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Morphology control of carbon-based nanomaterials (nanocarbons) is critical to practical applications
because their physical and chemical properties are highly shape-dependent. The discovery of novel shaped
nanocarbons stimulates new development in carbon science and technology. Based on direct reaction of CO,
with Mg metal, we achieved controlled synthesis of several different types of nanocarbons including
mesoporous graphene, carbon nanotubes, and hollow carbon nanoboxes. The last one, to our knowledge,
has not been previously reported to this date. The method described here allows effective control of the shape
and dimensions of nanocarbons through manipulation of reaction temperature. The formation mechanism
of nanocarbons is proposed. As a proof of concept, the synthesized nanocarbons are used for electrodes in
symmetrical supercapacitors, which exhibit high capacitance and good cycling stability. The reported
protocols are instructive to production of nanocarbons with controlled shape and dimensions which are
much desirable for many practical applications.

arbon-based nanomaterials, such as fullerene, carbon fibers, carbon nanotubes (CNTs), graphene, nano-

diamonds and hollow carbon nanostructures, known as nanocarbons, are important in many areas of

modern science and technology including electronic nanodevices, energy storage, flat panel displays, drug
delivery, biosensors, conductive coatings and environment remediation, etc' . The properties of nanocarbons are
governed by a set of parameters including their size, morphology and structure. For example, when used in
supercapacitors, CNTs play a key role to power advantage thanks to their low electronic and ionic charge-transfer
resistances. The advantage of graphene is mainly due to high surface area and superior electrical conductivity;
while carbide-derived carbon materials with uniform subnanometer pores led to a new insight in charge-storage
mechanism of double-layer capacitance owing to desolvation effect in a confined system’ ''. Hence, controlled
synthesis of nanocarbons is the key to manipulating and tailoring their characteristics and broadens their
applications. In general, the growth process of nanocarbons can be boiled down to the generation of carbon
sources, the dominant aggregation state during carbonization, the conditions of processing and the key structural
or textural features of the resulting products'®. As a matter of fact, the production of nanocarbons largely depends
on many factors like carbon precursors, substrate, catalyst, temperature, condensation and carbonization process,
etc. Because of substantial differences in the production procedures, the flexibility and scope of change are highly
sensitive to different methods and parameters. Thus, it still remains a challenge to assemble nanocarbons
exhibiting controllable patterns at desired locations by a general method.

Although in recent years a considerable amount of interest has been dedicated to synthesis of nanocarbons,
especially graphene and CNTs, all these preparation methods showed their disadvantages in one way or another.
High cost is the biggest obstacle associated with chemical vapor deposition (CVD) process, which is by far the
dominant method for high-volume production of CNTs and graphene. The price of bulk purified multi-walled
carbon nanotubes (MWNTs) is several times higher than the commercially available carbon fibers'. The pro-
duction cost of graphene is high because its formation is related to interface growth mechanism and depends on
the underlying substrates, such as Cu foil or Ni single crystal, that must be subsequently removed. Furthermore,
the shape, size, purity and crystallographic orientation of nanocarbons need to be controlled for specific applica-
tions. Because of these difficulties, it is unlikely that graphene will become commercially available in the next
decade". The science and application of carbon nanotubes, ranging from surface chemistry to large-scale man-
ufacturing are not yet fully understood'. On the other hand, we witnessed a great deal of success in preparing
hollow carbon nanostructures by several methods including self-templating synthesis and template-free syn-
thesis. However, most of these methods have disadvantages, such as multiple-step process and low throughput'®.
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More importantly, high-quality hollow non-spherical carbon nano-
structures are difficult to produce due to the extra difficulties
involved including less controllable coating around high-curvature
surfaces, the deficiency of dispersed anisotropic templates available
and poor preservation of the shape with high residual stresses'. The
pore structure of the end product has a tendency to maintain the
spherical structure of initial template for meeting the need of
the lowest surface Gibbs free energy"’.

