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The burgeoning global economy during the past decades gives rise to the continuous increase in fossil
fuels consumption and rapid growth of CO2 emission, which demands an urgent exploration into green
and sustainable devices for energy storage and power management. Supercapacitors based on activated
carbon electrodes are promising systems for highly efficient energy harvesting and power supply, but
their promotion is hindered by the moderate energy density compared with batteries. Therefore, scalable
conversion of CO2 into novel carbon nanostructures offers a powerful alternative to tackle both issues:
mitigating the greenhouse effect caused by redundant atmospheric CO2 and providing carbon materials
with enhanced electrochemical performances. In this tutorial review, the techniques, opportunities and
barriers in the design and fabrication of advanced carbon materials using CO2 as feedstock as well as their
impact on the energy-storage performances of supercapacitors are critically examined. In particular, the
chemical aspects of various CO2 conversion reactions are highlighted to establish a detailed understand-
ing for the science and technology involved in the microstructural evolution, surface engineering and
porosity control of CO2-converted carbon nanostructures. Finally, the prospects and challenges associated
with the industrialization of CO2 conversion and their practical application in supercapacitors are also
discussed.
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1. Introduction

The surging global economy since the advent of 21st century
gives rise to rapid consumption of fossil fuels and serious green-
house problem, which have becomemajor issues in the sustainable
development of human society [1–3]. Efficient energy storage plays
a key role in building a low-carbon economy to substantially pro-
pel the utilization of renewable energy resources [4–7]. As an
important energy storage device, supercapacitor has received
much attention from both academia and industry. Compared with
commercial rechargeable batteries relying on intercalation mecha-
nism in the crystalline structure of electrode materials, superca-
pacitors can exhibit multiple merits such as high power density,
excellent rate performance, long life span and quick charge/dis-
charge, because their charge storage is based on the surface reac-
tions of electrode materials without ion diffusion within the bulk
of materials [8–12]. The promising prospect of supercapacitors
can be found in compensating energy storage functions of batteries
or fuel cells by providing back-up power and preventing power dis-
ruptions, which serve as important complementary devices for
military purposes, electrical vehicles, smart instruments and porta-
ble electronic devices [13–16].

For most of the state-of-the-art commercial supercapacitors,
numerous carbon materials with contrasting physical and
chemical properties act as typical active materials in electrodes
[17–19]. Among them, activated carbon (AC) is widely used as a
practical electrode material due to its advantages of high specific
surface area, low cost and mature preparation technologies
[20–23]. However, supercapacitors based on AC usually present a
much lower energy density (~15–20 Wh kg�1) than lithium-ion
batteries (up to 250–300 Wh kg�1) [24–27], which is considered
as a great obstacle for its further application in electronic devices
requiring high energy and high power simultaneously. To solve
this problem, current researches mainly focus on enhancing the
energy density of supercapacitors without sacrificing their high
power density and long life span. In this scenario, the foremost
theme is to seek novel pathways for the fabrication of advanced
carbon materials with substantially enhanced energy storage
performance. Various carbon nanostructures have been examined
in the past decades for application in various energy-related
occasions, including AC from numerous precursors [28], carbon
nanotube [29,30], carbon nanofiber [31], carbon nanosphere [32],
fullerene [33], hard/soft carbon [34–37], carbide-derived carbon
[38], porous carbon [39], carbon foam [40] and graphene [41].
Unfortunately, toxic and hazardous chemicals are usually involved
for the preparation and chemical/physical modification of carbon
materials though various morphological and structural regulation
can be achieved [42]. The development of an environment-
friendly approach for both safe and practical processing of
advanced carbon materials is still a great challenge.

At present, more than 80% of the energy consumed worldly is
derived from non-renewable fossil fuels such as coal, oil and natu-
ral gas [43]. The combustion of these fuels inevitably leads to huge
emission of CO2, a main driver of global climate change and other
serious environmental effects [44–46]. Historically, the CO2 in
atmosphere has risen from 278 ppm in the beginning of industrial
revolution to more than 400 ppm in 2016. Actually almost 75% of
this rise has taken place since 1950. Moreover, the global CO2

emission has doubled from 1975 to 2015 and is projected to triple
by 2040 [47,48]. Although mitigating climate issue is a multi-
faceted challenge, one of these pillars of any future low-carbon
economy will be an increasing dependence on renewable and envi-
ronmentally friendly pathways to recycle CO2 into various useful
resources. Currently, the utilization and sequestration of CO2

mainly focuses on using it as an alternative carbon feedstock for
chemicals, fuels and other derivative materials. Among these
efforts, catalytic, photocatalytic and electrocatalytic conversion of
CO2 into methane, methanol and hydrocarbon products have made
important progresses [49–51]. Encouraged by these achievements,
researchers also expect new methodologies to realize direct con-
version of CO2 into materials related with renewable energy
storage.

Selective reduction of CO2 into pure carbon is envisaged as a
promising alternative for greenhouse gas recycling; however, the
high stability of C=O bond in CO2 renders it a great difficulty
[52]. An early research by Tamaura et al. [53] reported that oxygen
deficient ferrites could be used as catalyst to decompose CO2 into
carbon and oxygen. Motiei et al. [54] proved that nested fullerene
could be synthesized from supercritical CO2. Diamonds could also
be prepared from the chemical reaction between CO2 and metallic
Na at 440 �C and 80 MPa [55]. In the past few years, to further pro-
mote CO2-derived carbonaceous materials for energy storage, var-
ious carbon-based nanostructures, such as graphene [56],
graphene oxide [57], carbon nanosheets [58], carbon nanotubes
[59,60], carbon nanofiber [61] and porous carbon [62], have been
successfully fabricated from CO2 precursor using strong reducing
agents via different preparation technologies, demonstrating CO2

conversion has become a technologically mature field. In these
works, researchers’ main aim is to obtain carbon products with
high specific surface area, optimized pore size distribution and
beneficial functional groups for the enhancement energy storage
capacity of supercapacitors. Despite all these achievements in this
area, a systematic retrospect on the processing approaches of
CO2-based nanostructures and their application for energy-
related purposes has not been presented so far. It is highly neces-
sary to summarize the latest preparation technologies and offer a
panoramic view for carbon materials by CO2 conversion toward
energy storage applications.

In this first review on CO2-converted carbon materials, we aim
to depict a complete developmental story of various CO2 utilization
methodologies for the microstructural design, surface engineering
and porosity control of novel carbon nanostructures along with
their recent applications in high-performance supercapacitors.
Starting from an introduction to the general design strategies for
carbon-based electrodes, different techniques to convert CO2 into
advanced carbon materials are further discussed with special
emphasis on their technological shift, product quality control and
environmental friendliness. In particular, the detailed processing
protocols for CO2-based carbon are highlighted to shed light on
the important role of microstructure and physiochemical proper-
ties on capacitive performances in these carbon materials. This
review ends with a brief conclusion to carbon materials manufac-
tured from CO2 conversion and possible solutions to major chal-
lenges for their future application in energy-related fields.

