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Abstract: Carbon capture is one of the important methods to achieve carbon neutrality. In this
paper, a simple and reliable method for the preparation of poly(anthraquinone)/multi-walled carbon
nanotube composites (PAQ/MWCNTs) for capturing carbon dioxide is proposed. Using constant
magnetic stirring, 1,4-anthraquinone (1,4-AQ) was allowed to accumulate on multi-walled carbon
nanotube (MWCNTs) substrates via π–π. The poly(anthraquinone)/multi-walled carbon nanotube
composites were produced by this continuous process. Besides, the carbon cloth electrode prepared
from PAQ/MWCNTs composites was subjected to redox potentials for carbon dioxide capture.
Results showed that PAQ/MWCNTs composites had good redox reversibility, their carbon dioxide
capture capacity was 7.80 mmol·g−1 while the material utilization rate reaches reached 73.4%.

Keywords: 1,4-anthraquinone; multi-walled carbon nanotubes; magnetic stirring; poly(anthraquinone)/
multi-walled carbon nanotube composites; carboxylation; carbon dioxide capture

1. Introduction

Climate change is a huge challenge for all mankind, and global warming caused by
greenhouse gas emissions endangers the balance of natural ecosystems and even threatens
the survival of mankind. President Xi Jinping proposed that China should strive to peak
CO2 emissions by 2030 and achieve carbon neutrality by 2060 [1] at the 75th session of the
United Nations General Assembly on 22 September 2020. As of October 2020, 127 coun-
tries around the world have made carbon neutral commitments [2] and have formulated
development plans to support the development of low/zero carbon technologies. In the
peak period of carbon emissions, high-quality peaks need to be balanced with sustainable
economic and social development [3]. Carbon capture technologies as an important means
of reducing emissions can effectively reduce the pressure on carbon emissions during the
peak period.

Many CO2 capture technologies have been developed over time such as absorption
using solid [4] adsorbents or solvents such as amines [5] and lye [6], membrane separa-
tion [7], and low-temperature distillation [8]. Adsorption using solid adsorbents is the
selective adsorption of CO2 from a gas mixture, followed by desorption and concentration
of CO2 under specific conditions. Chemical absorption is one of the more widely used and
technically mature methods. It uses a chemical solvent to react with CO2 in a reversible
chemical reaction to absorb and desorb CO2. Membrane technology uses the different
particle size and pressure difference requirements for separation and separation require-
ments to separate and sort materials. The cryogenic separation method is based on the
difference in volatility of each gas in the flue gas, and the flue gas is repeatedly compressed
and condensed to reach a critical value of CO2, thus allowing the CO2 to be converted from
a gaseous state to a liquid state and separated from the gas mixture.
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Nevertheless, the large energy consumption required for the thermal regeneration of
solvents in adsorption and absorption technologies limits their application [9]. Besides,
membrane separation technologies are difficult to directly treat flue gases at low CO2
concentrations [10]. Moreover, low-temperature distillation technologies have complex
pretreatment systems, large equipment, high energy consumption, and poor separation
results [11]. All the mentioned above CO2 capture technologies are limited in their applica-
tion and development due to the large energy consumption associated with heating the
solvent and adsorbent, pressurizing the raw gas, or desorption by vacuum.

Due to the problems with existing CO2 capture technologies, more new technolo-
gies are being investigated. The radical dianion, the electrochemical reduction product of
quinones, has been shown to be a nucleophilic reagent for capturing carbon dioxide [12].
The carboxylation of reduced quinones can bind to carbon dioxide, which allows quinones
to trap carbon dioxide when a reduction potential is applied (as shown in Equation (1)). Cor-
respondingly quinones that bind to carbon dioxide release carbon dioxide when oxidation
potential is applied [13].

Q + e 
 Q−; Q− + e 
 Q2−; Q2− + 2CO2 
 [Q − 2CO2]
2− (1)

The radical dianion, the electrochemical reduction product of quinones, has been
shown to be a nucleophilic reagent for capturing carbon dioxide [12]. The carboxylation
of reduced quinones can bind to carbon dioxide, which allows quinones to trap carbon
dioxide when a reduction potential is applied (as shown in Equation (1)). Correspondingly
quinones that bind to carbon dioxide release carbon dioxide when oxidation potential is
applied [13].