Here, we report synthesis of nanocarbons with controlled shape by
direct reaction of CO, with Mg metal. Our approach is based on
different interfacial phase reaction mechanisms, including gas-solid
(CO; gas and Mg solid), gas-liquid (CO, gas and Mg liquid) and
liquid-gas-gas (Mg liquid, Mg gas and CO, gas) interfaces.
Combustion of Mg powders in CO, atmosphere as rocket engine
fuel for Mars missions had been explored'®. Catalytic hydrogenation
or chemical reduction of CO, at supercritical state to organic mole-
cules and carbon-based composites were also investigated and some
significant progress had been made'>*°. However, enclosed and high-
pressure containers were required for ensuring supercritical state,
and the resulted materials with high impurity which consist of vari-
ous morphologies. Alternatively, oxygen-deficient M ferrites (M =
Ni, Mn, Zn, etc.) with a spinel structure had been intensively inves-
tigated for decomposition of CO, into CO?'. Conversion of CO, into
solid nanostructured carbon materials has also been reported***’. To
our knowledge, chemical reduction of CO, into nanocarbons with
controlled and substantial morphologies is not adequately investi-
gated. Recently, we reported fabrication of ordered mesoporous
nanographene using burn-quench method based on conversion of
CO; gas*. Our work demonstrated that the present method allows
precise control and reproducible synthesis of nanocarbons with spe-
cific shape and dimensions through changing the reaction temper-
ature to achieve controlled electrochemical capacitance. Sizable
quantity, 0.3 g of mesoporous graphene (MPG), 0.8 g of carbon
tubular nanostructures (CTN), and 1.0 g of hollow carbon nano-
boxes (HCB), was yielded from 10 g of Mg powders. In addition,
after dissolving Mg and MgO, the resulting Mg ions can be converted
into Mg metal again, and re-cycled for use in further synthesis of
carbon nanostructures. We anticipate that direct chemical reduction
of CO, reported here can potentially lead to a scalable methodology
for fabrication of large-area nanocarbons for many real world
applications.

Results

Experimental verification in shape-controlled synthesis of nano-
carbons. The dependence of morphology and microstructure of
nanocarbons on reaction temperature is illustrated in Fig. 1. All
the samples were obtained after 30 min reaction at aimed tempe-
rature, and the reaction time was kept constant at 30 min unless
otherwise stated. After 600°C reaction, block-shaped nanocarbons
are formed (Fig. 1a). The block-shaped nanocarbons are composed
of platelet-like carbon films (Fig. 1b). When the reaction temperature
increases to 800°C, substrate-free fiber-shaped carbon nanostruc-
tures are obtained (Fig. 1¢). The enlarged scanning electron micros-
copy (SEM) image shows that they are hollow fiber-like nanocarbons
(Fig. 1d). With further increase in temperature up to 1000°C, cube-
shaped structure of HCB is observed (Fig. le and 1f). Energy
dispersive spectroscopy (EDS) confirmed the nanocarbons are
predominant form of carbon atoms accompanied by some oxygen
and magnesium elements. The atomic percentages of carbon atoms
are 97.8%, 99.0%, and 90.1% for MPG, CTN, and HCB, respectively
(supplementary Figs. S1-S6, and Table S1). X-ray photoelectron
spectroscopy (XPS) analysis also indicates that main fit line
represents graphite carbon (C-C), demonstrated by the strong
peak at around 284.8 eV for nanocarbons in the Cls XPS spectra
(supplementary Fig. S7)*. It is fascinating that several types of
nanocarbon morphologies can be tailored by a simple control of

MM

Figure 1| Morphology and microstructure of nanocarbons. (a) FESEM
image of block-shaped MPG powders, (b) enlarged image of (a) shows the
MPG consists of flake-like thin carbon films, (c) low magnification image
of randomly oriented carbon tubular nanostructures, (d) high
magnification image reveals hollow core and rough shell structure of CTN,
(e) typical image of uniformity in particle size of carbon nanoboxes, (f)
high magnification image illustrates cubic shape of HCB.

reaction temperature without changing any other parameters like
the volume ratio of gas, the mass of Mg powder, the reaction time,
and heating and cooling rates, etc.

