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ABSTRACT

The harmful impacts of carbon dioxide (CO,) emissions are represented mainly
in global warming as a major greenhouse gas, health problem issues, and
pollution. As a result, there is currently worldwide interest in developing
efficient adsorbents with high adsorption capacity for CO, gas. In this work,
the adsorbent nanocomposites were synthesized from different loadings of
graphene quantum dots (10, 20, and 30%) with carbon nanotubes (CNTs)
using the ultrasonication method. The prepared nanocomposites were charac-
terized by XRD, HR-TEM UV-Vis, Raman, and BET, techniques to investigate their
chemical and physical characteristics. The samples reveal a high surface area
and porosity. The optical band gap was calculated for the nanocomposites; it
decreased upon increasing the ratio of the GQDs, since the 30% GQDs/CNT
show an Eg of about 1.93 eV compared to 2.1 eV for the 10% and 20% GQDs/
CNTs. The samples of 20% and 30% GQDs/CNTs revealed the highest active site
density; furthermore, they showed the best performance for CO, gas capture of
about 24.6 mmol. g~' and 25 mmol. g~', which makes these nanocomposites
efficient adsorbents for CO, emissions.
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Introduction

Under normal atmospheric conditions, carbon dioxide is colorless, nonflam-
mable, and less abundant than oxygen and nitrogen in the surrounding
atmosphere. The importance of carbon dioxide comes from its ability to
keep our planet warm. Its concentrations are in the range of 400 ppm and
270 ppm after and before human industrial activity [1]. The emission of
carbon dioxide in the atmosphere has increased rapidly due to the industrial
revolution. The harmful impacts of carbon dioxide emissions are represented
mainly in global warming, health problem issues, and pollution [2]. Different
heavy industries such as mining, automobile manufacturing, steel, and
cement industries release huge quantities of carbon dioxide into the air
[3,4]. To realize the emitted amount of carbon dioxide in the atmosphere
we can imagine that each ton of cement produces approximately 800 kg of
carbon dioxide. Going forward from its harmful effects on both human beings
and the environment, CO, capture is not a luxury, it requires great attention
from academia and industrial policymakers [5]. The CO, capture can be
executed through different strategies including physical adsorption by solids,
chemical absorption by amine solutions, cryogenic distillation, and mem-
brane separation [6,7]. CO, capture by amine solutions is used commercially,
however some disadvantages related to cost, equipment corrosion, or degra-
dation of the solvent were encountered, thereby physical adsorption is an
alternative [8]. Different functional materials including but not limited to
metal organic framework (MOF) [9], polymers, zeolite, fly ash, silica, and
carbon nanomaterials were recommended and studied as a potential candi-
date for CO, capture [10].

The nanocarbon-based materials are made up of carbon with varied
morphology on nanoscale. These materials comprise 0D, 1D, 2D, and 3D
nanostructures such as graphene quantum dots (GQDs), carbon nanotubes
(CNTs), graphene (G), and graphene foam (GF), respectively [11-13]. In
addition to the most common properties of carbon nanomaterials, CNTs
are characterized by hollow structures in addition to the ability of attach-
ing different functional groups on its surface through chemical or thermal
treatment [14,15]. One of the most recently examined members of the
carbon nanomaterials for CO, capture is GQDs. GQDs are 0D nanoparticles
having a size less than 10 nm [16]. It has a good reputation in scientific
media as it shows a promising attitude in many applications. GQDs have
a potential application in photocatalysis [17], electrocatalysis, optoelectro-
nic devices, biomedical applications [18], supercapacitors [19], and CO,
adsorption [20] due to low toxicity, biocompatibility, stability, adjustable
optical and electrical properties, and low fabrication cost [21]. Among
synthesized methods of GQDs [22], the hydrothermal route is the most
popular one due to the high yield, low production cost, and low energy
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consumption [23]. Recently, Zhu et al fabricated a membrane based on
GQDs for CO, separation. A new method based on microalgae has been
developed by Guo et al for producing two types of carbon materials
(carbon quantum dots and porous carbon). They proved the effectiveness
of the synthesized structure for cellular imaging and CO, capture and
reported that the adsorption capacity of 4.2 and 6.9mmol g~' at ~1 bar
at 298°K and 273 °K, respectively, has been achieved [20]. Smart CO,-philic
membranes for highly efficient CO, separation and sensitive online CO,
detection have been synthesized using optical active GQD@Pebax by Yeh
Y-J et.al [24].