The selective capture of carbon dioxide in gas streams by applying high and low
potentials to quinone materials has a wider application, whereby the difference in affinity
of the quinone redox products for carbon dioxide is taken advantage of when applied at
high and low potentials. Besides, this method of capturing carbon dioxide is not easily
constrained by the environment and there is no energy loss due to changes in temperature
or pressure as compared to other methods. Scovazzo, Poshusta et al. [14] demonstrated
that while screening several ionic liquids as suitable electrolytes for quinone carriers in
electrochemically mediated CO2 selective transport systems, it was possible to capture
CO2 in ionic liquids (IL) and organic solvent electrolyte media with 2,6-di-tert-butyl-1,4-
benzoquinone as a carrier for the electrochemical separation of CO2 from gas mixtures at
concentrations of less than 1%. Grimaud et al. [15] validated the use of quinones as chemical
catalysts to promote lithium-CO2 cells for carbon reduction. The results further confirmed
that the radical anion (Q−), the divalent anion (Q2−), and the electroreduction products
of quinones, were nice good reagents for carbon dioxide capture. Liu, Ye et al. [16] used a
concentrated lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) aqueous electrolyte in the
electro-swing reactive adsorption for CO2 capture to significantly reduce electrolyte costs.

Carbon nanotubes are visualised as a structure of graphite layers folded into carbon
cylinders and divided into single-walled carbon tubes (SWNT) and multi-walled carbon
tubes (MWNT) [17]. Since their discovery in 1991 [18], carbon nanotubes have rapidly be-
come a hot research topic due to their unique mechanical, electrical, and chemical properties
as well as their unique tubular molecular structure and potential applications [19]. Voskian
and Hatton [20] studied the electro-swing capture of CO2. They refer to the study of Ya-
mamoto et al [21]. for metal-organic dehalogenated condensation of dichloroanthraquinone.
The produced poly(anthraquinone) was sonicated in N-methyl pyrrolidone (NMP) and
then multi-walled carbon nanotubes were sonicated to make polymer-multi-walled carbon
nanotube composites(P1,4AQ-CNT).

This paper proposes a method for the preparation of poly(anthraquinone)/carbon
nanotube composites that is simpler than the process used by Hatton et al. to prepare
polymer-multi-walled carbon nanotube composites. The method can successfully trap CO2
in lithium bis(trifluoromethanesulfonyl)imide (LiTFSi) aqueous electrolytes by applying
high and low potentials to the composites.
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2. Materials and Methods
2.1. Reagent

The reagents used in this experiment are shown in Table 1. All solutions for the
experiments were prepared from ultrapure water.

Table 1. Reagents and properties.

Reagent Items Characteristics and Manufacturers, etc.

1,4-anthraquinone purity > 99.5%, Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China)
Graphitized multi-walled carbon

nanotubes
inner diameter: 5–10 nm, outer diameter: 20–30 nm, length: 10–30 µm, purity > 99.9%, Shanghai Aladdin

Biochemical Technology Co., Ltd. (Shanghai, China)
Lithium

bis(trifluoromethanesulfonyl)imide purity > 99.9%, Shanghai Eon Chemical Technology Co., Ltd. (Shanghai, China)

N-methyl-pyrrolidone purity > 99.5%, Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai, China)
Carbon dioxide purity ≥ 99.999%, Shanghai Mizheng Gas Co., Ltd. (Shanghai, China)

Nitrogen purity ≥ 99.99%, Shanghai Mizheng Gas Co., Ltd. (Shanghai, China)
Carbon paper TGP-H-060 thickness: 0.19 mm, density: 0.44 g/cm, resistivity: 5 mΩ-cm, Toray Corporation (Tokyo, Japan)

Ag/AgCl reference electrode 0.1989 V vs. NHE

2.2. Preparation of Materials
2.2.1. Preparation of PAQ/MWCNTs Composites

100 mg of multi-walled carbon nanotubes and 45 mg of 1,4-AQ were dispersed in
a solution containing 50 mL of ethanol-water (1:1). Then, the mixture was sonicated for
20 min to dissolve and disperse well and after that, it was stirred magnetically at room
temperature for 24 h. After centrifugal separation, a wet mixture was obtained and dried
in a vacuum oven at 80 ◦C for 10 h to give the final product which is the solid powder. An
overview of the process is shown in Figure 1. The product after centrifugal separation is
shown in Figure 2a while the product after drying is shown in Figure 2b.

Figure 1. Schematic diagram of the synthesis of PAQ/MWCNTs composites.

Figure 2. (a) The solvent and precipitation after centrifugal separation; (b) PAQ/MWCNTs compos-
ites; (c) PAQ/MWCNTs modified electrode (left) and carbon cloth electrode (right). This figure was
created by the author.