Detailed microstructure investigations using transmission elec-
tron microscopy (TEM) were carried out on the nanocarbons.
Typical TEM and high-resolution transmission electron microscopy
(HRTEM) images of MPG are shown in Figs. 2a and 2b, respectively.
Fig. 2a reveals that MPG exhibits sheet-like structure, but consists of
randomly scrolled and crumpled sheets closely associated with each
other. The latter arises from the wrinkles of graphene, which provide
graphene-based materials with good mechanical properties and pre-
vent further aggregation*”’. As can be seen in Fig. 2b, the presence of
mesopores approximately 5-10 nm in size is evident in few-layers
MPG. Also, we observed some single layer graphene with a thickness
of 0.7 = 0.6 nm by atomic force microscopy (AFM) (supplementary
Fig. $8)**. Figs. 2c and 2d show a bunch of CTN and a single carbon
tubular nanostructure, respectively. The size of shell structure is
=~25-30 nm and the internal diameter is =60 nm. However, unlike
previous reported CNT with high crystallinity®*~*, the present CTN
are composed of many amorphous carbon nanosheets (supplement-
ary Fig. §9).

Novel hollow carbon nanoboxes (see Figs. 2e and 2f) are obtained
when the reaction temperature further increases to 1000°C.
Importantly, the carbon source was supplied by in-situ chemical
reduction of CO, and carbon atoms rearranged onto self-generated
MgO template. The fabrication method described here can be used
for large-scale manufacturing. The shell thickness of HCB is ca. 80—
100 nm and the length of internal void is about 230 * 30 nm. Note
that the shell thickness could reach up to 100 nm, that is substantially
higher than most reported hollow micro-/nanostructures, of which
the value typically ranged from 5 to 20 nm, as well as those spherical
counterparts and non-spherical shapes produced by templating syn-
thesis or template-free synthesis****. Meanwhile, catalytic graphitiza-
tion of carbons by metal oxides (MgO, AL O3, SiO,, etc) can only
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Figure 2 | TEM images of nanocarbons synthesized at different
temperatures. (a) sheet-like morphology of MPG in which scrolls and
corrugations present, (b) high-resolution image of 5-10 nm diameter
mesopore in the MPG, (¢, d) low- and medium- magnification images of
carbon tubular nanostructures, (e) low magnification image of HCB shows
uniform particle size, hollow core microstructure and cubic shape, (f)
medium-magnification image of HCB shows that the shell thickness and
the side length of HCB are approximately as large as 80—100 and 230 =
30 nm, respectively.
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produce a few graphene layers regardless of the reaction conditions,
because the sheets meet each other during growth and then have to
crease for overlapping an opposing graphene layer. The growth pro-
cess becomes more difficult when the graphene layers become
thicker. Eventually, only few-layers can be formed*’. Moreover, the
synthesis of hollow carbon with well-defined non-spherical shapes
remained a significant challenge due to extra difficulties in forming a
uniform coating around surface with large variation in curvature and
poor preservation of the shape with high residual stresses'. It is
reasonable that the growth of HCB in the present work probably
can be attributed to a different mechanism, which will be discussed
later.

X-ray diffraction (XRD) patterns of the nanocarbons are shown in
Fig. 3a. All three samples exhibit a relatively strong diffraction peak at
20 = 24-26°, which is associated with the (002) diffraction line from
hexagonal graphite (JCPDF No: #65-6212). Apparently, the intensity
of (002) diffraction peak becomes stronger and shifts to higher 26
angles from 23.88 to 26.51° with increasing reaction temperature.
The corresponding d-spacings measured for MPG, CTN, and HCB
are 3.723,3.419, and 3.359 A, respectively. This finding suggests that
the nanocarbons prepared at higher temperature have a tendency to
form graphite structure whose interlayer spacing is 3.354 A. The
broad nature of the reflection indicates poor ordering of MPG sheets
along the c-direction implying that the sample is not severely stack®.
In addition, the XRD spectra show the CIN and HCB materials
consist of amorphous carbon, which is probably due to the presence
of not well crystalline grains of CTN and HCB. Further HRTEM
characterization confirms that the walls of CTN and HCB are com-
posed of short-range ordered carbon (supplementary Fig. S9 and Fig.
$10). Note that sharp increment of diffraction intensity in the low-
angle scatter results from high density of pores in the sample. The
Brunauer-Emmett-Teller (BET) specific surface areas are 762, 1006,
and 918 m?/g, respectively, and the Barrett-Joyner-Halenda (BJH)
sorption cumulative volume of pores are 0.96, 1.06, 0.97 cm?/g for
MPG, CTN, and HCB. It demonstrates that the nanocarbons are
mesopore rich, of which the BJH pore area between 1.7-300 nm is
486, 953, and 901 m*/g for MPG, CTN, and HCB. The results of
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Figure 3 | (a) XRD patterns of nanocarbons, and (b-d) Raman spectra of MPG, CTN, and HCB.
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pore-size distribution calculated using a density functional theory
(DFT) model, assuming a slit pore geometry of nanocarbons, indi-
cate that the nanocarbons present well-defined micro- and meso-
pores (supplementary Fig. S11 and Table S2).

