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ABSTRACT: With climate change and environmental issues, the TiO, NTAs
emissions of CO, and its greenhouse effect have become a focal gz
point. At present, the utilization of CO, includes its synthesis into
chemicals and fuels such as methane, methanol, and CO. CO,
utilization can be achieved through carbon capture and storage
technologies, which involve capturing CO, from industrial
emissions and storing it to reduce the CO, concentration in the
atmosphere. However, these CO, capture and utilization
technologies still face challenges, such as technical immaturity
and high costs. One of the CO, capture and utilization
technologies is the production of energy storage materials. In
this study, CO, captured by molten salt was used as the carbon
source, and TiO, nanotube arrays were used as precursors. Titanium carbide nanotube arrays(TiC-NTAs)with high specific surface
area and high conductivity were prepared by electrolysis. Afterward, the electrochemical energy storage performance of TiC in
different electrolytes was tested. The results show that reducing the ionic radius of the electrolyte is conducive to increasing the area-
specific capacitance of the device and that the degradation of the cycle life of the quasi-solid supercapacitor may be caused by an
increase in the internal resistance due to the loss of water from the electrolyte. This study provides a reference value for the low-
temperature synthesis of nanometal carbides and the selection of electrolytes.

Carbonize TiC NTAs

T y Ziom e

1. INTRODUCTION the molten salt, enhance wetting between the molten salt and
TiO, nanotubes can be achieved, enabling the molten salt to
enter the nanotubes and achieving overall carbonization of
TiO, nanotube arrays into TiC NTAs. This research proposes
using this process to capture carbon dioxide for the preparation
of capacitor materials. It explores suitable electrolyte systems
for the efficient operation of TiC nanotube arrays as
supercapacitor electrode materials. In the face of increasingly
severe environmental and energy issues, this research

The research found that the use of carbon anodes in the
molten salt electrolysis process leads to contamination of both
electrolytic products and molten salt and reduces the
electrolytic efficiency of the process. There are many types
of research related to the effects of carbon on the electro-
chemical process,' ™ as shown in Table 1. The results show
that when carbon is used as an anode to prepare a metal, the
final product and molten salt would be carbon contaminated, ) ) =) =5
such as TiC, Cr,Cs;, VC, and so on. Based on this condition, contributes to reducing carbon dioxide emissions.
there are many researches to use these carbon resources.'

The results show that carbon and oxygen can be obtained by 2. EXPERIMENTAL SECTION

the capture of CO, in the molten salt. Here, we conducted a

2.1. Preparation of TiC NTAs. Th f capturi
preliminary study on the utilization of carbon sources resulting P € process of cap uring

and converting carbon dioxide as a carbon source to synthesize

from the use of carbon anodes, primarily for the reduction of TiC NTAs has been described in a published paper.” Durin
TiO, nanotube arrays (TiO, NTAs) into highly conductive ’ &

and capacitance-enhanced TiC nanotube arrays (TiC NTAs).”
The research results indicate that CO,*~ formed by carbon
dioxide dissolved in molten salt generated by the carbon anode
during electrolysis, in combination with carbon produced
through cathodic electrochemical carbon deposition and
metallic titanium from cathodic TiO, electrolytic deoxygena-
tion, can react to form TiC. By adjusting the composition of
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Table 1. Literature about Carbon Contamination during Molten Salt Electrolysis

topic
direct electrochemical production of Ti-10W alloys from the mixed oxides
electrochemical reduction mechanism of Nb,Oy

the influence of graphite anode and SnO,-based inert anode on the current
efficiency of Cr,O; deoxidation

electrochemical reduction of K,CrO, in molten salt using liquid zinc cathode
preparation of metal Ti in CaCl,-based melt

electrolytic reduction of V;S, in molten CaCl,

one-step electrochemical preparation of metallic vanadium from sodium

metavanadate in molten chlorides

electrodeoxidation of porous TiO, in molten calcium chloride

effects of carbon references
the surface of the sample is carbon-rich and TiC is detected Dring et al.*
there is NbC on the product surface Vishnu et al.®
there is obvious carbon contamination in molten salt, and  Kilby et al.’
Cr,C; appears in chromium products
liquid zinc cathode avoids product contamination, but there Weng et al.”

is still molten salt contamination

carbon powder is floating on the surface of molten salt and ~ Suzuki et al.®

TiC in the titanium product is detected.