The main objective of this work is to investigate the effect of the amount of
GQDs loaded over CNTs on the CO, capture efficiency. Different amounts of
GQDs (10%, 20%, and 30%) were loaded on the external surface of multi-
walled carbon nanotubes (MWCNTSs) via the ultrasonication method. The
properties of the resultant structures were investigated through XRD,
HRTEM, UV-Vis, Raman and BET analysis. The earlier mentioned techniques
demonstrate the successful decoration of GQDs over the external surface of
MWCNTs. The HRTEM proved the successful attachment of GQDs on the
external surface of MWCNTs. The average crystallite size of GQDs was esti-
mated from XRD and found about 2 nm. To the best knowledge of the
authors, this is the first study that reports CO, capture using GQDs/CNTs
nanocomposite. The CO, capture of 24.6 mmol. g~ and 25 mmol. g~' were
verified for 20% GQD/CNTs and 30% GQD/CNT with basic site densities of
0.28 and 0.25, respectively, in addition to pore size diameters of 49.6 nm and
52.3 nm, respectively.

Chemicals

Citric acid (CgHgO5, 99.5%), and sodium hydroxide (NaOH, = 97%) were
obtained from Fisher Chemical. MWCNTs were synthesized using atmospheric
pressure chemical vapor deposition using acetylene as a carbon source. Milli-Q
water was used throughout all experiments.

Synthesizing method

The experimental work was executed via two main steps; the first step
comprises the GQDs synthesizing, while the second step is intended for
decorating the surface of MWCNTs with different amounts of GQDs.
MWCNTs have been synthesized through atmospheric chemical vapor
deposition. The details regarding the synthesizing method of MWCNTs and
GQDs can be found in previously published articles [25,26].
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Synthesis of GQDs using pyrolysis method

The GQDs were obtained through the pyrolysis technique. In brief, 5 grams of
CeHgO5 has been melted in a ceramic crucible at 180°C for 12 h, then allowed to
cool naturally to room temperature. 1 M of NaOH solution was poured into the
melted citric acid at this stage the color was changed to yellow. The resultant
mixture was rinsed in deionized water and washed several times till neutraliza-
tion, finally the powder dried at 80°C overnight. The subsequent step comprises
the attachment of GQDs externally to the outer surface of MWCNTs.

Synthesis of GQDs/CNTs nanocomposite with different ratios of GQDs

30 mg of MWCNTs were dispersed in 50 ml of H,O using ultrasonic homo-
genized for 30 min. The amount of MWCNTs is fixed for different amounts of
GQDs. Different loading ratios of 10%, 20%, and 30% of the pre-synthesized
GQDs were added to the MWCNTs suspension. The MWCNTs and GQDs
mixture was sonicated for 30 minutes, filtered, washed, and dried. The resul-
tant composites were investigated using different characterization techni-
ques. The schematic representation of the synthesizing method is reported in
Figure 1.

Characterization techniques

The crystal structure and related structure parameters were identified
and calculated using the X-ray diffraction (XRD) technique. The Malvern
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Figure 1. The schematic diagram of the synthesizing procedures of GQDs/CNTs.
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Panalytical Empyrean 3 XRD diffractometer with Copper Ka, from 5-90°
was used to obtain XRD patterns. The morphological features and
detailed microstructure were explored by a high-resolution transmission
electron microscope (HR-TEM) (JEM 2100, JEOL HR-TEM microscope)
operated at 200 KVA. The UV-Vis spectrum was acquired using Agilent
Cary5000 in the spectral range from 200 to 800 cm™'. The Raman bands
of the studied composites were verified using a confocal Raman micro-
scope (Witec Alpha 300 RA, 514 nm excitation). The BET surface area,
average pore diameter, and pore volume were measured using
BELSORPP MAX II.

CO, capture measurements

The CO, capacity of the prepared samples was evaluated using a chemisorption
technique by the temperature-programmed desorption of carbon dioxide (CO,)
that was used to determine the amount and strength of the basic sites and the
capacity of prepared samples to store the CO, gas. The catalyst (50 mg) was pre-
treated at 200 °C under a stream of Helium gas (50 mL min~") for 2 h, then cooled
down to 40 °C. After that, the CO, gas was introduced into the flow system for
30 min, followed by purging with Helium gas was flowed at 40 °C for 15 min to
remove the physically adsorbed CO,. After that, the sample was heated at a rate of
10 °C/min up to 1000 °C, to desorb the stored CO, gas into the samples, the data
were recorded by thermal conductivity detector (TCD). The amount of desorbed
CO, gas was calculated by the area under the curves and compared with the
standard gas sample.