Raman spectra measured for MPG, CTN, and HCB are illustrated
in Figs. 3b-3d. Graphite-like carbon materials usually exhibit a
Raman band at around 1580 cm™" which is assigned to G-band
and a peak at 1350 cm ™" assigned to D-band*®. The G-band indicates
original graphite features, whereas the D band is known to depend on
disorder features of graphitic structures as well as the presence of
small crystalline grains. We observed the positions of G-band peaks
for MPG, CTN, and HCB at 1588 ~ 1598 cm™', corresponding to
threefold-coordinated bonds in nanocarbons**°. When compared to
that of graphite, a frequency shift (~8-18 cm™) toward higher
wavenumber was found in nanocarbons because of their nano-scale
crystallite sizes. The position of the D-band shifts to lower wavenum-
bers as it goes from MPG at 1353 cm™' through CTN at 1347 cm™!
to HCB at 1343 cm™". This decrease is associated with an increase in
the amount of “organized” carbon in the samples, which is in agree-
ment with above-discussed XRD results. The intensity of the D-band
is inversely proportional to the effective crystallite size L, in the
direction of the graphite plane:

Ip/Ig=C(41)/La (1)
where I and I; are the integrated intensities of the D and G bands,
respectively*', and C(1;) is a wavelength dependent pre-factor and its
value is 4.36 according to Matthews’ work*’. The average values of Ip/
I are determined to be 1.36, 1.74, and 1.58 using the multi-peak fit
(four Voigt functions for D, D', D", and G bands, and the detailed
fitting results are shown in the supplementary information, Figs.
S12-14). The corresponding values of L, calculated from equation
(1) are 3.2 + 0.4, 2.5 = 0.1, and 2.8 = 0.4 nm for MPG, CTN, and
HCB, respectively.