2.2.2. Preparation of PAQ/MWCNTs Modified Electrode

40 mg of the above PAQ/MWCNTs composites solid powder was dissolved in 10 mL
NMP and the mixture was sonicated for 10 min to obtain a uniform dispersion. 20 µL of
the dispersion was added dropwise on the surface of 1 cm2 of conductive carbon paper,
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dried at 120 ◦C under normal pressure for 15 min, removed and added dropwise again to
the dispersion, dried again, and repeated until the third dropwise was added. After that,
the electrode was finally dried at 120 ◦C for 120 min under normal pressure to produce
a working electrode with a loading mass of 0.2 mg·cm−1. The prepared PAQ/MWCNTs
modified electrode is shown on the left in Figure 2c and the electrode before preparation is
shown on the right in Figure 2c.

2.3. Electrochemical Experiments
2.3.1. Electrochemical Performance Test

In order to examine the reversible nature and redox potential of the PAQ/MWCNTs
composites for electrochemical capture of carbon dioxide, the electrochemical performance
test of PAQ/MWCNTs composites in the three-electrodes system was designed as shown
in Figure 3. Cyclic voltammetry scans were performed using three different electrodes
including PAQ/MWCNTs modified electrode as the working electrode, platinum electrode
as the auxiliary electrode, and Ag/AgCl as the reference electrode. The three electrodes
were placed in a 20 M lithium bis(trifluoromethanesulfonyl)imide electrolyte under the
conditions of nitrogen and carbon dioxide inlet.

Figure 3. Schematic diagram of three electrodes test system (1—the electrolytic cell; 1a—platinum
electrodes; 1b—Ag/AgCl reference electrodes; 1c—PAQ/MWCNTs modified electrode; 1d—lithium
bis(trifluoromethanesulfonyl)imide electrolyte; 2—electrochemical workstation; 3—gas cylinders
and lines).

2.3.2. Carbon Dioxide Capture and Thermal Regeneration Experiments

Thermal regeneration and electrochemical experiments were designed to test the
carbon dioxide capture capacity of the composites (as shown in Figure 4). Carbon dioxide
capture was first performed by cyclic voltammetry scanning of the electrode material with
a mass of 0.2 mg and an area of 1 cm2 at a scanning rate of 25 mV·s−1 in the range of
−0.4 V to 0 V, which can be determined by the reduction potential from the electrochemical
performance test. The reduced working electrode was placed in a nitrogen-filled headspace
vial, which was then placed in a desiccator and stored at 120 ◦C at atmospheric pressure,
allowing the carbon dioxide to be re-released. The gas in the headspace bottle was sampled
and analyzed using a gas chromatograph.
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Figure 4. Flow chart of thermal-released CO2.

The thermally regenerated electrode material was cyclic voltammetry scanned at
25 mV·s−1 scan rate in the range of −0.5 V to 0.4 V (determined by the redox potential from
electrochemical performance testing). The peak area ratio near the oxidation potential was
observed to determine the proportion of captured CO2 thermally regenerated.

2.4. Test Equipment and Conditions

The IR spectra of 1,4-anthraquinone and poly-1,4-anthraquinone/multi-walled carbon
nanotube composites were tested using an IR/Nicolet 6700 FTIR spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) with a resolution setting of 4 cm−1, and a sample scan
number of 32. transmission electron microscopy was performed using a JEM-2100F (JEOL,
Tokyo, Japan) was used for transmission electron microscopy testing of 1,4 anthraquinone
and PAQ/MWCNTs composites, respectively.

Cyclic voltammetry scanning under carbon dioxide and nitrogen conditions was per-
formed using a Zennium electrochemical workstation (Zahner, Kronach, Germany) with a three-
electrode system: a PAQ/MWCNTs modified working electrode, an Ag/AgCl reference elec-
trode and a platinum sheet auxiliary electrode, a 20 M lithium bis(trifluoromethanesulfonyl)imide
aqueous electrolyte, and a scan rate of 25 mV s−1.

Carbon dioxide concentration was tested using GC-14B gas chromatograph (Shimadzu,
Kyoto, Japan), detector: FID; packed column: TDX-02 2 m × 2 mm; inlet temperature:
100 ◦C; column temperature: 100 ◦C; detector temperature: 250 ◦C; carrier gas: 99.999% ar-
gon, flow rate: 30 mL/min; methane conversion oven temperature: 380 ◦C.

The performance parameters of the above instruments are shown in the Supplementary
Materials, Tables S1–S4.