2. Essential design strategies for carbon-based electrode
materials

For state-of-the-art carbon-based supercapacitors, the energy
storage mechanism originates from the reversible electrostatic
accumulation of ions with opposite charges on the interface
between porous carbon electrodes and electrolyte, which was
depicted by Helmholtz model in 1853 [63]. When the electrode
is polarized by applying a voltage, ions with opposite charge in
the electrolyte diffuse to the vicinity of carbon electrodes and gen-
erate a condensed electrical double layer (EDL) with a thickness of
a few nanometers to ensure charge neutrality. The electrode poten-
tial decreases as the distance between the ions and the electrode
increases (Fig. 1a). This simplified Helmholtz EDL can be regarded
as a flat-plate capacitor with the capacitance (C) defined by Eq. (1):



Fig. 1. (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of charge storage
mechanisms across the interface of electrode and aqueous electrolyte. The potential
decreases from ue at electrode surface to us at the bulk electrolyte, which can be
considered infinite away from the electrode surface.
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C ¼ Ae
4pd

ð1Þ

where A is the active surface of the porous electrode; e is the elec-
trolyte dielectric constant, and d is the effective thickness (Debye
length) of EDL [64]. Typically, the very large surface area (up to
3000 m2 g�1) and short Debye length of less than 1 nm for porous
carbon electrodes result in a much higher EDL capacitance than
flat-plate capacitors [65].

Although Helmholtz model give a direct explanation to the ori-
gin of capacitance in carbon electrodes, it simplifies several impor-
tant factors such as ion diffusion in the electrolyte solution and the
static interaction between solvated ions and electrode. In 1910,
Gouy and Chapman [66] proposed a diffusion model to depict
the exponentially decreasing potential from the electrode surface
to the interior of electrolyte solution (Fig. 1b), but this model is
not enough to account for highly charged EDL. Later, Stern [67]
combined the essentials of Helmholtz and Gouy-Chapman models
by introducing the hydrodynamic movement of the ions in the dif-
fusion layer and the accumulation of ions adherent to the electrode
surface (Fig. 1c). The total capacitance can be regarded as a Helm-
holtz layer CH and a diffuse layer CD connected in series, which is
expressed by Eq. (2):

1
C
¼ 1

CH
þ 1
CD

ð2Þ

However, since the electrolyte concentration in commercial
supercapacitors is usually high (~1 mol L�1), the diffusion capaci-
tance can be reasonably omitted [68–70]. Therefore, the basic
properties of Helmholtz layer determine the charge storage capac-
ity of carbon materials, which are also closely correlated with the
surface and porosity structures of electrodes.

The stored energy E in a supercapacitor is directly related with
the capacitance and the square of voltage according to Eq. (3):
E ¼ 1
2
CV2 ð3Þ

The maximum power depends on the applied voltage and
equivalent series resistance (RESR), which is given by Eq. (4)

P ¼ V2

4RESR
ð4Þ

RESR can be considered as the sum of ionic resistance of elec-
trolyte impregnated in the separator, contact resistance between
electrodes and current collectors, and intrinsic electrical resistance
of electrode bulk [71]. From the above analysis, it can be clearly seen
that C, V and RESR are three important parameters defining the per-
formance of supercapacitor devices, which means great efforts
should be devoted to increasing both C and V and reducing RESR

for the simultaneous improvement of energy and power density.
In the viewpoint of material sciences, the primary synthetic tar-

get of carbon electrodes is to obtain novel carbon nanostructures
with modified interfacial properties between electrode and elec-
trolyte [72]. This requires a careful correlation between electrode
microstructure and overall electrochemical behavior. Generally,
an ideal carbonaceous electrode should exhibit several key features:

(1). High accessible surface area. The energy storage capability of
carbon electrodes highly relies on the electrical double layer
across the interface between electrode and electrolyte. As a
result, high surface area can promote sufficient space for
charge accumulation and increase the specific capacitance
and energy density. During the past years, various nanos-
tructured carbon materials, including 0D quantum dots
[73], 1D nanotubes or nanofibers [74,75], 2D nanosheets
[76] and 3D foams or aerogels [77–79], have received exten-
sive attention from researchers to shorten the diffusion
length of electrolytes and enlarge the exterior surface area
in order to obtain a very fast charge/discharge rate and high
charge storage. However, materials with extremely high sur-
face area usually present another problem of low tap den-
sity. This means a large amount of pores, voids and
channels inside these materials, which would trap additional
electrolyte as ‘dead mass’ and jeopardize the energy storage
of devices [80]. To tackle this paradox, a careful balance
between porosity design and morphological control should
be considered in fabricating carbon electrodes.

(2). Designed pore size distribution. A reasonable porosity in elec-
trode materials is also key to influence its wettability and
accessibility of surface area to shuttling ions [81]. Micropores
(less than 2 nm) can greatly increase the specific surface area
of electrodes and contribute to thehigh charge storageperfor-
mance, while mesopores in the range of 2 to 50 nm mainly
provide interconnected channels for fast ion transportation
at high rates [82–84]. On the other hand, macropores (larger
than 50 nm) serve as ‘ion reservoir’ to buffer the sharp change
of electrolyte concentration during operation at high current
density [85]. One risk for macropores is they are prone to
absorb extra electrolyte in the pore channels and increase
the total weight of devices. Now it has been widely acknowl-
edged that a hierarchical porosity with an optimized propor-
tion of micropores and mesopores is helpful to enhance the
ion diffusion behavior and thusly increase the rate capability
and power density of electrodes [86].

(3). Good intra/inter-particle electrical conductivity. A high
inter/intra-particle conductivity can ensure swift electron
transportation throughout the electrode bulk, minimize
internal resistance and promote charge transfer, which are
all beneficial for efficient energy storage. For carbon materi-
als, a high percentage of sp2-hybridization contributes to the
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delocalized electron structure and enhanced conductivity
[87,88], which can be realized by high-temperature anneal-
ing to remove the insulating oxygen-related functionalities.
Reasonable hetero-atom doping can also regulate the elec-
trical conductivity by contributing to the electron density
of carbon atoms [89–92]. Another feasible solution is to
incorporate conducting agent like carbon black into the elec-
trode or build bridged structure between electrode particles
to enhance the inter-particle electron transfer.

(4). Long-term electrochemical stability. Carbon materials are
generally consideredelectrochemically stable for energy stor-
age because their energy storage mechanism of charge sepa-
ration at the electrical double layer across the
electrode/electrolyte interface introduces no phase change
or chemical reaction of electrodes. However, in organic elec-
trolytes and ionic liquids, the trace impurities (ash content,
heteroatoms, absorbed H2O) in carbon electrodes are prone
to interact with the solvated ions due to the catalytic decom-
position, whichwill cause irreversible parasitic side reactions
leading to the undesirable decomposition of electrolytes and
fading of electrode capacitance [68]. Therefore, to ensure long
life span of supercapacitors, strict control of the phase purity
of carbon materials are highly recommended [93].