Electrochemical performance of supercapacitor with nanocarbon-
based electrodes. These nanocarbons can potentially be used for
energy generation and storage in supercapacitors, rechargeable
batteries and hydrogen storage. Specifically, we assembled these
nanocarbons as electrodes in supercapacitors with 6 M KOH
aqueous electrolyte and measured their electrochemical properties.
Data are shown in Fig. 4. We observed cyclic voltammetry (CV)
curves that are nearly rectangular in shape, indicating good charge
propagation within the electrodes, as shown in Fig. 4a. Apparently,
the current density (J) of MPG is the largest, resulting in highest
capacitance among these three kinds of nanocarbons. Fig. 4b
illustrates the CV curves for MPG with the scan rate (v) from 20 to
500 mV/s. (Data for CTN and HCB are shown in supplementary Fig.
§15.) The nanocarbons-based supercapacitors showed ideal
rectangular shape at high v of 200 mV/s, and the double-layer
capacitance is maintained when Vv is further increased to 500 mV/s,
indicating excellent rate-capability in 6 M KOH. The internal
resistances for these three materials used as supercapacitor
electrodes are all lower than 1 Q, as shown in Fig. 4c. Average
specific capacitances (Sc) calculated from the second to fifth
charge-discharge (CD) processes are displayed in Fig. 4d. Sc values
of 150 F/g for MPG, 87 = 3 F/g for CTN, and 75 * 2 F/g for HCB
have been measured at ] = 0.2 A/g. When J increased to 10 A/g, the
Sc decreased to 110 F/g for MPG, =70 F/g for CTN, and =60 F/g for
HCB, respectively. Fig. 4e gives typical CD curves at 0.2 A/g for
nanocarbons-based symmetrical supercapacitors. The change in S
with respect to voltage remains linear at the high voltage. Although
the presence of tiny amount of oxygen functionalized groups may
contribute to pseudocapacitance, nearly rectangular shape of CV
curves and the linear increase of current with increasing voltage
indicate that the capacitance is primarily electrochemical double-
layer capacitance in nature**. The pseudocapacitance based on
faradaic reaction can reach 10-100 times higher than double layer
capacitance but suffers a severe disadvantage of low cyclic lifetime**.
Since the nanocarbon electrodes present electrochemical double layer
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Figure 4 | Electrochemical performance of nanocarbons assembled as symmetrical supercapacitors in 6 M KOH. (a) CV curves at 20 mV/s between 0—
0.9 V, (b) CV curves of MPG at v of 20, 60, 100, 200, 300, and 500 mV/s, (c) EIS curves. Inset shows the internal resistances of nanocabons are 0.5-1 Q, (d)
average Sc of nanocarbons at galvanostatic CD current densities varied from 0.2 to 10 A/g, (e) typical galvanostatic CD curves of nanocarbons at a current
density of 0.2 A/g, (f) Sc retention versus cycle number for the symmetrical supercapacitor at a galvanostatic CD current density of 5 A/g and the inset is
Nyquist plots of electrodes after cycling, the internal resistances of nanocabons decrease to 0.4-0.7 Q.
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capacitance, the Sc shows no apparent deterioration after 10000 CD
process at 5 A/g, as illustrated in Fig. 4f. The S¢ retentions for MPG,
CTN and HCB are 95%, 97% and 98%, respectively. The inset of
Fig. 4f is electrochemical impedance spectroscopy (EIS) data of
nanocarbons supercapacitors that shows internal resistance of 0.4-
0.7 Q, slightly lower than that of supercapacitors before cyclic life-test.

For exploration of broad applications of supercapacitors, high
energy density must be pursued. We used ionic liquid (IL) as elec-
trolyte whose potential window is 3-4 times higher than that of
aqueous electrolyte. Fig. 5a shows CV curves for nanocarbons-based
symmetrical supercapacitors with 1-ethyl-3-methylimidazolium tet-
rafluoroborate (EMIMBE,) as electrolyte. From the discharge por-
tion of CD curves, average Sc presented in Figs. 5b and 5c¢ is 145 =
3 F/gat 0.5 A/g for MPG (about 100 and 90 F/g for CTN and HCB,
respectively). The values are 120, 75, and 60 F/g for MPG, CTN, and
HCB, respectively, when J increased to 2 A/g. The calculated energy
density based on the active materials of supercapacitors for MPG
reaches up to 80 Wh/kg at room temperature, which is comparable
to curved graphene, activated graphene and high-purified single-wall
carbon nanotube, where the reported values are 85, 70, and 94 Wh/
kg, respectively**°. Also, it is worth noting that the electrodes have
high carbon loading of 4-5 mg/cm?, suggesting that with electrodes
based on nanocarbons and produced on an industrial scale, energy
storage devices with high electrochemical performances can be
obtained. However, because of low electrical conductivity of IL elec-
trolyte, the rate capability of nanocarbon electrodes is unsatisfactory
(see Fig. 5b), as demonstrated by Nyquist plots shown in Fig. 5d. The
internal resistances of 12 and 15 Q were measured for MPG and
CTN, respectively; while a value of >35 Q was measured for HCB.
Although all three kinds of nanocarbons illustrate similar equivalent
series resistance (ESR) of 1-2 Q, the diffuse resistance of HCB is
several times higher than that of MPG and CTN; this is likely due
to the fact that large ions of IL electrolyte are more difficult to
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penetrate into particulates of HCB. Thus, improving the conduc-
tivity, eliminating the impurities and adjusting pore structure will
further enhance the electrochemical performances of the present
nanocarbons. In addition, the electrochemical performances in tet-
raethylammonium tetrafluoroborate (TEABF,) in acetonitrile (AN)
are aslo discussed. Detail data can be found in Fig. S16 of the sup-
plementary informantion. Briefly, the Sc are 90-65, 75-60, and 68—
48 F/g for MPG, CTN, and HCB, respectively, when J at CD process
vary from 1 to 10 A/g. The Sc maintains 92, 96, and 98% for MPG,
CTN, and HCB after 5 000 CD cycles at J of 10 A/g.