Matsuzaki et
al’

Weng et al."’

there is obvious molten salt contamination when
electrolyzing V,0;

carbon contamination exists in molten salt and VC is mixed
in vanadium products

there is a large amount of carbon powder near the cathode

Schwandt et
and on the surface of the melt 1

al.

the electrolysis process, 0.1 mol % Li,O is first added to the
molten salt to improve its ability to capture carbon dioxide.
Then, excess carbon dioxide gas (300 mL) is slowly introduced
into the molten salt to ensure that Li,O is completely
converted into Li,CO; (Li,O + CO, = Li,CO;). The
generated CO,>” can be reduced to carbon deposited at the
cathode. Afterward, TiO, electro-deoxidizes and reacts with
the deposited carbon to form TiC. Based on formula 1, the
calculated decomposition voltages at 600 °C for CaCl,, KCI,
and LiCl are 3.44 3.49, and 3.66 V, respectively. In this study,
the electrolysis voltage was set at 3.3 V.

AGy
nF

E° =

(1)

In the equation, E represents the theoretical decomposition
voltage (V), A,G? represents the standard Gibbs free energy
change of the electrode reaction (J/mol), n represents the
number of electrons involved in the reaction equation, and F
represents the Faraday constant (96485 C/mol).

2.2. Preparation of an Electrolyte. Preparation of the
PVA—Na,SO, gel electrolyte. Under the condition of magnetic
stirring at 80 °C, 6 g PVA was slowly added to 60 mL
deionized water and stirred continuously for 1 h until PVA was
completely dissolved. After that, 20 mL of 1 mol/L Na,SO,
solution was added to the PVA solution, and the solution was
continuously stirred for 30 min and then cooled to room
temperature. The prepared solution was poured into the plastic
mold, and after that it was spread and leveled. It was physically
blended through two cycles of freeze—thaw (placed at 20 and
20 °C for 12 h, respectively).

Preparation of the PVA—KOH gel electrolyte. 6 g PVA was
slowly added into 60 mL deionized water, and the PVA was
completely dissolved by magnetic stirring at 80 °C for 1 h.
After that, 20 mL of 1 mol/L KOH solution was added into
the PVA solution, which was continuously stirred for 30 min
and then cooled to room temperature. The prepared solution
was poured into a plastic mold and dried at room temperature
to obtain an electrolyte film.

2.3. Characterization. The prepared TiC NTAs were
tested for their electrochemical performance. The quasi-solid-
state flexible supercapacitor consists of two identical TiC NTA
electrode sheets and an electrolyte film sandwiched in the
middle, and the overall capacitor shows a sandwich structure.
The electrochemical performance of the TiC NTA electrode
was studied using a CHI1140C electrochemical workstation
(CH Instruments, China), including cyclic voltammetry (CV),
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galvanostatic charge/discharge (GCD), cyclic stability, and
electrochemical impedance spectroscopy (EIS) testing.

3. RESULTS AND DISCUSSION

3.1. Formation Mechanism of TiC NTAs. Our published
work has proven that during the electrolysis process," as

)-CO, ()-CO* @-0> o—C

Figure 1. Mechanism diagram of synthesizing TiC NTAs with CO, as
the carbon source.

Figure 2. (a) SEM image of TiO, NTAs. (b) SEM image of TiC
NTAs.

shown in Figure 1, TiO, nanotubes first undergo rapid
deoxygenation to form titanium’s low-valence oxide (eq 2).
The conductivity of the precursor rapidly increases. Due to the
lower reduction potential of CO,*~ ions compared to that of
the low-valence oxide, the carbon dioxide (CO;*”) ion
reduction reaction primarily occurs at the cathode. CO,*~
ions near the cathode are reduced on the surface of the
nanotubes to form carbon (eq 3). When the concentration of
CO5" jons near the cathode decreases to a certain level, the
deep deoxygenation of titanium’s low-valence oxide can take
place. However, when the CO;’>” ions in the molten salt
further diffuse to the vicinity of the cathode, the deep
deoxygenation reaction is suppressed again, and the CO,>~
ions near the cathode are reduced and depleted once more. At
this stage, the processes of electrodeoxygenation and carbon
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https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07587?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
oTi —TiO, &—TiC
El
s
2z
‘B
=}
8
8
1 1 1 1 1
20 30 40 50 60 70 80

2theta(degree)

Figure 3. XRD pattern of TiC NTAs and TiO, NTAs.

deposition may alternate, and the diffusion of CO,*” ions
toward the cathode becomes a limiting factor for the carbon
deposition reaction. When the low-valence oxide of titanium is
reduced to metallic Ti (eq 4), the deposited carbon quickly
reacts with Ti to form TiC (eq 5).