(5). Low-cost and green preparation process. In order to promote
the development of commercial supercapacitors, the cost-
effective preparation process of electrode materials is
desired, which necessarily requires a wide variety of raw
materials with low price from factories. In addition, the
manufacturing equipments and the preparation process
should be easy to be industrialized with minimum capital
investment. The use of highly toxic, flammable and explo-
sive reactants should be avoided throughout the material
preparation process, and the proper post-treatment of waste
materials after product preparation is also needed to achieve
green recycling.

In summary, the general rule in selecting carbon-based superca-
pacitor electrodematerials is tofind anovel carbonproduction tech-
nology that is ideally cost effective, industrially scalable and
economically attractive using renewable and abundant resources,
whilst achieving energy storage performances comparable or even
superior to carbon materials fabricated with existing technologies.
The following sections will give a critical review of the history and
present status of CO2 conversion into various advance carbon
materials.
3. Recent progresses in carbon materials prepared from carbon
dioxide

Carbon dioxide is essentially an inert species with low chemical
activity due to its extremely high entropy of �394 kJ mol�1, and
the C=O bond in CO2 is stablewith a bonding energy of 750 kJmol�1.
As a result, it is not easy to break this robust chemical bond and
directly convert CO2 into carbon products without appealing to
strong reductants such as Mg or alkaline metals of Li, Na. Indeed,
current technologies concerning the utilization of CO2 into carbon
materials are all based on this general thread, which can be catego-
rized into four major protocols: direct metallothermic combustion,
high temperature reduction, carbonate-assisted conversion and
controllable self-sustaining synthesis.
3.1. Direct metallothermic combustion with CO2

Metallothermic reduction is a method of using metal (or its
alloy) as a reducing agent to reduce a metal-based compound at
high temperature to obtain pure metal [94], which has been widely
adopted in industrial metallurgical processes as well as in fabrica-
tion of novel energy-related materials including macroporous Si
[95], porous carbon/metal composites [96] and hollow Ge micro-
spheres [97]. In particular, magnesiothermic reactions are well
known for their capability in dissociating robust chemical bonds,
such as the Si–O bond in SiO2 to form porous silicon nanoparticles
[98] and the C–O bond to purify carbon-based materials [99]. The
reaction between Mg and CO2 proceeds according to the formula:

CO2(g) + 2 Mg(l) ! C(s) + 2MgO(s) DG = �680 kJ kg�1 ð5Þ

which has a highly spontaneous tendency and releases huge
amount of heat to propel the reaction until completion. Due to this
unique feature, magnesiothermic reaction has been envisaged by
researchers in 1980s to supply power for combustion engines using
the atmospheric CO2 on Mars and Venus [100]. Besides, as one of
the most widely distributed elements in nature (the eighth richest
element in earth’s crust), Mg can be facilely prepared in industries
with low cost and large quantities. For these reasons, the early
attempts to fabricate carbon materials from CO2 started with
metallic Mg.

In 2011, Chakrabarti et al. [56] pioneered the exploration of
CO2-converted graphitic carbon materials. They ignited 3 g of Mg
ribbon inside a bowl filled with dry ice, and after the combustion
of Mg in CO2 the black carbon were collected and transferred into
diluted hydrogen chloride to remove the impurities. The carbon
products present typical hollow nanocubic morphology with aver-
age size of 400 nm and shell thickness of 10 nm (Fig. 2a). Impor-
tantly, the Raman spectrum consists of a prominent G band at
1570 cm�1 and a splitting G’ band at 2645 cm�1 (Fig. 2b), signifying
that the products obtained by this method possess a high graphi-
tized structure. The magnesiothermic process is cost-effective
and can be potentially used to produce carbon materials in large
quantities without the involvement of toxic chemicals, thus offer-
ing further incentives for fabrication of carbon materials with dif-
ferent structures and morphologies from CO2 precursor. It should
be noted that the morphological results in this work still show
clearly the presence of MgO impurities deeply embedded in the
carbon matrix, which are difficult to be removed completely due
to the impossible wettability by hydrogen chloride during post
treatment.

Following this work, Cunning et al. [101] also produced gra-
phene nanocages via high temperature combustion of Mg in CO2

atmosphere. The graphene samples present hollow rectangular-
shaped agglomerates of nanocages with lateral size of ~100 nm
and noticeably thick edges due to the folding of graphene sheets
during combustion synthesis. These structural characteristics are
unique when compared with reduced graphene oxide (RGO) sam-
ples, which usually exhibit crumpled individual sheets of microns
in size [102]. One major problem for these graphene nanocages is
the limited surface area of 235.5 m2 g�1 due to the severe stacking
of the graphene sheets into bulk graphite. The elemental analysis
of the graphene sample shows 86.3 at% C and 7.0 at% O. The C/O
atomic ratio of ~21 is considerably higher than the majority of
RGO samples (~20 at% O) [102], which suggests the high reaction
temperature enabled by the fierce combustion between Mg and
CO2 is kinetically favored to further reduce surface-bound oxygen.
However, the major problem for this work is the 6.3 at% Mg (in the
form of MgO) in the carbon samples, quantitatively describing that
the product still contains relatively high amount of Mg-related
impurities. Therefore, a modified strategy is expected to further
enhance the surface area and control the elemental composition
and microstructure of CO2-converted carbon materials. Pumera
et al. [103] explored the mild ignition of Li metal in solid CO2

(dry ice) to fabricate few-layered graphene materials with high



Fig. 2. (a) TEM morphology and (b) Raman spectrum of carbon products from the combustion of Mg in dry ice [56].
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purity. This protocol can bypass the problem of residual metallic
impurities, but the C/O ratio of only 3.53 in the products signifies
a large amount of oxygen-containing groups are present on the
basal plane of graphene, which is caused by the relatively low reac-
tion temperature between Li and CO2.