Discussion
We expect that the growth of nanocarbons by the present method
may be divided into three different mechanisms, where each mech-
anism contains three major processes, as illustrated in Fig. 6. The
initial stage is probably the same for all nanocarbons, at which carbon
dioxide absorbs on the surface of metallic Mg and accepts electrons
from Mg. Consequently, concurrent deoxygenation of carbon diox-
ide and growth of carbon skeleton occurred. However, the rearrange-
ment of carbon bonds is different. Mg metal is solid at 600°C and
transforms to liquid phase at 800 and 1000°C (the melting point and
boiling points of Mg metal are 648.9 and 1090°C). When processed at
600°C, nucleation initiates from epitaxial growth on MgO and par-
tially reacted Mg metal for MPG, as shown in Step A. While at 800°C,
metal liquid drop assisted the nucleation process of CTN as shown in
Step D. The reaction interface will become Mg liquid, partial Mg
vapor and CO, gas when the reaction temperature further increases
to 1000°C, resulting in deposition process of MgO and carbon shown
in Step G. Thus, it is conceivable that surface tension and surface
energy are considerably altered at different conversion temperatures,
and thus lead to different interface reaction mechanisms.

Based on different nucleation process, the growth processes are
controlled by planar epitaxial growth, metal liquid drop assisted
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Figure 5 | Electrochemical performance of nanocarbons assembled as symmetrical supercapacitors in EMIMBEF,. (a) CV curves at 40 mV/s between 0—
4V, (b) average Sc of nanocarbons at various galvanostatic CD current densities, (c) typical galvanostatic CD curves of nanocarbons at a current density

of 1 A/g, (d) Nyquist plots.
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CTN
MgO + C (solid)

Mg + CO,

Figure 6 | The formation mechanism of nanocarbons:(A-C) formation
of MPG, (D-F) formation of CTN, (G-I) formation of HCB. The gray, red
and green colored spheres represent C, Mg and O atoms, respectively, and
the red objects shown in step D represent Mg liquid drops.

growth, and self-generation templating encapsulation growth,
respectively, leading to planar, axial, and point orientation for
MPG, CTN, and HCB. Carbon dioxide derived carbon precursors
serve as soot that is made up of finite layers of carbon with the
borders of the layers composed of carbon with “dangling bonds”,
which are in the least thermodynamically stable form>'. Graphene is
two-dimensional sheet of carbon atoms with the honeycomb struc-
ture and hence possesses lower free energy than that of carbon pre-
cursors. The carbon atoms can easily be absorbed and get rearranged
on the top surface of MgO to form graphene layer for minimization
of free energy, in a way which is similar to CVD process (see Step
B)*>*. Previous investigations on CTN and graphene catalytic
growth on metal surface shed light on the importance of balancing
the relationship between the decomposition of carbon-containing
sources and the precipitation of the carbon®**. It was concluded that
the graphene or CNTs formation could not keep up with the carbon
atom supply at the catalytic surface; this induced carbon island
growth or encapsulation of the catalytic particles by a layer of car-
bon*. Although the overall synthetic process of MPG is conceptually
very simple, a delicate interplay has been identified in the MPG
precursor. When high CO, gas flow of 300 sccm without Ar loading
gas was used as working gas, the product was carbon block instead of
MPG, which probably can be ascribed to the rapid condensation of
carbon precusors (the morphology of carbon block was characterized
by SEM, supplementary Fig. S17).