3. Results and Discussion
3.1. FTIR Spectra of 1,4-AQ and PAQ/MWCNTs Composites

The FTIR spectra of 1,4-AQ and PAQ/MWCNTs composites are shown in Figure 5.
The characteristic peak of the stretching vibration of the C–H bond located on the benzene
ring is present at the wavenumber of 3054.88 cm−1 while the characteristic peak of the
stretching vibration of the C=O group of anthraquinone is present at the wavenumber of
1666.14 cm−1. In addition, and the out-of-plane bending vibration peak of the C–H bond
located on the benzene ring is present at the wavenumber of 702.18 cm−1. Among them,
the intensity of the C-H characteristic peaks represented by 3054.88 cm−1 and 702.18 cm−1

is weakened-indicating that 1,4-AQ and multi-walled carbon nanotubes are bonded by π–π
bonds, and 1,4-AQ is successfully modified on the MWCNT surface to form PAQ-MWCNT
composites [22].
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Figure 5. FTIR spectra of 1,4-AQ and PAQ/MWCNTs composites.

3.2. TEM Characterization of PAQ/MWCNTs Composites

To further observe the morphological characteristics of the PAQ/MWCNTs compos-
ites, TEM tests were performed on the prepared PAQ/MWCNTs composites and the pre-
prepared 1,4-AQ. The TEM images of a single pre-prepared multi-walled carbon nanotube
are shown in Figure 6a,c while the TEM images of a single multi-walled carbon nanotube
modified with poly(anthraquinone) are illustrated in Figure 6b,d. From Figure 6d, a poly
(1,4-anthraquinone) layer with a distinctly different level from the multi-walled carbon
nanotube and a width of about 2 nm appears clinging to the multi-walled carbon nanotube
wall. Because of the presence of large π-bonds in the meso-phenylene ring functional group
of 1,4-AQ and on the graphitized multi-walled carbon nanotubes, the π–π interactions
cause the 1,4-AQ to continuously polymerize on the multi-walled carbon nanotube walls
when the two materials are mixed and stirred sufficiently for a long time [22]. The infrared
spectroscopy tests presented previously in Section 3.1. also yielded similarly consistent
conclusions. Such a good structure of anthraquinone-coated carbon nanotubes can combine
electrical conductivity with the contact of carbon dioxide with anthraquinone [23].

3.3. CV Testing of PAQ/MWCNTs Composites

In the presence of CO2, a single two-electron quasi-reversible reduction of quinone in
a nonprotonic electrolyte occurs at the first reduction potential, where the CO2 molecule
carboxylates the quinone to produce carbonate [12]. The quinone molecule produces a semi-
quinone radical anion on the first reduction. Some semiquinones with sufficient electron
density (i.e., sufficient Lewis base strength) can react with CO2 in a nucleophilic addition to
produce carbonates [24]. However, semiquinones with lower electron density do not have
the nucleophilic strength to react with CO2 due to the attached electron attracting groups.
After carboxylation of the semiquinone by reductive addition of CO2, its negative charge is
separated from the rest of the molecule by an s-bond, making the carboxylated quinone
aromatic ring relatively neutral. Therefore, the two-electron reduction of the parent quinone
under CO2 occurs at the first reduction potential, as shown in Figure 7. Furthermore, the
second reduction produces another nucleophilic center, the second oxygen of the quinone,
which reacts with the second CO2 molecule to form the quinone double anion diadduct [25].
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Figure 6. TEM of MWCNTs (a,c) and TEM of PAQ/MWCNTs composites (b,d). This figure was
created by the author.

Figure 7. Reduction principle of anthraquinone in the presence of CO2.

The CV test curves of the PAQ/MWCNTs composites made in this experiment under
nitrogen and carbon dioxide environments are shown in Figure 8. The cyclic voltammetry
characteristic curves of the composites have significant symmetry. Under CO2 conditions,
the values of the anodic peak current Ipa, the cathodic peak current Ipc, the anodic peak
potential Epa, and the reduction potential Epc are 1.392 mA, 1.450 mA, 0.065 V, and −0.190 V,
respectively. The good symmetry of the cyclic voltammetry characteristic curves verifies
that the quinone electrochemical capture of the CO2 process is reversible. The anodic peak
potential of the composite under CO2 conditions is significantly positively shifted compared
to that under nitrogen conditions (from −0.251 V to 0.065 V). This indicates that the reduced
quinone undergoes carboxylation at the oxidation potential under CO2 conditions, i.e., a
PAQ-CO2 adduct is formed with CO2, and this process requires an additional driving force
for oxidation compared to the formation of the quinone dianion [16].
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Figure 8. Cyclic voltammograms of PAQ/MWCNTs composite electrodes in nitrogen and carbon dioxide.