The electrochemical properties of carbon materials depend not
only on the porosity but also to a large extent on the surface engi-
neering built into their structures. It has been widely recognized
that carbon materials doped with various heteroatoms (boron
[104], nitrogen [105], phosphor [106], sulfur [107], etc.) exhibit
unique physical and chemical properties in aqueous or organic
electrolytes when the graphitic carbon atoms are properly substi-
tuted or covalently bonded by foreign atoms. For example, the
charge distribution and spin density of carbon atoms can be tai-
lored by their neighboring alien atoms, which act as numerous ‘ac-
tive areas’ on carbon surface to improve the energy storage
capability [108–110]. For this reason, the introduction of heteroa-
toms into carbon nanoframework during the combustion process
of CO2 conversion is worthy of study. The challenge is how to
Fig. 3. (a) Schematic illustration of burn-quench method for graphene preparation an
nanographene sheets on a mica substrate indicating the dimension and height; (c) N2 ad
curves of symmetrical graphene-based supercapacitors under different current densities
achieve doping in this violent metallothermic combustion reaction
and simultaneously avoid the collapse of carbon morphology and
porosity. Zhang et al. [111] designed a burn-quench method to
achieve the large-scale production of mesoporous and N-doped
graphene nanosheets with controlled architecture and extensively
explored their supercapacitive performances (Fig. 3a). Typically,
Mg ribbon was ignited in CO2 and then followed by in situ quench-
ing in NH4HCO3 aqueous solution, which could produce approxi-
mately 1 g graphene for 25 g Mg after dissolving the remaining
MgO in diluted acid. The scrolled sheet-like structure of graphene
nanosheets are mostly composed of graphitic carbon. The dimen-
sions of nanographene range from 10 nm to dozens of microns
and the height is 0.8–1.2 nm, not only providing good mechanical
properties but also avoiding graphene aggregation (1–5 layers).
The graphene samples show an elemental composition of 92.8 at
% C, 1.5 at% Mg, 4.3 at% O, and 1.4 at% N, exhibiting a low oxygen
content and reasonable nitrogen doping. Nitrogen has a similar
size as carbon atom and is a good electron-donor, which can
enhance the reaction activity and electrical conductivity of elec-
d the assembly of supercapacitor cells; (b) atomic force microscopy image of the
sorption–desorption isotherm of nanographene; (d) galvanostatic charge/discharge
[111].
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trodes through electron conjugation with carbon framework [112–
114]. Encouragingly, the amount of Mg-related impurities in the
carbon samples is relatively low, probably caused by some Mg or
MgO particles adsorbed onto the surface or into the pores of the
nanostructure. The specific surface area of graphene is substan-
tially enhanced to 756 m2 g�1 with a high pore volume of
1.5 cm3 g�1 (Fig. 3c). The pore size distribution lies predominantly
within 2–10 nm, which promises an unobstructed ion transporta-
tion performance. Besides, the conductivity of graphene electrode
film is 150 S m�1 and a low inner resistance of approximately
9 O, also ensuring a good electron transfer capability. Using ionic
liquid electrolyte, the capacitance of graphene electrode reaches
95.2 F g�1 within a wide potential window of 4 V (Fig. 3d). It is
important that 61% of the capacitance can be maintained when
the scanning rate is increased 200 mV s�1, which guarantees a
maximum energy density and power density of 51.5 Wh kg�1

and 20 kW kg�1. Besides, the capacitance retention is 91% after
1200 cycles at a discharge rate of 2 A g�1. The lithium-ion storage
capacity of graphene electrode is also evaluated. A reversible speci-
fic capacity of 666 mAh g�1 at a discharge current density of 0.2 A
g�1 can be obtained. This burn-quench method is believed to con-
tribute to the high-throughput and low-cost production of gra-
phene materials for electrochemical energy storage applications.

The major bottleneck for the power density of commercial
supercapacitors is the low conductivity of AC electrodes. Conse-
quently, how to modify electrode materials with low cost for the
improvement of their charge transfer is a research hotspot. Qin
et al. [115] obtained few-layer graphene by burning Mg and Ca
in CO2 atmosphere, and used them as conductive additives for
supercapacitors to enhance the rate behavior and power density
of activated carbon electrode. The morphologies of the as-
prepared graphene sample are superimposed cubes with sizes typ-
ically in the range of 50–200 nm as well as scrolled and entangled
graphene nanolayers with fewer than five monolayers of graphene.
The capacitance of graphene-modified electrodes reaches 220 F g�1

at 0.1 A g�1 in aqueous electrolyte, which still preserves 186 F g�1

at the current density of 2 A g�1. These results are much higher
than AC-based electrodes incorporated with carbon blacks or gra-
phite powders. This work proves that graphene materials con-
verted from CO2 can act as highly efficient conducting agents in
carbon electrodes to improve the rate and power performances.

Although direct metallothermic combustion protocol is able to
convert CO2 into carbon materials and some research progresses
have been achieved in this field, the method still has several draw-
backs: (1) The direct combustion reaction is violently exothermic
and is usually rapid, which renders the accurate control of reaction
process and specific morphology of products a tricky trouble. (2)
The trace amount of MgO wrapped in the prepared carbon materi-
als are difficult to remove by acid treatment. This leaves a threat to
the full use of the electrochemical performance of carbon-based
electrodes because the inert impurities contribute no capacitance
but occupy ‘dead mass’ in the electrodes [116]. (3) The specific sur-
face area of these carbon materials is usually low compared with
commercial ACs or few-layer graphene, thus causing a limited
space for efficient charge accumulation and energy storage.
(4) The reducing agents may partially participate in the combus-
tion reaction due to the fierce heat released from the system, also
resulting in a low CO2 conversion rate. It is still necessary to
improve the technology to realize the controllable preparation of
high-purity carbon materials converted from CO2.

3.2. High-temperature reduction in CO2 flow

High-temperature reduction has been developed as a more
mature preparation method in the past few years to controllably
reduce CO2 gas into carbon materials with specific morphology
and pore structure. The core idea of this protocol is the reaction
between strong reductants and CO2 in a tube furnace at high tem-
perature. The reaction kinetics can be facilely changed by adjusting
the reaction temperature, gas flow speed and reaction time to
achieve a controllable conversion of CO2. Zhang et al. [117] pro-
posed a high-temperature magnesiothermic reduction for the first
time to synthesize nanocarbons with controlled shape using the
reaction of Mg powder with CO2 gas in a furnace (Fig. 4a). The
melting point and boiling point of Mg is 648 and 1090 �C, respec-
tively; therefore, by simply regulating the furnace temperature,
novel carbon nanostructures can be obtained based on different
interfacial phase reaction mechanisms. At a temperature of
600 �C, the solid/gas interface between Mg and CO2 is beneficial
for the absorption and rearrangement of carbon atoms on the top
surface of MgO to form graphene layer for the minimization of free
energy. The MgO template also regulates the porosity evolution to
produce mesoporous graphene (MPG) (Fig. 4b, c). At an elevated
temperature of 800 �C, the CO2 decomposition is driven by the cap-
illary surface tension of Mg liquid phase to form carbon tubular
nanostructures (CTN) (Fig. 4d and e). When the temperature is fur-
ther increased to 1000 �C, the cubic lattice of MgO particle during
reaction serves as a self-generated template to shape the encapsu-
lated growth into hollow carbon nanoboxes (HCB) (Fig. 4f and g).
The electrochemical performances of these carbon materials are
essentially morphology-dependent. In organic electrolytes, the
capacitance of MPG, CTN and HCB at 0.2 A g�1 is 150, 87 and
75 F g�1, respectively. In particular, a high capacitance of 110
F g�1 for MPG can be achieved even at a high current density of
10 A g�1, and after 5000 cycles the capacitance retention is still
as high as 92%. When ionic liquid is adopted as electrolyte, the
maximum energy density of MPG is 80 Wh kg�1 within a wide
operating voltage window of 4 V (Fig. 4h–j). Moreover, the
nanocarbon electrodes also present a high lithium storage capacity
of ~1100 mAh g�1 because the nanostructure with high surface can
adsorb enough solvated lithium ions to the surface and edge to
enhance capacity at high potential [118]. This work provides a
novel approach for efficient process for CO2 sequestration and syn-
thesis of carbon materials with controlled morphology for energy
storage.