TiO, + (4 — 2x)e” = TiO, + 2 — x)0*” (x <2) (2)

CO;*™ +4e” = C + 30> 3)
TiO, + 2xe” = Ti + x0”>” (x < 2) (4)
Ti 4+ C = TiC (%)

3.2. Fabrication and Characterization of TiC NTAs.
The capture efficiency of carbon dioxide during the
preparation of TiC NTAs is closely related to several
conditions. The optimal process includes the following: anodic
oxidation time of TiO, NTA precursor is 1 h, the electrolysis
temperature is 600 °C, the solubility of carbon dioxide or the
concentration of CO,*~ ion in molten salt is 0.1 mol %, and
the electrolysis time is 1.5 h. From Figure 2a, it can be
observed that the TiO, NTAs obtained by anodizing are
vertically arranged to form an array structure, with a pipe
diameter between 90 and 100 nm. Afterward, TiO, NTAs were
used as cathode precursors and nanostructure templates to
obtain TiC NTAs through electrolysis (Figure 2b). From
Figure 2b, it can be seen that TiC NTAs still maintain the array
structure of TiO, nanotubes, and the tube structure remains
intact.

Figure 3 shows the XRD patterns of TiO, and TiC NTAs.
From the figure, it can be seen that after annealing treatment
the TiO, NTAs are transformed into the anatase phase, and
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Figure 4. Electrochemical energy storage performance of TiC NTAs electrodes with PVA—Na,SO, as the electrolyte. (a) CV curves at scan rates
ranging from 10 to 100 mV s (b) GCD curves at current densities ranging from 0.05 to 0.5 mA cm™%; (c) specific capacitances at various current
densities; (d) capacitance retention of TiC NTAs for 10,000 cycles at a current density of 0.2 mA cm ™ Insets are GCD curves for 1—3 cycles and

4998—5000 cycles.
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Figure 6. (a) Nyquist plot before and after 10,000 cycles of supercapacitors; (b) enlarged view of the high-frequency region.

the diffraction peaks of titanjum mainly come from the
titanium substrate. After electrolysis, all the diffraction peaks of
TiO, disappeared and were replaced by the appearance of
diffraction peaks of TiC phase, indicating that TiO, deoxidized
and carbonized to form TiC.

3.3. Supercapacitor Performance of TiC NTAs.
3.3.1. Electrolyte of PVA—Na,SO,. The prepared TiC NTAs
were tested for their electrochemical energy storage perform-
ance. Figure 4 presents the electrochemical performance test
results of the assembled quasi-solid-state supercapacitor using
TiC NTAs as both the cathode and the anode, with PVA—
Na,SO, polymer as the electrolyte and separator. Figure 4a
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shows the cyclic voltammetry curves of the TiC NTA electrode
at scan rates of 10—100 mV/s, indicating a nearly rectangular
shape at different scan rates and demonstrating the double-
layer energy storage characteristics of TiC NTAs. Additionally,
the galvanostatic charge—discharge (GCD) curves exhibit
good triangular symmetry without apparent shoulder peaks,
further confirming the double-layer energy storage behavior.
Figure 4c displays the specific area capacitance of the
capacitors at various current densities. The specific area
capacitance of the capacitor reaches 4.05 mF/cm? at a current
density of 0.05 mA/cm? corresponding to a specific area
capacitance of 16.2 mF/cm? for an individual electrode, which

https://doi.org/10.1021/acsomega.3c07587
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Figure 7. Energy and power densities of different electrode materials.

is lower than the capacitance measured in the Na,SO, solution.
This is because the contact area between the PVA—Na,SO,
electrolyte and the electrode material is limited and insufficient
contact hinders the effective utilization of some nanostructures,
resulting in reduced capacitance. In the Na,SO, solution, the
electrolyte can fully infiltrate the nanostructures of the
electrode material, enlarging the contact interface between
the electrolyte and the electrode, thereby increasing the area
for ion adsorption and obtaining a higher capacitance. Figure
3d shows the capacitance retention after 10,000 cycles of TiC
NTAs. After 5000 charge—discharge cycles, the capacitance
remains at 93% of the initial capacitance, which is higher than
that observed with 1 M EMIMBF4 as the electrolyte. The
quasi-solid-state electrolyte can effectively suppress harmful
electrochemical oxidation, prevent electrolyte flushing of the
electrode, reduce the detachment and pulverization of
nanostructures during long-term cycling processes,'’~'> and
thus improve the stability of the TiC NTAs electrode. After
10,000 cycles, the capacitance still retains 88% of the initial
capacitance, and the GCD curves maintain charge—discharge
symmetry, indicating good cycle stability of TiC NTAs in the
quasi-solid-state electrolyte.