Results and discussion

The XRD patterns of the as-prepared nanomaterials are depicted in Figure 2.
The XRD pattern of MWCNTs (Figure 2a) demonstrates a main diffraction peak

— CNT: 30%
(a) —_— GQDSS (b) —20%

WMWM
i

T T T T T T T T T T T T T T T T T T
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Figure 2. The XRD pattern of the synthesized materials, a) CNTs and GQDs and b) GQDs/
CNTscomposite.
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at 45° corresponding to the (001) diffraction plane of MWCNTs. Furthermore,
the diffraction pattern of GQDs (Figure 2a) has four diffraction peaks at 11°,
25°, 35°, and 42°, corresponding to (111), (400), (440), and (622) diffraction
planes. The obtained pattern is in good agreement with standard card No. 01-
082-2261. The XRD pattern of GQDs exhibited diffraction peaks at 25.57°,
35.65°% and 42.33° that can be indexed to the (111), (400), (440), and (622)
which coincidence with card No. 01-082-2261 [25]. The broadness of the main
diffraction peaks is characteristic of the small sizes of the GQDs. The estimated
crystallite size of GQDs (from Deby — Scherrer) was about 2 nm. The three
measured patterns of CNTs/GQDs (Figure 2b) have a broad diffraction peak at
43° corresponding to (001) of carbon nanotubes in addition to a less intense
peak at approximately 15° that confirms the presence of GQDs in the pre-
pared composites. The intensity of the minor peak increases as the amount of
the GQDs increases. Some related structural parameters were calculated to
get more information regarding the crystal structure of the prepared samples.
The calculated parameters represented in Table 1 are crystallite size (D),
lattice strain (g), inter-planar distance (d), dislocation density (6), number of
crystallite sizes per unit area (N), and distortion parameters (g). The stated
parameters were calculated using the following formula [25,27,28]:

k) x (A
5. { (k) x (N } -
(Bo) x (Cos6)
Po
E=q——— 2
{4 x sin@ 2
A
- 3
2sin® 3]
1
5= {D_} g
d
N = o2 [5]
B
S 6
g tan© ]
Table 1. The calculated structure parameters of the synthesized structures.
Sample D (nm) d-spacing &) € & (nm7?) N g
10% 26.55051 0.19062 0.003231 0.001419  0.00027 0.012923
20% 6.83408 0.195739 0.012889  0.021411  0.004191  0.051555

30% 5.471397 0.193843 0.015943 0.033404 0.006475 0.063771
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Where M\ is the wavelength for the X-ray source (CuKa), 3 represents the full
width at the median of the highest value, and 0 is the diffraction angle. The
average crystallite size decreases as the amount of loaded GQDs increases.
The distortion parameter, dislocation density, and lattice strain increase due
to the incorporation of GQDs with MWCNTs. It is well known that the insertion
of forging atoms or molecules increases the strain inside the host matrix. The
number of crystallite size per unit area was also increased as the faction of
GQDs increased. This means that more particles are packaged in the same
volume, and this seems to be logical as the amount of tiny GQDs
increases with increasing concentration in the studied structures.

The HR-TEM has been utilized to elaborate detailed morphological fea-
tures and particle size of the prepared nanocomposites. The selected area
electron diffraction (SAED) was also captured to investigate the crystal struc-
ture of the sample. The HR-TEM of the 30% sample at different
magnifications is illustrated in Figure 3.

The common morphological feature (Figure 3a) of the present captures
reveals different two types of nanocarbon structures, carbon nanotubes and
tinny spherical nanocarbon particles. The carbon nanotubes have a hollow
tubular structure. It is composed of multi-concentrated tubes confirming the
multiwall structure of the MWCNTs., furthermore, it reveals that the GQDs
appear as minuscule particles attached externally to the outer surface of
MWCNTs. The size of the GQDs was measured and found to be as low as 1
nm as demonstrated in Figure 3b, c. Some agglomeration was also observed,
this could be due to the attached functional groups. The SAED of Figure 3d
demonstrates concentrated continuous rings that confirm the polycrystalline
structure of the prepared composite. The HR-TEM in conjunction with the
XRD diffraction pattern confirms the successful incorporation of GQDs and
MW(CNTs.