Shortly after this work, a modified high-temperature magnesio-
thermic reduction has been developed by Ji et al. [119] to prepare
porous graphene materials with high specific surface area, which
involves the controlled reaction between the mixture of Mg/Zn
powder and CO2 at 600 �C (Fig. 5a). They investigated the reaction
temperature, the flow rate of CO2 gas and the Mg/Zn mass ratio on
the degree of graphitization and specific surface area of the pro-
duct, which reflect the dual-role of Zn in carbon formation and
activation (Fig. 5b and c). The as-prepared porous grapheme shows
a high specific surface area of 1900 m2 g�1 and a good electrical
conductivity of 1050 S cm�1, which can offer sufficient accessible
area for electrolyte ions and electron transportation capability. As
expected, quasi-rectangular CV curve of graphene-based electrode
demonstrates a quick response in capacitive energy storage
(Fig. 5d). A high specific capacitance of 190 F g�1 at 10 A g�1 and
quick rate capability in aqueous KOH electrolyte can be reached
(Fig. 5e) together with a good capacitance retention of 98% after
10,000 cycles. The importance of this new strategy lies in the con-
trolled conversion of CO2 into porous carbon materials with both
high specific surface area and high electrical conductivity as supe-
rior electrodes, rendering them great affordability and scalability
in high-performance supercapacitors.

It has long been recognized that Ni can serve as efficient catalyst
adjust the growth of carbon nanotubes and graphene [120,121],
which promotes the investigation of its role in the magnesiother-
mic reactions of CO2. Wang et al. [122] reported the direct synthe-
sis of 3D carbon nanotube foam (CNTF) macrostructure with the



Fig. 4. (a) Formation mechanism of nanocarbons; (b, c) TEM and SEM images showing the sheet-like and scrolled morphology of MPG; (d, e) tubular microstructure of CTN;
(f, g) cubic morphology of HCB; (h) CV curves of nanocarbons at 40 mV s�1 between 0–4 V; (i) charge/discharge curves of nanocarbons at a current density of 1 A g�1; (j) rate
capability of nanocarbons various current densities [117].
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catalysis of nickel foam through a template-directed high-
temperature reduction of CO2, which has advantages of light mass,
good electrical conductivity and high surface area. The CNTF is fur-
ther used as scaffold to deposit electrochemically active Ni(OH)2 to
fabricate composite electrode with a specific capacitance of 259
and 131 F g�1 at a current densities of 0.5 and 10 A g�1, respec-
tively. Meanwhile, the electrode also exhibits excellent long-term
stability with a 94% capacitance retention after 2000 cycles
because the robust CNTF scaffold accommodates the volume
change of Ni(OH)2 during cycling tests. This facile and cost-
effective synthetic method can also be extended to fabrication of
other electroactive materials supported by carbon scaffold and
promote their application in advanced energy storage. Recently,
Lee et al. [61] introduced a one-pot synthesis of graphene materials
grafted by carbon nanofibers using Ni powder as catalysts to regu-
late the morphology of carbon products during CO2 conversion.
They found that Ni exerted a crucial role in regulating the
microstructure of products because it can offer new nucleation
sites for nanofiber growth. The carbon products achieve a high
capacity of 820 mAh g�1 after 100 cycles at 0.5C when used as
cathodes in Li-S batteries.

Except Mg as successful reductant, researchers found that some
materials with strong reducing effect could also react with CO2

under elevated temperature. Lou et al. [123] first synthesized car-
bon nanotubes (55 nm � 1.5 lm) by the reduction of supercritical
state CO2 with metallic lithium at 550 �C, 700 atm for 10 h. How-
ever, the high pressure in the reaction system prohibits the possi-
bility for mass production and easy affordability of carbon
materials. To achieve mild reaction conditions, Hu et al.
[124,125] obtained cauliflower-fungus-like graphene (CFG) from
a one-step reaction between Li liquid and CO2 gas in a furnace at
550 �C and atmospheric pressure according to the equation (6):
4Li + 3CO2 ! C(graphene) + 2Li2CO3 ð6Þ
which is thermodynamically favorable for graphene formation
because of the negative Gibbs free energy change (�1081 kJ mol�1)
and enthalpy change (�1260 kJ mol�1). The Li2CO3 in the system
can control the growth of graphene and separate graphene sheets,
ensuring a high specific surface area of 462 m2 g�1 and a hierarchi-
cal mesoporous and microporous distribution within the range of
2–70 nm. This microstructure can allow electrolyte molecules to
easily shuttle into the CFG electrode bulk and thus contact the
internal surface for the improvement of electron/ion transporta-
tion capability. Even with a high mass loading of ~11 mg cm�2,
the CFG electrode still provides a large capacitance of 103 F g�1

and an ultrahigh areal capacitance of 1.16 F cm�2 at a current den-
sity of 1 A g�1. However, a major challenge for Li as reducing agent
is its high reactivity in moisture atmosphere. The oxygen and H2O
level in equipment must be kept very low to prevent the undesired
oxidation of Li, which make it rather hard to accurately control the
repeatability of each preparation batch. Several other chemically
stable reductants are also tried. Chu et al. [126] developed a chem-
ical vapor deposition method using Fe, Ni-based composites to
assist the catalytic conversion of CO2 into solid-form carbon mate-
rials. He et al. [58] prepared graphitic carbon nanosheets (GCNSs)



Fig. 5. (a) Scheme of carbon deposition at the surface of molten Mg droplet during reaction; (b) magnified TEM images of porous graphene; (c) epitaxial growth of graphene
on the surface of ZnO; (d) CV curves of graphene electrode at different sweeping rates in aqueous electrolyte; (e) galvanostatic charge/discharge curves recorded at current
densities of 5 A g�1 and 10 A g�1 [119].
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through a thermal reaction between CO2 and calcium carbide
(CaC2). The GCNSs exhibit cambered and crumpled structures with
a thickness of 10–50 nm and lateral size of several microns, which
could deliver an initial reversible lithium-ion storage capacity of
513 mAh g�1 at 100 mAh g�1 and a good rate performance with
a reversible capacity of 293 mAh g�1 at 1 A g�1.