3.3.2. Electrolyte of PVA—KOH. Figure S illustrates the
electrochemical energy storage performance of TiC NTAs in a
PVA—KOH gel polymer electrolyte. From the CV and GCD
curves, it can be observed that the TiC NTAs electrode
maintains typical double-layer energy storage characteristics
(Figure Sa,b). Figure Sc displays the specific area capacitance
of the capacitors at various current densities. At a current
density of 0.4 mA/cm?, the spec1ﬁc area capacitance of the
capacitor reaches 27.6 mF/cm?, which is significantly higher
than the capacitance observed with PVA—Na,SO, as the
electrolyte. The difference in capacitance between different gel
electrolytes is mainly attributed to the ionic radius effect."
OH™ ions have a smaller ionic radius, facilitating migration
into the interior of the nanostructures. As a result, TiC NTAs
exhibit a higher capacitance in the PVA—KOH electrolyte.
Figure 5d°” shows the capacitance retention after 10,000 cycles
of TiC NTAs. It can be observed that during the initial 1000
cycles, the specific area capacitance gradually increases to
109% of the initial value mainly due to the initial self-activation
process. In the early cycles, the electrolyte and electrode
material gradually come into full contact, and with ion
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adsorption/desorption, the number of active sites within the
material increases slightly, resulting in a slight increase in
capacitance.'”"> After 3000 cycles, the capacitance exhibits a
stepwise decrease, reaching 87% of the initial value after 10,000
cycles, which is consistent with the cycle life of TiC NTAs in
the PVA—Na,SO, electrolyte.

Figure 6 presents a comparison of the AC impedance spectra
of the supercapacitor before and after cycling. In Figure 6b, the
intercept of the high-frequency region curve on the real axis
(Z’ axis) corresponds to the internal resistance (Rs), and it can
be observed that the internal resistance increases from 14.2 to
42.8 Q after 10,000 cycles. Additionally, in the high-frequency
region, nearly semicircular impedance curves are observed,
indicating a small radius of the impedance arc and a low
interfacial charge transfer resistance between the electrolyte
and electrode material. In the low-frequency region, the slope
of the straight line reflects the diffusion extent of electrolyte
ions within the electrode. A steeper slope indicates faster ion
diffusion during the charge and discharge processes. From
Figure 6, it can be seen that the straight lines in the low-
frequency region before and after cycling are almost parallel
with similar slopes. According to the impedance analysis, it can
be concluded that the internal resistance of the electrolyte
significantly increases after cycling, indicating a decrease in the
conductivity of the polymer, possibly due to dehydration of the
gel polymer electrolyte. Therefore, during long-term cycling
charge and discharge processes, continuous dehydration of the
electrolyte leads to an increase in internal resistance, resulting
in capacitance decay.

3.3.3. Electrolyte of PVA—H;PO,. In this section, the PVA—
H,;PO, gel polymer electrolyte is used to further investigate the
influence of electrolyte composition on the performance of
TiC NTAs-based supercapacitors. The results of this section
have been shown in the published work.'” When the current
density is 0.2 mA cm™ the specific capacitance is 53.3 mF
cm™2 The results indicate that the specific capacitance of the
TiC NTA electrode in the PVA—H;PO, electrolyte is
significantly higher than that in PVA—Na,SO, and PVA-
KOH electrolytes. Figure 7 displays the compared energy
density and power density between our work and the
references. TiC NTAs show excellent energy densities in the
PVA—H,PO, electrolyte.'*™>°

4. CONCLUSIONS

Based on the idea of capturing carbon dioxide during the
molten salt electrolysis of metal oxides, this study proposes the
utilization of captured carbon dioxide to achieve the
carbonization of TiO, NTAs into TiC NTAs through
electrochemical deoxygenation. In addition, TiC NTAs were
used as electrode materials in supercapacitors, and their
electrochemical energy storage performance in different
electrolytes was compared. The results indicate that reducing
the ion radius of the electrolyte is beneficial for improving the
area-specific capacitance of the device. When the electrolyte
changes from Na,SO, to KOH, the area-specific capacitance of
the device increases from 4.05 to 27.6 mF cm™2. After 10,000
cycles of charging and discharging, the retained capacitance
values are 88% (PVA—Na,SO,) and 87% (PVA—KOH) of the
initial value, respectively. This is due to the increase of internal
resistance caused by water loss of the gel polymer electrolyte,
which leads to capacitance attenuation. This study provides a
reference value for the low-temperature synthesis of nanometal
carbides and the selection of electrolytes.
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