42 The high-sulphur
asphalt served as the carbon source and sulphur source. As
shown in Fig. 12b–f, the wrinkled carbon nanosheets are
uniformly decorated with nitrogen and sulphur. When fabri-
cated into a symmetrical supercapacitor, the thus-obtained
device offers a large specic capacitance of 302 F g�1 at
1 A g�1 with 64% capacitance retention at a 50-fold increase of
the current density. Moreover, the capacitance remains almost
unchanged aer 20 000 cycles.

5. Conclusions

Increasing amounts of heavy but low-cost by-products, such as
asphalt and petroleum coke, are generated because more and
more heavy oils are fed into the petroleum industry. This situ-
ation will remain unchanged in the foreseeable future despite
the large deployment of new energy recently. As a result, how to
realize harmonious development between the petroleum
industry and new energy represents a vital challenge for
researchers of different backgrounds. The employment of the
heavy by-products as the precursors to construct novel carbon
materials for energy storage applications may represent a viable
means to bridge these two paradoxical elds. In this context, the
undesirable heavy by-products can thus achieve value-added
applications in the prospective new energy technology. Aer
a brief introduction to the typical heavy oil-derived by-products,
we summarized the recently proposed novel strategies for
controlled construction of carbon materials with distinct
structural merits. Through appropriate modulation, nano-
structured carbon materials with different dimensions, diverse
morphologies, tunable compositions, and so on have been
successfully produced using these by-products as precursors.
Then, their potential for electrochemical energy harvesting
based on lithium-ion batteries, sodium-ion batteries, and
supercapacitors has been elaborately analysed. In the past
decades, remarkable progress has been achieved because of the
tremendous effort devoted by researchers all over the world.
Nevertheless, the rational utilization of heavy oil by-products to
construct novel nanostructured carbon materials for robust
energy storage still remains in its infancy and more improve-
ments should be made to promote further development.
This journal is © The Royal Society of Chemistry 2020
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Heavy oil-based precursors should be carefully characterized
for a better understanding of their conversion chemistry. Both
asphalt and petroleum coke show complex components and
structures and precursors of different origins may result in
carbon materials with totally different structures via the same
procedure. As a result, the in-depth understanding of precur-
sors represents the fundamental for their controlled conversion
into carbon materials with desired structures. To this end, the
isolation of different group components is the primary step. The
properties of these group components should be thoroughly
characterized. Based on this basic knowledge, their joint char-
acters should also be evaluated. Then, their carbonization
behaviour should also be investigated in this manner, which
can contribute to the establishment of the relationship between
the features of the precursors and the structures of nal prod-
ucts. The truly controlled construction of carbon materials in
the desired manner could be possible based on this funda-
mental research.

As for the real application, industrial attention will be drawn
only when competitive and reliable performance is obtained
using commercial-level mass-loading (10 mg cm�2) electrodes.
Currently, most of the excellent electrochemical properties
realized in lab research are recorded at a mass loading of 1 mg
cm�2, which is far from the requirement of the real application.
The commercial-level mass loading usually results in electrodes
as thick as 200 mm. The diffusion length for the electrolyte
would be quite long and the accessible surface area is reduced.
The gravimetric performance of high mass loading is inevitably
degraded especially at large charge/discharge rates. To address
this issue, the as-obtained carbon materials should be elabo-
rately assembled into integrated electrode architectures with
fast electrolyte diffusion paths. Considering the distinct struc-
tural merits of carbon materials obtained via different strate-
gies, targeted electrode architecture design rationales should be
established based on the properties of the employed materials.

The rational design and controlled synthesis of carbon
materials from heavy oil by-products for energy storage appli-
cations require a comprehensive understanding of heavy oil
chemistry, chemical engineering, materials science and engi-
neering, and electrochemistry. Joint research from researchers
with different backgrounds including petrochemical engi-
neering, analytical chemistry, materials science and engi-
neering, and physical chemistry is needed. However, organizing
such a team from industrial and scientic communities may be
quite complex. As a result, the establishment of effective
mechanisms to promote interdisciplinary cooperation is
extremely important.

The feasibility of this eld is also determined by environ-
mental policies. With loose rules, decent prots could be made
even by simply treating these by-products as fuels. Only under
stringent requirements, the search for their clean and value-
added utilization will be possible. Fortunately, serious envi-
ronmental issues have caused worldwide attention which not
only leads to strict policies but also attracts more and more
research efforts devoted to this eld.

The past decade has witnessed an increased interest in the
search for cheap and tunable precursors to construct high-
This journal is © The Royal Society of Chemistry 2020
performance carbon-based electrode materials for energy
storage. Among them, heavy by-products from the petrochem-
ical industry represent an appealing one because of their large
amount and wide availability. Carbon materials derived from
these precursors offer a wealth of advantages including high
conductivity, tunable morphologies, etc. The related research
may bridge the traditional petrochemical industry and the
emerging new energy, where the rational combination of these
two totally different elds may fundamentally address the real-
world issues. Undoubtedly, promoting this research may be the
“killing two birds with one stone” strategy that simultaneously
addresses energy and environmental issues. With the gradually
increased awareness on sustainable development of the whole
society, it is highly believed that a clear roadmap of the value-
added utilization of heavy oil by-products for producing
energy storage materials is drawn and the breakthrough in this
eld will be witnessed in the near future.
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