Doping of carbon materials by high-temperature reduction
technology has been explored by Zhang et al. [57] to realize a
higher electrochemical reactivity. They investigated the reaction
of CO2 with ammonia borane (NH3BH3), which includes CO2 fixa-
tion at moderate temperature and subsequent graphitization in
the temperature range of 600–750 �C. The final product is boron-
doped graphene oxide flakes with thickness of less than 6 nm
(Fig. 6a). Several porous boron-doped carbon nanostructures
(Fig. 6b) were also constructed using the reaction between sodium
borohydride (NaBH4) and CO2 at 500 �C and atmospheric pressure
[127–129]. The carbon products were then subjected to chemical
activation by KOH to increase the specific surface area from ~360
to 1800 m2 g�1 with a total pore volume of 1.2 cm3 g�1. These
boron heteroatoms in the carbon enhance the electrochemical per-
formance by generating pseudocapacitance and modifying the
electronic structure, which can be revealed from the nearly
unchanged specific capacitance of 130–140 F g�1 as the discharge
current density increases from 1.35 to 6.76 A g�1 in 1 M Na2SO4

electrolyte (Fig. 6c and d). In addition, a good capacitance retention
of 93% can be achieved after 3510 cycles at 3.3 A g�1.

It should be noted that the high-temperature reduction technol-
ogy still faces several bottlenecks for carbon material fabrication.
Indeed, this technique can controllably convert CO2 gas into carbon
materials with specific morphology and pore structure; however, it
requires a huge amount of energy input during the reaction pro-
cess and a lengthy reaction time, making it difficult for
industrial-scale applications. In addition, since the reaction tem-
perature in the furnace is usually set around 600–1000 �C, the crys-
tallinity and electrical conductivity of carbon products still need
further improvement to enhance the energy and power density.

3.3. Carbonate-assisted conversion of CO2

Another method for preparing carbon materials is to utilize dif-
ferent carbonates as the CO2 source and the gas released by the
decomposition of carbonates at high temperature react with Mg to



Fig. 6. (a) TEM images of boron-doped graphene flakes using NH3BH3 as reducing agent [57]; (b) representative SEM image of boron-doped porous carbon by the reaction of
carbon dioxide with sodium borohydride [127]; (c) CV curves and (d) charge/discharge profiles of boron-doped porous carbons in 1 M Na2SO4 electrolyte [128].
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form carbon-based materials, which can be treated as a variant of
high-temperature reduction technology. Tang et al. [130] showed
that graphene nanosheets could be synthesized from eggshell by a
high-temperature magnesiothermic reduction reaction at 700 �C:

CaCO3 + 2 Mg ! CaO + 2MgO + C (graphene) ð7Þ
They found that the key factor influencing carbon formation is

the higher equilibrium pressure of CO2 released from the decom-
position of CaCO3 than the equilibrium vapor pressure of magne-
sium at a specific temperature range. The graphene nanosheets
presents a typical porous microstructure with a thickness of less
than 10 nm, a specific surface area of 551 m2 g�1 and a C/O atomic
Fig. 7. Schematic illustration of LiH-assisted CO2 conversion into nanocarbons via v
ratio of 17, larger than most chemically reduced graphene materi-
als. The lithium-storage properties of the obtained graphene prod-
ucts show a reversible capacity of 678 mAh g�1 at a specific current
of 100 mA g�1. More importantly, after 1000 charge/discharge
cycles, the reversible capacity still retains 150 mAh g�1 at a high
current density of 20 A g�1. Similarly, Liang et al. [131,132] fabri-
cated toast-like porous carbons (TPC) via a one-step solid reaction
between LiH and CaCO3 at 600 �C (Fig. 7):

CaCO3 ! CaO + CO2 ð8Þ

4LiH + CO2 ! 2Li2O + C + 2H2 ð9Þ
arious techniques, including water introducing, heating, and ball milling [132].
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The release rate of CO2 gas from the temperature-induced
decomposition of CaCO3 plays a key role in the guided formation
of carbon products. The specific surface area of 601.4 m2 g�1 and
micro/mesoporous structure of TPC gives rise to enough elec-
trode/electrolyte interfaces for charge storage, displaying an ultra-
high specific capacity of 1016 mAh g�1 at 0.2 A g�1, a superior rate
capability of 730 mAh g�1 at 1 A g�1 and an excellent cycling
stability up to 1400 cycles at 4 A g�1. Such a good electrochemical
behavior makes TPC a promising candidate as high-power elec-
trode materials especially in lithium-ion hybrid supercapacitors.

Heteroatom-doped carbon materials can also be designed by
carbonate-assisted conversion. Wang et al. [133] prepared sulfur-
doped graphene (SG) by a magnesiothermic reduction in the
temperature of 700–900 �C using low-cost Na2CO3 and Na2SO4 as
carbon and sulfur sources, respectively (Fig. 8a). The reaction
mechanism at high temperature involves the reduction of CO3

2�

in Na2CO3 by Mg and the in-situ reactive hybridization of sulfur
in SO4

2� into the sp2 carbon framework, which can provide a S dop-
ing of 1.8 at%–2.6 at% depending on the amount of Na2SO4 in the
system and temperature. The resulting SG demonstrates a typical
crumpled and porous structure with sp2-hybridized layer number
of less than 10 layers (Fig. 8b–d). This morphology is very different
Fig. 8. (a) The schematic illustration implying the production of S-doped graphene by
graphene showing the few-layer feature [133].
from the graphene prepared using CaCO3 as the carbon source, sug-
gesting the introduction of sulfate salt in the reaction system sig-
nificantly changes the microstructure of graphene. SG shows a
specific surface area of ~190 m2 g�1, a pore volume of
1.4–1.6 cm3 g�1 and an unimodal mesopore distribution at
3.8 nm, which are comparable to N-doped thermally reduced GO
[134]. The present magnesiothermic reduction procedure is also
promising to prepare other heteroatom-doped (P, N and B) gra-
phene materials for batteries or supercapacitors.

Kim et al. [62] proposed a nano-templated CO2 conversion for
boron-doped porous carbon with good capacitive behaviors. The
mixture of NaBH4 mechanically mixed with CaCO3 was heated to
500 �C under CO2 flow for 2 h, and the products were hierarchical
porous carbon nanosheets with high specific surface area of
1262 m2 g�1 and adjustable boron doping level of 0.5 at%–2.2 at
%. An excellent capacitance of 270 F g�1 at 1 A g�1 can be obtained
in aqueous electrolyte, which still retains up to 170 F g�1 when the
current density is increased to 20 A g�1.

