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Abstract The COzconversion to valuable materials is a
challenging way to manage pollution problems. In the
presentwork, CO,wasusedasa feedstock tosynthesize
solid carbon nanostructures by employing a simple
magnesiothermic reduction reactionunder constant gas
flow in a tube furnace. It was shown that the CO;
reductionat675°C led to the simultaneous formation of
differentnanocarbon morphologies including graphene,
tubular and spherical carbon nanostructures. The
synthesized material was characterized using XRD
analysis, Raman spectroscopy, SEM and TEM
microscopies which demonstrated its good crystallinity
and morphological diversity. Electrochemical tests were
performedto evaluate specific capacitance and cycling
stability of the prepared sample. Thecalculatedvalues of
~325F/gatscanrate 0.1 V/srevealed thatthe obtained
nanostructures can be used as effective functional material
forsupercapactior applications.
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1. Introduction

Beingone of the major greenhouse gases, carbondioxide
(COy) is responsible for the global warming due to its
constantly increasing emissions from human activities.
Many efforts have been made to reduce the CO, emissions
aswell asto capture, store orconvert the COinto value-
addedmaterials (Khoo 2015). The CO.conversion into
solid nanocarbons such asgraphene, carbon nanotubes
(CNTSs) or nanofibers (CNFs) is a promising way to
address the mentioned issue. Several conversion
approaches like plasma methods, electrochemical
reductionusing moltensalts and metallothermic reduction
can be referenced (Li (2021), Liu 2020). The
metallothermic reductionreactions typically use reactive
alkalioralkaline earthmetalsto reduce CO. to carbons
(Dabrowska 2012). The earliest experiments were
performed in closed-type batch reactors with solid (dry
ice), supercritical or gaseous CO. and a few reductants
(ie., Li, K, Na, Ca, etc.). The reactions required high
pressures and resulted mainly in graphene-structured
carbons. Recently, thecontrolled synthesis of nanocarbons
with specific morphologies including mesoporous
graphene, CNTs and hollow carbon nanoboxes was
realized under constant CO; flowat atmospheric pressure

through changingthereaction temperature (Zhang2013).
The variationin morphology was associated with different
mechanisms of the nanocarbons growth over solid, liquid
or gaseous Mg. Recent studies (Xing 2015, Xing 2017,
Baik 2020) usedmixedreductantsand showed that the
addition of several metals like Zn, Cu or Ni to Mg
influences the porosity, graphitization degree or
nanostructure of the prepared graphenic carbons. In the
present paper, we investigate the reduction of gaseous CO,
using Mg reducing agent only and demonstrate the
formation of graphene as well as tubular and spherical
nanocarbons at675°C that is lowerthanthe temperatures
applied in the previous studies. Furthermore, theplethora
of the obtained carbon nanostructures results in a
supercapacitor electrode material with a highly conductive
interconnected network that contributes to its superior

performance.
2.  Experimental
2.1.Nanostructures preparation

In a typical experiment, 0.5 gof Mgpowder (Alfa Aesar,
99.8%, 325 mesh) was placed in alumina crucible and
heated in tubefurnace to 675 °C, which isa slightly higher
temperature than the melting point of Mg (~ 650 °C).
Heatingrate of 10 °C/min under Ar flow at 50 mL/min
was applied. Afterreachingthe desired temperature, Ar
was switched to CO, thatwas flowingat20 mL/min for
60 min. Then, CO; wasturned offandthe sample was left
to cooldown to the room temperature under 50 mL/min
Ar flow. After the reaction, the black product was
collected andstirred in 3.0 M HCl solution at ~70°C for3
h to remove theunreacted Mgand the produced impurities
(MgO). Finally, the mixture was washedwith deionized
water several timesuntilthe supernatant exhibits pH ~ 7
anddryed in furnaceat60 °C.

2.2 Structural and morphological characterization

The X-ray diffraction (XRD) pattern of the prepared
material was taken ona Siemens D500 diffractometer with
a CuKo radiation sourcein a Bragg-Bretano geometry.
The scanningvelocity was 0.03%/3s. TheRaman spectra
were measured using an inVia Renishaw Raman
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microscope equipped with an Ar+ laser excitation source
(514.5 nm). The scanning electron microscopy (SEM)
images were recorded with a FEI Inspect electron
microscope operatedat 25 kV using a secondary detector
forimage formation. Transmissionelectron microscopy
(TEM) was used to examine fine details of the sample
morphology utilizing a Thermo Fisher Scientific Talos
F200ifield emission gun TEM instrument.

2.3 Electrochemical characterization

The electrochemical measurements were performed on a
Metrohm Autolab PGSTAT302employing glassy carbon
(GC), Ag/AgCI (3 M) and Pt plate as working, reference
and counter electrodes, respectively. Aqueous solution of
0.5 M Na,SO. was used as an electrolyte. The cyclic
voltammetry (CV) measurements were donein a potential
windowfrom -1 Vto +1V at several potential scan rates.
The electrochemical impedance spectroscopy (E1S) was
conductedin a frequencyrange from0.1Hz to 100 kHz
with a sinusoidal perturbation of 20mV. The galvanostatic
charge—discharge (CH-DCH) tests were carried out at
several constant current values. The electrode material
was prepared by mixing 2 mgof the washed powder, 0.2
mL of ethanol,and 20 pL of nafion followed by sonication
for30 min. Then, 20 uL of the dispersionwas dropped on
a GC electrode and dried for2 h at 60 °C in a furnace.
Takinginto account thedimensionsofthe drop and GC
electrode, the mass of the electrode material was
calculated to be 40 ug.