The optical properties of the studied structures have been demon-
strated using UV-Vis measurements in the spectral range of 200-800 nm
as demonstrated in Figure 4. The UV-Vis spectra of MWCNTSs displayed in
Figure 4a showed an absorption peak at 250 nm. It was observed that the

10 1/nm

Figure 3. The HR-TEM of the sample 30% a), b), and c) at different magnifications, and d)
SAED.
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Figure 4. Optical properties of the synthesized nanomaterials and nanocomposites a)
UV- Vis spectrum of all synthesized nanomaterials and nanocomposites, b) energy band
gap of 10% sample, ) energy band gap of 20% sample, and d) energy band gap of 30%
sample.

absorption band of MWCNTs is weak and that could be related to the
bundling of nanotubes. It was reported that just segregated nanotubes
have absorption peaks in the UV-Vis region, while the agglomerated
carbon nanotubes have no peaks in the same region [29]. The absorption
peak of MWCNTSs in the UV-Vis region confirms the dispersibility of synthe-
sized MWCNTSs, as well as the absorption peak at 225 nm which confirms
the presence of GQDs. This peak is related to the m-m* transition of sp?
domains in GQDs [30]. The UV-Vis absorption shoulder peak of GQDs at
225 nm was shifted to 260 nm after combining the CNTs and GQDs. This
shift confirms the successful incorporation of GQDs and MWCNTSs via n-it
interaction. This interaction occurs between sp® hybridized regions of
GQDs and the external surface of the MWCNTs [31]. The energy band
gap was calculated from the UV-Vis spectra using the following Equation
(equation 7):

ahv = (hv — Eg)2 7]
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The E4 represents the energy band gap, a is the absorption coefficient, and
h is devoted to the Plank’s constant. The band gap energy is obtained from
the tangent of the (ahv)"? and hv plotting. The estimated band gap energies
are 2.1 ev, 2.1 ev, and 1.93 ev for 10%, 20%, and 30% as shown in Figure 4b-d,
respectively. It can be recognized that the band gap energy of 10% and 20%
samples have the same value, while this value decreased for the 30% sample.

Raman spectroscopy is one of the most trusted tools for identifying
nanocarbon-based materials. The Raman spectra of the synthesized materials
were measured with the excitation laser source of 532 nm as shown in
Figure 5. The obtained spectrum revealed three standard Raman shifts of D,
G, and G. The D band at 1340 cm™ is due to the disordered active Raman
mode. The G band at 1570 cm™"' originated from the stretching vibration of
the in-plane mode (E; o) band [32]. The third G'band at 2666 cm™" represents -
the second mode of vibrations in the carbon atoms [33,34]. The origin of the
G' band is attributed to the backscatter phonons and a scarce imperfection
such as twisting, corrugation, and edges [35]. The most interesting value that
can be deduced from the Raman spectrum is the Ip/lg ratio. This ratio is
commonly represented as a key factor for estimating the functionalization
degree of nanomaterials. From another point of view, the Ip/lg ratio is
equivalent to SP’/SP?, where the G band is not influenced by the presence
of defects, while the D-band is promoted by the existence of sp3 defects [36].
The estimated values for Ip/lg were 0.89, 0.93, and 0.95 for 10%, 20%, and 30%
samples, respectively. the Ip/lg value increases as the amount of GQDs
increases, which could be an indication of increasing the defects. These
defects act as active sites for adsorbing CO, molecules.

G —30%
D G —20%
0.95 —10%
=
x
i 0.93
g
E
0.89

T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Raman shift, cm'1

Figure 5. The Raman spectrum of 10%, 20%, and 30% samples.
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Nitrogen adsorption-desorption isotherms were used to calculate the BET-
specific surface area and pore size distribution in the CNTs and GQDs/CNTs
nanocomposites, which are illustrated in Figure 6. It is interesting to note that
all isotherms belong to the type Il b isotherm with H3 hysteresis loops as
(BDDT classification) [37]. The apparent hysteresis loop in the relative pres-
sure range of 0.9-1.0 indicates that the adsorption is associated with semi-
filled pores in multilayer or macroporous particles [38].

The calculated BET and average pore diameter parameters for each sample
are listed in Table 2. It is noteworthy that the calculated BET decreased with
an increase in the GQDs ratio; it is also the average pore diameter and pore
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——CNT
——1mw6opient [—o— CNT
0.008 ——20% GQD/CNT
swsaepent |—— 10% GQD/CNT
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Figure 6. Adsorption-desorption isotherm of CNTs and its composites with GQDs (inset)
pore size distribution.

Table 2. Specific surface areas and pore structures of as-synthesized CNTs and their
composites.

pore volume
Sample Surface area m*/g Average pore diameter. nm g™
CNT 114.4 759 249
10% GQDs/CNTs 109.4 56.5 1.90
20% GQDs/CNTs 86.8 49.6 1.45

30% GQDs/CNTs 96.5 523 1.56
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volume that decreased with an increase in the GQDs ratio that indicates the
GQDs blocked the cylindrical tube of MWCNTSs [39] that corresponded with
the TEM view.