A special shock wave method was proposed by Yin et al. [135]
to transform carbonate into multilayer N-doped graphene (NG)
using ammonium nitrate (NH4NO3) as nitrogen source, which is
conducted by giving the mixture of CaCO3 and Mg an instanta-
magnesiothermic reduction of Na2CO3 and Na2SO4; (b–d) TEM images of S-doped
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neous shock wave by a detonation-driven flyer. This shock-wave
action generates a rapid and non-equilibrium process inducing
high temperature, high pressure and high strain rate in the system.
Under these extreme conditions, CaCO3 disintegrates into CO2 and
CaO to promote the simultaneous reaction between CO2 and Mg,
and the nitrogen atoms released from the decomposition of
NH4NO3 form a robust chemical bond with the carbon atoms.
The NG products show very thin curved and loose film-like
morphology with well-defined graphitic edges and interlayer dis-
tance of 0.3–0.4 nm. The N/C atomic ratio in the NG sample is calcu-
lated to be 3.84%. This protocol can achieve quick preparation of
graphene materials, but the explosive ammonium nitrate used in
the reaction process might induce danger during the operation,
which seems difficult to be applied for large-scale industrialization.
3.4. Controllable self-sustaining reaction with CO2

Although the above CO2 reduction protocols have made great
progresses in preparing numerous carbon materials, important
problems still exist in the convenience of reaction process, energy
cost and product quality control, which limit them mainly in labo-
ratory for experimental and characterization applications. It is still
urgently desired to develop a straightforward and environment-
friendly technique for industrial manufacturing of high-quality
carbon materials directly form CO2. Since the pioneering work of
Merzhanov et al. [136] in 1960s, a self-sustaining reaction called
self-propagating high-temperature synthesis (SHS) has received
much attention from both academia and industry as a novel proto-
col to manufacture useful ceramics [137,138], intermetallics [139],
refractory materials [138], and thermoelectric materials [140,141].
The foremost feature of SHS technique is an essentially exothermic
reaction ignited by a small amount of energy input to one part of
the system, then the released heat is sufficient to generate a com-
bustion wave that spontaneously propagates in a self-sustaining
manner throughout the remaining parts of the reaction system.
Due to the fierce heat release from the reaction between Mg and
CO2, it is possible to realize the conversion of CO2 into carbon
materials by SHS technique; the point is how to proceed the reac-
tion controllably under extreme high temperature to prepare car-
bon materials with designed microstructure and high purity.

A controllable and scalable SHS strategy is proposed by our
group to convert CO2 into high-quality SHS-prepared graphene
(SHSG) with low cost and environmental friendliness (Fig. 9a)
[142]. Briefly, in a reaction chamber filled with CO2, a mixture of
Mg and MgO powders with a prefixed mass ratio is given an
electricity-induced heat input, which is ignited and proceeds in a
self-propagating manner till completion according to the following
formula:

2 Mg + 8MgO (template) + CO2 ! 10MgO (template)
þCðgrapheneÞ ð10Þ

The whole reaction takes only a few seconds. The simple post-
treatment involved the removal of MgO template by hydrochloric
acid and freeze-drying of grapheme products. The MgO in the ini-
tial system exerts a crucial effect on the microstructure of carbon
products (Fig. 9b). A higher MgO/Mg mass ratio results in loosely
stacked graphene nanosheets (<5 layers) due to the sufficient
growth space provided by MgO templates, while a low ratio causes
hollow graphene cages with thicker layers because of the rapid
growth rate of graphene on cubic MgO crystal surface. Li et al.
[143] also adopted SHS technique to manufacture graphene mate-
rials and validated that the content of the MgO diluent has an
important influence on the morphology, crystallinity and surface
properties. The typical microstructure of SHSG is composed of
interconnected few-layer graphene (Fig. 9c and d), which is inte-
grated into intertwined scaffolds to provide porous space between
adjacent layers. The abundant ripples and crumples of SHSG is
helpful to overcome the unfavorable restacking of graphene sheets
(Fig. 9e). The well-resolved in-plane carbon atoms also validate the
graphitic honeycomb structure of SHSG (Fig. 9f). Theoretical calcu-
lations on the thermodynamic features of SHS system also reveal
that the adiabatic temperature can be tuned from 6000 to
1800 K by changing the amount of inert MgO in the system. The
SHS-prepared graphene (SHSG) nanosheets display a good electri-
cal conductivity of 13,000 S m�1, large specific surface area of
709 m2 g�1, high C/O atomic ratio of 82 and abundant mesoporos-
ity of 1.52 cm3 g�1, which makes them ideal candidate as high-
performance electrode materials for supercapacitors. Electrochem-
ical characterization demonstrates a capacitance up to 244 F g�1

can be achieved by SHSG in ionic liquid electrode within a wide
working voltage window of 4 V (Fig. 9g and h), which guarantees
a maximum energy density of 135.6 Wh kg�1 at a power density
of 10 kW kg�1. Moreover, when the current density is increased
to 500 A g�1, the capacitance of SHSG can still retain 113 F g�1

(Fig. 9i). This outstanding rate performance also give rise to an
excellent energy density of 60 Wh kg�1 even at an ultrahigh power
density of 1000 kW kg�1, which is among the best reported values
in graphene-based materials (Fig. 9j). Impressively, SHSG can
maintain over 90% of the initial capacitance after one million cycles
at 100 A g�1 (Fig. 9k), indicating its high purity induces no signif-
icant side reactions during the life span of electrode. The SHS tech-
nique provides a new avenue for large-scale manufacturing of
graphene materials with significantly improved overall electro-
chemical performances for next-generation supercapacitors.

Recently, a novel hybrid capacitor system, lithium ion capacitor
(LIC), has been proposed to further boost the energy performance by
employing a faradic anode and a capacitive cathode (Fig. 10a). Con-
trasting with conventional symmetric supercapacitors, the cath-
odes and anodes of LICs work within different electrochemical
potential ranges [144–147]. In the charge process, Li ions in interca-
lates into anode to decrease the potential in this battery-type elec-
trode, while anions are transported to the surface of cathode to
elevate the voltage of this capacitor-type electrode [148,149]. The
opposite situation of ion movement happens in the discharge pro-
cess. For SHSG, the large surface area provides high charge storage
capacity while the outstanding electrical conductivity of the elec-
trode should suppress the ohmic resistance at high current densi-
ties. These features determine SHSG can be used as high-capacity
anode materials for lithium-ion capacitors [150]. The SHSG anode
exhibits a typical capacitive behavior because the available surface
area and mesoporosity of graphene contribute to the efficient
adsorption of electrolyte ions on its surface, thus achieving a size-
able energy-storage capability at the electrolyte/electrode interface.
A high specific capacity of 854 mAh g�1can be obtained for SHSG
anode at the charge–discharge rate of 0.4 C (1 C = 372 mA g�1) with
a high coulumbic efficiency of >98% (Fig. 10b). The excellent electri-
cal conductivity of SHSG is a prerequisite for fast electron transport
in the graphene layers, guaranteeing a capacity of 333mAh g�1 even
at the high discharge rate of 10 C (Fig. 10c). Using SHSG as anode and
nitrogen-doped activated carbon as cathode, the lithium-ion capac-
itor exhibits a maximum energy density of 146 Wh kg�1 and an
ultra-high power density of 52 kW kg�1. Moreover, an outstanding
capacitance retention of 91% can be achieved after 40,000 cycles
(Fig. 10d, e). This work confirms that graphene with tailored
microstructure is effective to boost both the power density and cyc-
lic life of hybrid supercapacitors.