3. Resultsand Discussion

The XRD pattern of the washed material is given in Figure
la. The relatively strong diffraction peak (002) observed
at ~ 26° corresponds to the graphite-like phase and
indicates the crystalline character of the prepared material.
The Ramanspectra (Figure 1b) of thesample exhibit three
main bands D, G and 2D characteristic to
graphenic/graphitic materials, those intensities measured
atdifferentpointsslightly fluctuate. Thus, the intensity
ratios lo/lc and Ilaxn/lc representing disorder and
graphitisation degrees vary from 0.69up to0.79and from
0.49 down to 0.38, correspondingly. The In/ls values
lower than1 areanindication for presence of multilayer
graphenic nanostructures (Baik 2020) and reflect good
overallcrystallinity of the sample, which correlates well
with the XRD analysis
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Figure 1. XRD patternof the prepared material (a) and
its Raman spectra taken at two different points for
limiting (asfor Io/lg and 2o/l ratios) cases (b).

The SEM images given in Figure 2 evidencethe formation
of nanostructures with sheet-like, spherical and tubular
geometry. The surface of the sheets contains a lot of pores
while the spheres possess a quite smooth surface and
diameter up to ~ 1.5 um. The diameter of the tubular
nanostructures is larger than 100 nmand reaches values of
even 200 nm. So, it is most likely that these tubular
nanostructures arenot hollowand are fibers. The fibers
are entangled with each other and seem to consist of
distinct segments glued in chains.

Figure 2. SEM micrographs of the prepared material:
sheet-like porous agglomerates (a, b), bundles of fibers
with some spheres (c,d)and a “cloud” from spheres (e,
f)at different magnifications: 20000x, scale bar5 pum (a,
¢, €) and 40000x, scale bar2 um (b, d, f).

The TEM images (Figure 3) provide more detailed
information on the material morphology. Corrugated
graphene sheets can be observed in Figure 3a. The
presence of mesopores with dimensions of 10-20 nm in
the graphenesheetsisevidentfromthehigherresolution
Figure 3b. A bundle of intertwined fibrous structures and a
single fiberare given in Figure 3 ¢ and d, correspondingly.
No holesare observed inside, provingthat fibers but not
tubesare formedin ourcase. The surfaceof the fibers is
unevenandcontainsa lot of hooks. Theimage of Figure
3e demonstrates another cluster comprised of spherical
and elongated nanostructures which are organized in
chainsorappear separately.

The electrochemical tests revealed that the electrode
material possesses a typical supercapacitor behavior
(Figure 4). In particular, the CV curve is nearly
rectangularatlowerscanratesandturns leaf-like at high
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rates. The CH-DCH plot hasan isoscelestriangle shape
and the impedance Nyquist curveis nearly parallel to the
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Figure 3. TEM micrographs of the prepared material:
crumpled graphene sheets with mesopores (a, b),
entangled fibers (c) anda fragment of fiber (d), single
and jointed spherical segments (e, f) at different
magnifications: 46 kx, scale bar200nm(a, c, f), 500
kx,scalebar20nm(b,d)and 11 kx, scale bar 1 um (e).
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Figure 4.CV loopsfordifferent scanrates (a), CH/DCH
diagram (b) and Nyquist electrochemical impedance plot
(c) of the prepared electrode materialmeasured in 0.5 M
Na,SOselectrolyte.

OY axis. The values of specific capacitance calculated
using CV, CH/DCH and EIS are listed in Table 1. The
capacitance estimated from the CV loops reaches a
significant value of ~407F/gat scan rate of0.02V/s and

decrease to ~180 F/gat0.5V/s. Atan intermediate rate of
0.1 V/s,the remarkable 325F/gwasrecorded. The CH-
DCH tests show a clear tendency of the increase in
capacitancewith the increasein current proving the ability
of the material to accept higher currents.

Table 1. Calculated capacitance (C) of electrodematerial
measured via different electrochemical technigues

CfromCV C from CH-DCH C from
Scan C Current C EIS
rate (Flg)
(VIs)  (Fl9) (mA) (F/9)

0.02 407.3 0.05 290.9
0.05 368.7 0.1 302.8

0.1 325.0 0.5 334.5 266.8

0.2 267.4 1.0 336.9

0.3 228.7

0.5 179.9

The capacitance value obtained through the EIS
measurements is in good accordance with the results of the
othertechniques. The cyclingstability of the materialwa s
evaluated using CV technique by applying 1000cycles at
0.3 V/srate. It wasshownthatthe capacitance retention
afterthetest was 98 %.

4. Conclusion

We have demonstrated that the metallothermic reduction
of waste CO,usingonly Mgreductantat675°C (that is a
bit higher temperature that themelting point of Mg) and
slow gasrate isaccompanied by the synthesis of different
carbonnanostructures. The obtained material exhibits high
crystallinity, low disorder and remarkable electrochemical
perfomance and stability. The results prove that the chosen
CO; reduction method is a feasible strategy to synthesize
stable and high capacitance electrode materials for
supercapacitor applications.
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