To measure the ability of samples to trap CO, gas, they should be
exposed to the flow rate of CO, gas under a temperature-programmed
desorption system. The CO, capture test was carried out by pretreat-
ment of samples using He gas (30 ml min~") with an increase in tem-
perature up to 200°C for 2h to remove any adsorbed gas on the
sample’s surface [40]. After that, the samples were cooled to 40 °C,
then the CO, gas was loaded with a flow rate of 30 mL/min for 30 min,
and then the saturated powder samples were purged with He (30
mL/min) for 15 min to remove residual or physisorbed CO, on the
surface of the samples. The CO, gas that was captured into the sample
by the chemisorption mechanism was determined by increasing the
temperature to 1000 °C at a heating rate of 10 °C/min. The volume of
CO, that was desorbed has been determined using a thermal conduc-
tivity detector (TCD). The amount of CO, desorbed was calculated by
integrating the TPD curves, which reveal that the capacity of the CO,
capture increased with an increase in the GQDs in the samples.

The amounts of CO, adsorbed into the sample are 2, 8.3, 24, and
25 mmol. g_1 for pristine CNTs, 10% GQD/CNT, 20% GQD/CNT, and 30%
GQD/CNTs, respectively, as shown in Figure 7. Table 3 shows the
amount of captured CO, gas and the comparison with the surface
area and basic sites density [41]. The table values and Figure 8 revealed

2500
o CNT

o 10% GQD/CNT

2 o 20% GQD/CNT

0001 5 30% GQD/CNT

/TS T T T T T T s - 1000
/ e /
/ o
15001 25 mmol/g o
2 2
= ‘ =
a g ' 2
E 1000 7@' 24 mmol/g . CO2 cupture g-
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/
U I — . N
i . ' - 900
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Figure 7. CO,-TPD profiles of CNTs and its composites.
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Table 3. CO,-TPD data of as-synthesized CNTs and its composites.

sample CO2 desorption peak area CO, mmol/g S Am%g Basic sites density
CNTs 170,186 2 114.4 0.017
10% GQD/CNTs 707464 8.314 109.4 0.075
20% GQD/CNTs 2047957 24.666 86.8 0.28
30% GQD/CNTs 2127482 25.001 96.5 0.25
120
-0.3
£
100 | —=— Surface area =
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Figure 8. Summary comparison for CNT and its composites using SA, basic sites, and
basic sites’ density.

that the 20% GQDs/CNTs and 30% GQDs/CNTs showed the lowest value
of the surface area and average pore diameter. Furthermore, the 30%
GQDs/CNTs and 20% GQDs/CNTs showed the best performance for the
CO, gas capture of about 25 mmol. g~' and 24.6 mmol. g~'. This results
due to the increase of the active site density on the surfaces of 20%
and 30 % GQDs/CNTs compared to the other samples. Also, due to the
small pore diameter, the desorption peaks occurred at high
temperatures.

Conclusion

In this study, the effect of the loading ratio of GQDs in the GQDs/CNTs
nanocomposite was investigated on the CO, capture. Therefore, different
amounts of GDQs (10%, 20%, and 30%) were loaded on the surface of
Multiwalled carbon nanotubes via ultrasonication method. The properties
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of the resultant structures were investigated through XRD, HR-TEM, UV-Vis,
Raman and BET analysis. The XRD patterns of the samples confirm the
presence of the GQDs and the CNTs, as well as the average crystallite size
decreases as the amount of loaded GQDs increases. The distortion parameter,
dislocation density, and lattice strain increase due to the incorporation of
GQDs with MWCNTs. The HR-TEM confirms that the GQDs are well incorpo-
rated in the CNTs, and this is also proved from the surface area and porosity of
the samples, since the BET surface area, the average pore diameter, and the
pore volume decreased with increasing the GQDs ratio indicate that the
GQDs blocked the cylindrical tube of MWCNTSs. The optical band gap was
calculated for the nanocomposites, it was decreased upon increasing the
ratio of the GQDs, since the 30% GQDs/CNT shows E4 of about 1.93 ev
compared to 2.1ev for the 10% and 20% GQDs/CNTs. The CO, capture of
24.6mmol. g~' and 25 mmol. g~ was verified for 20% GQD/CNT and 30%
GQD/CNT with basic site densities of 0.28 and 0.25, respectively, in addition to
pore size diameters of 49.6 nm and 52.3 nm, respectively.
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