3.4. Electrochemical CO2 Capture Effect Test
3.4.1. CV Tests before and after Thermal Regeneration of the Material Electrode

The redox potential of the PAQ/MWCNTs composite electrodes was obtained through
the previous cyclic voltammetry tests, which was performed at its reduction potential and
allowed the electrode to capture carbon dioxide. From Figure 9, no significant reduction
peak is observed anymore after doing the cyclic voltammetry scans five consecutive times
in the range of −0.4 V to 0 V. This proves that the electrode material has trapped CO2 close
to saturation, i.e., the complete formation of the PAQ-CO2 adduct.

Figure 9. Cyclic voltammograms of PAQ/MWCNTs composite electrodes at reduction potential.

The above PAQ-CO2 electrode material was thermally regenerated at 120 ◦C before
conducting the cyclic voltammetry scanning in the range of −0.5 V to 0.4 V. As shown in
Figure 10, a higher oxidation current appears near the oxidation potential at the beginning
of the first cycle compared to the later cycling process-indicating that the electrochemically
captured CO2 is not completely released during the thermal regeneration, around 10% of
the captured CO2 remains in the PAQ-CO2 electrode material.
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Figure 10. Cyclic voltammograms of PAQ/MWCNTs composite electrodes after 120 ◦C thermal release.

3.4.2. CO2 Capture Capacity

It is well known that the molecular weight n of 1,4-AQ is 216 g/mol and the molar
volume of the standard gas Vm is 22.4 L. Assuming that the mass of PAQ in the PAQ/MWCNTs
composite is m, the theoretical volume of carbon dioxide absorbed by a working electrode
loaded with 0.2 mg of PAQ/MWCNTs composite (mass ratio: PAQ:MWCNTs = 1:1) should be:

V =
2m
n

Vm =
0.1 × 10−3 × 2

216
× 22.4 × 106 = 20.7 µL (2)

Likewise, the theoretical CO2 uptake capacity of PAQ/MWCNTs can be obtained
as 9.26 mmol·g−1. As shown in Figure 11 and Table 2, the ratio of the peak areas of
the chromatograms of the sample and the standard gas yields a CO2 content of 13.7 µL
in the sample. Moreover, since 10% CO2 remained in the electrode material after the
thermal regeneration electrochemical test, the actual CO2 capture capacity of the prepared
PAQ/MWCNTs composite is converted to 7.80 mmol·g−1 (per gram of anthraquinone as a
reference, hereinafter), which has a theoretical value of about 73.4%.

Figure 11. Chromatogram of thermal released carbon dioxide/nitrogen samples.

Table 2. Results of gas chromatographic analysis.

Individual Parts Retention Time
(min)

Peak Height
(uV)

Peak Area
(uV·s)

Actual Concentration
(%)

Carbon dioxide 7.228 217 13,754 0.137
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The actual capacity of the material is 7.80 mmol·g−1, which is slightly below the maxi-
mum CO2 capture capacity of existing industrial use of hydramine, which is 8 mmol·g−1 [26].
Although the actual capture capacity of the material proposed in this paper is slightly lower
than the highest industrial capacity currently, the ideal capture capacity of the material, i.e.,
9.26 mmol·g−1, is in excess of the highest industrial capture capacity. It is assumed that
with adjustments to the preparation conditions, such as the proportion of raw materials
and the mixing time, the actual capture capacity is expected to be closer to the ideal value,
thus exceeding the existing industrial CO2 capture capacity.

4. Conclusions

In this paper, poly(anthraquinone)/multi-walled carbon nanotube composites were
successfully prepared by π–π stacking using magnetic stirring method. Besides, their struc-
tures were analyzed by means of Fourier infrared spectroscopy and transmission electron
microscopy tests. Moreover, PAQ/MWCNTs were loaded onto the surface of carbon cloth
electrode at 0.02 mg·cm2, and carbon dioxide capture under electrochemical conditions was
performed using the electrode of this material. The main conclusions are as follows:

1. The material is structurally composed of poly(anthraquinone) with a width of about
2 nm covered by multi-walled carbon nanotubes. Besides, electrochemically, the mate-
rial had good redox reversibility, its carbon dioxide capture capacity was 7.80 mmol·g−1

with 73.4% material utilization;
2. The magnetic stirring method proposed in this experiment was simpler in terms of

steps as compared with the metal-organic dehalogenated polycondensation and the
combined ultrasonication method used by previous researchers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos13040543/s1, Table S1. Technical indicators of the IR/Nicolet
6700 Fourier transform infrared spectrometer; Table S2. Technical indicators of JEM-2100F transmis-
sion electron microscopy; Table S3. Technical indicators of Zennium electrochemical workstation;
Table S4. Technical indicators of GC-14B gas chromatograph.
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