The CTN growth is likely surface tension or capillary-driven (see
Step E). Like water movement in the capillary tube, the initial metal
liquid droplets give rise to CTN formation. Moreover, the shape of
CTN is dependent on the initial metal liquid droplets, which leads to
a thicker shell of CTN than that produced by other growth mechan-
isms, such as, top carbon diffusion through catalytic particles, top
carbon diffusion on catalytic particles, bottom carbon diffusion
through catalytic particles, and “catalyst free” synthesis route like
nanochannels template-shaped pyrolytic carbon deposition” . An
explanation for the CTN growth orientations based on chemical

reduction of CO, can be deduced on the basis of a work by Lou
et al®. They observed conical CNTs growth under the reaction
between supercritical CO, and lithium liquid, where a continuous
liquid lithium nanodroplets served as a root-growth method for the
formation of CNTs along the axis of the nanotube from the root to
the top.

On the other hand, the growth of HCB is linked to coating process,
that is driven by different mass density of MgO and nanocarbons
(3.58 g/cm’® for MgO, and commonly lower than 2 g/cm?® for nano-
carbons), coinciding with forming encapsulated structure. Previous
studies demonstrated that the encapsulation of the catalysts by a
layer of carbon would occur during the synthesis of CNT or carbon
fibers when the decomposition rate of carbon-containing gases on
the catalytic surface was faster than the precipitation rate of carbon in
the form of CNT or carbon fibers®*>. Considering the cubic lattice of
MgO, it is likely that the cubic MgO particle worked as a self-gener-
ated template that shaped the structure of HCB during growth (see
Step H). To test this speculation, we took into account different
reaction time varied from 5 to 360 min that would affect the coating
process. The TEM images of the samples and the growth process of
HCB were illustrated in the supplementary information (supple-
mentary Fig. S18 and Schematic S1). It was interesting that the
HCB displayed some near-spherical and pentagonal microstructures
when the reaction time was as short as 5 min. As expected, the shell
became thicker with prolonging reaction time from 30 to 120 min.
The microstructure of HCB collapsed as the reaction time further
increased to 360 min. The occurrence of near-spheroidal and pen-
tagonal microstructure was related to the hexagonal lattice structure
of Mg metal. The Mg metal would completely transformed into MgO
at longer reaction time, consequently, the perfect hollow nanoboxes
structure was formed, and further carbon deposition led to thicker
shell of HCB. The evolution of HCB structure and its change of shell
structure supported the encapsulation process. We implied that the
collapse of HCB could be ascribed to the activation by CO, and the
volume expansion of carbon growth. In short, the self-generated
template MgO played a significant role in forming HCB structure.

The removal of MgO and remaining Mg results in purified MPG,
CTN, and HCB (see Step C, F, I). The possible formation mechan-
isms discussed here are based on the nucleation and growth process,
however, the exact growth mechanism for converting CO, into
nanocarbons will be further understood when in-situ observation
technique is successfully implemented.

In summary, starting from the same sources of Mg powder and
CO, gas, diverse carbon products, such as MPG, CTN and HCB, can
be obtained at atmospheric pressure by manipulation of reaction
temperature. The formation mechanisms of nanocarbons were dis-
cussed by analysis of their morphology and preferred orientations in
combination with different phase interface reaction and self-generated
template-guided growth mechanism. The yielded nanocarbons were
used as electrodes for fabrication of symmetrical supercapacitors,
which exhibited high capacitance, good cycling stability, and high
energy density value of 80 Wh/kg. Here, a remaining challenge would
be to eliminate the defects of nanocarbons in terms of their ease of
removal by the post process and to control the growth of nanocarbons
with crystalline grains. We believe that the present approach will not
be limited to the materials discussed here. With other precursors, this
method can be extended to materials such as highly active metals to
reduce oxygenic carbon sources or dehydrogenation process.