Compared with traditional protocols for carbon material prepa-
ration, SHS boasts several special advantages: (1) One significant
feature of SHS is a very short reaction time (usually in seconds)



Fig. 9. (a) Schematic illustration of the SHS process; (b) the dual role of MgO in forming few-layered graphene; (c, d) SEM image, (e) TEM and (f) HR-TEM of SHSG; (g) CV
curves of SHSG at scan rates from 2 to 20 V s�1 in ionic liquid; (h) charge/discharge profiles of SHSG at current densities from 100 to 500 A g�1; (i) Ragone plot, (j) rate
performance and (k) electrochemical stability of SHSG after 1 million cycles at 100 A g�1 [142].
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because the heat released by the reaction is huge enough to give
driving force to the combustion wave with a velocity as high as
20 cm s�1. (2) SHS requires no external heating power except the
minimum energy consumption in the initial ignition, which can
exclude complicated energy supply equipment. (3) The heat
release and transmission rate of SHS can be regulated by introduc-
ing certain inert additives in the system, making it facile to control
the combustion wave velocity, temperature gradient, and material
conversion rate and product structure. (4) The high adiabatic tem-
perature of SHS up to 5000 K during the reaction process is helpful
to expel volatile impurities and enhance the product purity and
crystallinity. (5) For large-scale production in industries, the equip-
ment for SHS is not complicated, and the quality of the prepared
carbon products is often improved with the expansion of produc-
tion scale. In summary, the combination of these characteristics
above determines that SHS is an efficient method for preparing
high-performance carbon materials, which is expected to be
widely applicable in energy storage fields in the future.



Fig. 10. (a) Schematic illustration of energy-storage mechanism of LIC based on SHSG anode; (b) charge/discharge profiles and (c) rate performance of SHSG anode from 0.4 to
10C; (d) CV profiles of LIC using SHSG anode and N-doped porous carbon cathode within the voltage range of 2–4.5 V; (e) cyclic stability of NHCN//SHSG at the current density
of 4 A g�1 for 40,000 cycles [150].
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4. Conclusions and future perspectives

The research and development of advanced carbon-based elec-
trode materials is expected to bring important breakthrough in the
next-generation high-performance supercapacitors. Indeed, the
preparation of various carbon materials based on CO2 conversion
technology has been intensively studied in recent years, and has
already been recognized as mature strategies for green construc-
tion of electrode materials with promising application prospects.
Up till now, different methods have been proposed in this area
including direct metallothermic combustion, carbonate-assisted
conversion, high-temperature reduction and controllable self-
sustaining reaction, which all serve to tackle the present bottleneck
of low energy density for state-of-the-art supercapacitors and pro-
mote their application in the field of energy storage where repeti-
tive fast energy storage/release is required. However, each method
has its own advantages and shortcomings in terms of preparation
efficiency, energy consumption, product quality, etc. Therefore,
the technology details should always make corresponding
improvements to target at these issues. In our opinion, the future
research on CO2 conversion into carbon materials could focus on
the following aspects:
(1). Due to the low cost of raw CO2, new technologies to achieve
industrial-scale conversion of CO2 into carbon are expected
to significantly reduce the price of commercial electrodes,
thereby bringing new opportunities for the market of
carbon-based supercapacitors. One major problem is that
these CO2 conversion technologies are mostly still in the
infancy of lab-scale, and large-scale manufacturing for
industrial purposes is still under progress. This requires
the joint effort by both academia and industry to promote
the technology from lab to mature products in factories.
Innovation in chemical engineering design, processing tech-
nology and manufacture equipment is essential to achieve
efficient CO2 conversion, including the precise control of
thermodynamics and kinetics of reaction to obtain carbon
materials with specific physiochemical properties, design
of feasible industrialized machinery to reduce the prepara-
tion cost and time, and recycling of waste materials during
production to meet the increasingly stringent environment
regulations.

(2). Carbon electrode materials converted from CO2 with high
capacitance, good electrical conductivity and cyclic stability
are required to significantly boost the capacity and energy
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density of the device. The energy storage of carbon-based
supercapacitors mainly relies on the electric double layer
across the electrode/electrolyte interface, which necessitates
a high accessible surface area to provide sufficient locations
for charge storage and generate high capacitance. On the
other hand, the power capability is highly dependent on
the electrical conductivity because the energy discharge rate
is directly influenced by the internal resistance. However, an
‘either-or’ paradox exists. Materials with high specific sur-
face area are usually accompanied with poor electrical con-
ductivity [151]. This phenomenon is caused by the
complicated pore channels in the interior of materials,
which destroy the structural integrity and increase the
intra-particle resistance [152]. Thus the efficiency of elec-
tron transportation across the electrode bulk is greatly
inhibited. Another challenge is the proper surface engineer-
ing of carbon materials. Although various doped carbon
nanostructures have been successfully fabricated from CO2

precursor with enhanced electrical conductivity and capaci-
tance, these heteroatoms tend to compromise the cycling
performance in some scenarios due to their high reactivity
with electrolytes [153]. Many efforts are expected to seek
detailed kinetic and thermodynamic explanation of carbon
formation chemistries and doping principles during CO2

conversion.
(3). The structure and configuration of carbon-based superca-

pacitor needs innovation to better support the practical
application of novel carbon nanostructures and CO2 conver-
sion technology. New electrolytes with low viscosity and
high conductivity should be tried in order to further improve
the upper voltage limit of device, including high-voltage
aqueous electrolytes, various organic solvents and conduct-
ing salts or modified aprotic ionic liquids or gel polymer
electrolytes with higher ionic conductivity of (~10–4–10–1

S cm�1) for flexible energy storage [147,154–155]. In this
case, the proper densification of carbon materials on thick
electrodes should be taken into serious consideration, which
should ensure both surface utilization and pore interconnec-
tion of active materials to effectively promote the volumetric
energy storage level of device [156].

In conclusion, research efforts into novel carbon nanostructures
enabled by CO2 conversion technologies will likely expand further
over time because of the strong demands worldwide toward envi-
ronmentally friendly and sustainable energy storage. Therefore, in
spite of the present scientific and technical challenges, the
CO2-converted carbons may become promising candidates for
high-capacitance, high-rate, low-cost and large-scale electrode
materials in future supercapacitors. The authors believe that new
upcoming experimental developments together with engineering
methodologies should help overcome such obstacles in the pro-
gresses of CO2 conversion technologies for carbon materials.
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