Methods

Synthesis of nanocarbons. The nanocarbons including MPG, CTN and HCB were
synthesized by direct chemical reaction of Mg with CO, gas. Before the reaction, a
high-purity open ends Al,O; tube (¥ 30 X 150 mm) filled with about 10 g Mg
powders was put into a horizontal tube furnace (® 60 X 1200 mm, SGSL-1600X,
Hefei Kejing Materials Technology CO., LTD, China) filled with argon gas. The
furnace was heated to the desired temperatures (typically 600-1000°C) under a

100 sccm flowing Ar gas. For melting Mg metals, the temperature was maintained for
2 hat 800 and 1000°C. Then CO, and Ar gas mixture of 4:1-1:4 volume ratios was
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flowing at 170-300 sccm. For comparison, single CO, without loading Ar buffer gas
was also discussed. Once expected reaction time was reached, CO, gas flowing was
turned off and Ar gas flowing was adjusted to 100 sccm again to ensure that the
samples were cooled down to room temperature naturally under inert atmosphere.
After the reaction, the products were soaked in 6 M HCI solution with 200 mL for
24 h, followed by washing and filtrating with deionized water to remove impurities.
The carbon mass was then dried and subsequently examined for the structural,
chemical, and morphological characterization.

Characterization. Field-emission SEM was carried out on Zeiss Sigma scanning
electron microscopes. EDS was carried out on a EDAX TEAM EDS. Samples for TEM
analysis were prepared by drying a drop of nanocarbons dispersed in alcohol on
ultrathin amorphous carbon-coated copper grids. TEM and HRTEM
characterization was performed with a JEOL JSM-2100 operating at an accelerating
voltage of 200 kV. AFM images of MPG spin coated on a freshly cleaved mica surface
were taken with a Nanoscope MultiMode SPM in tapping mode. Room-temperature
Raman spectra were obtained with a RM2000 microscopic confocal Raman
spectrometer employing a 514 nm laser beam. XRD of nanocarbons was performed
with a MAC M18XHEF diffractometer with Cu radiation between 5 and 70° with a scan
rate of 8°/min. XPS analysis was measured with a PHI Quantear SXM (ULVAC-
PHINC). Surface area measurements of dried nanocarbons were carried out with
Micromeritics TriStar II 3020 surface area and pore size analyzer using nitrogen gas
adsorption-desorption isotherm at —196°C. BET surface area was calculated from the
adsorbed amount of N, at the relative pressure of P/P, below 0.3 and pore size
distribution pore-size distribution calculated by using a slit DFT model.

Electrochemical measurements. 90 wt% of the nanocarbons and 10 wt%
Polytetrafluoroethylene (PTFE) binder were mixed in isopropyl alcohol, and blended
for 30 min before using. The obtained slurry was then rolled and coated onto stainless
steel meshes and then dried in vacuum at 120°C for 24 h to remove the solvent to
form the working electrode. After drying, the electrodes were pressed under manual
compression testing machine at 40 MPa. Symmetrical supercapacitors were
fabricated by sandwiching a polypropylene separator between two eletrodes with
thickness of 40-70 pum for each. The load mass ranged from 4-5 mg/cm” for a single
electrode. 6 M KOH aqueous solution, TEABF, in 1 M AN, and ionic liquid
(EMIMBE,) were used as the electrolytes. 2032 type coin cells with organic and ionic
liquid electrolytes were assembled in a dry glovebox (Labstar, Mbraun, Germany) in
Ar with less than 1 ppm oxygen and H,O.

CV curves and electrochemical impedance spectroscopy (EIS) were carried out
using AutoLab PGSTAT302N equipment. CV curves were scanned at voltage ramp
rates from 20 to 500 mV/s. EIS was obtained in the frequency range from 100 kHz to
10 mHz with a +10-mV voltage amplitude at open circuit voltage. Galvanostatic CD
process and cycle-life test of supercapacitors was measured on an Arbin MSTAT4
multi-channel galvanostat/potentiostat instrument. Average Sc of single electrode
was calculated from the second to fifth galvanostatic CD processes using the following
equation:

S.=4I4t/UM(F/g) (2)
Where I, At, U and M are the applied current, the discharge time, the voltage window
and the total mass of both electrodes, respectively.

The effective power density (P) and energy density (E) were calculated by using the
following equations:

E=S.U?/(2x4x3.6)(Wh/kg) (3)

P=3.6x E/t(kW /kg) (4)

All of the values including the current densities were normalized with respect to the
combined weight of both electrodes.
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