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ABSTRACT

Solving the problem of the environment related to CO, emission is an urgent and challenging task
to prevent the escalation of climate change, which is due to increasing energy demand from fossil
fuels and industrial activities. Using graphene to capture CO, gas is of great interest to mitigate
global warming, where CO, capture by doped graphene has been shown to significantly improve
the CO, adsorption capacity compared to that of pure graphene. In particular, N-doped graphene is
a unique structure that was suggested for CO, capture by the adsorption phenomenon. However,
there is no research available to clarify nitrogen doping concentration in graphene on CO, adsorp-
tion. Therefore, this work has been devoted to elucidating the problem using the density functional
theory method considering van der Waals interaction. We showed that increasing the doping con-
tent of nitrogen by 3.1, 6.3, 9.4, and 12.5 % will increase the CO, adsorption energy, monotonically
for N content below 9.4 % and significantly for 12.5 %. The most favorable adsorption configuration
of the CO, molecule should be parallel to the surface of the N-doped graphene. The structure of
the substrate at 12.5 % N distorted upon the CO, adsorption; therefore, the substrate is more active
for CO, capture. The physical meaning underlying the interaction of the N@graphene system is ph-
ysisorption, which is due to the contribution of the N p, state and the CO, p, state along the surface
normal of the substrate. Increasing the N-doping content shifts down the unoccupied states of the
N p, orbital in the conduction band across the Fermi level to the valence band. Hence, the popu-
lation of the occupied state at the Fermi level increases as increasing the N-doping concentration,
leading to the stronger interaction of the CO, molecule with the N@graphene substrate. The re-
sults should be useful for the rational design of suitable N@graphene substrates for CO, capture

and storage applications.
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INTRODUCTION

Capturing and storing CO; by adsorption is a vi-
able method attracting much attention to control
the amount of CO;, released into the environment,
which is the cause of climate change. Finding suit-
able adsorbents for efficient and low-cost CO; cap-
Various CO,
adsorbents such as zeolites!, amine-enriched car-

ture is challenging for researchers.

bon sorbent?, hydrotalcite-like compound3, molec-

ular sieves”

, metal-organic frameworks®, carbon-
based materials®, porous graphene and nitrogen-
doped graphene ’~'? have been investigated.

Graphene is not only a transparent material with a
large surface area, high mechanical strength, and high
carrier mobility but also has a good surface struc-
ture for the CO; adsorption sites’. Doping graphene
with N could offer high CO, adsorption capacity '.
The N atoms in the graphene structure enhanced the
interaction energies'’. Many approaches have been
used to fabricate N-doped graphene'"!'?. Experi-
mental results showed that CO, adsorption capabil-

ity significantly increased when doping nitrogen in

the pyridinic and pyrrolic forms®. Theoretical stud-
ies have demonstrated that graphitic-doping nitro-
gen is more stable than the pyridinic and pyrrolic
Gen-

erally, the literature ha analyzed the CO, adsorption
14,15

forms in the free-standing graphene layer '°.
on the N@graphene system . However, no stud-
ies are available to clarify the influences of the N con-
centration on CO, adsorption. Therefore, we investi-
gated the CO; adsorption on the N@graphene system
based on density function theory calculations with
van der Waals interaction by analyzing the geometric
structures and physical properties of the N@graphene
system. Graphitic nitrogen concentrations vary from
3.1,6.3,and 9.4, to 12.5 %.

METHOD

In the present work, we analyzed the geometric struc-
ture, total energy, and electronic properties of CO,
on the N@graphene using the van der Waals density
functional theory method integrated into the VASP

16

code 9720, The exchange-correlation energy was con-

sidered by using the Perdew-Burke-Ernzerhof gen-
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eralized gradient approximation (GGA-PBE)?!~2?,
The valence electron-ion interactions were described
by using the projector-augmented-wave method >,
We used Monkhorst-PacK’s special k-point sampling
technique with a 3x3x 1 k-point grid for structure op-
timization and total energy calculation?°. The plane-
wave cutoff energy was 400 eV. We used the Gaus-
sian smearing of order 0 with the width of 0.1 eV for
a better convergence speed of the calculations. The
N@graphene system was modeled using the 4x4 unit
cell with a vacuum space of 18 A in a perpendicular di-
rection to the surface of the N@graphene system. All-
atom positions of the N@graphene/CO; system were
fully relaxed during the geometry optimization with
the upper criterion of 0.001 eVA~! for interatomic
forces.

To evaluate the adsorption capacity of CO;, on the
N@graphene, we used the following formula:

Ea = EsthrCOz - (Exub + ECOQ) B (1)

total
Egp and Ecp,) are

where,
N@graphene/CO; system.
total energies of clean substrate and isolated COj,

Egpico, 1is the energy of

respectively.

RESULTS AND DISCUSSION
Substrates of N@graphene

We optimized the possible structure of the
N@graphene substrates according to the nitro-
gen content of 3.1, 6.3, 9.4, and 12.5 % by substituting
one, two, three, and four nitrogen atoms into the
graphene unit cell, respectively. The N-doping con-
tent in graphene varying from 3.1 to 9.4 % has been
investigated previously for other applications?”*%,
We focused only on the close arrangement of the N
atoms in the unit cell because the far-away dispersion
will approach the case of the single N atom doping .
The optimized structures were listed in Figure 1,
where, Ny, Ny, N3, and Ny are the denotation for the
substitution of one, two, three, and four N atoms,
respectively. The A, B, C, and D symbols represented
the position of the N atoms in the graphene unit cell.
For doping one N atom (3.1 %), all possibilities are
equivalent and denoted as Ny. For doping two and
more N atoms, we considered four structures (Ng4,
Noag, Noac, and Nogp) for 6.3 %, two structures
(N3a4p and N3upp) for 9.4 %, and four structures
(N4aaBp> Naaap> Naaapc, and Nygapp) for 12.5
%. For each percent of doping, there are many
possible arrangement of the N atoms. However,
for the selected substrates, we have shown in the

following parts that we had found the simple rule
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of the adsorption energy of CO, molecule on the N
content. We also optimized the unit cell size for each
N content; however, they remain almost the same as
that of the pure graphene.

CO;, molecule on N@graphene substrates

We investigated CO; adsorption on the optimized
N@graphene substrates by initially placing the CO,
molecule with parallel and incline configurations with
a distance of 3 A to the surface. We first performed
a structural optimization, then calculated CO, ad-
sorption energy. Table 1 showed that all the calcu-
lated values of adsorption energy are negative. The
more negative adsorption energy, the more stable the
configuration of the CO, adsorption will be. The fa-
vorable order of the CO, adsorption is Npg4 > Noac
> Noap > Noag for 6.3 %, NSABB ~ N3AAB for 9.4
%, and Naaapp > Naaapp > Naaapp > Naaapc for
12.5 % N. The favorable order of the CO; adsorp-
tion on the N, substrates is similar to that of water

on the N@graphenezs.

Therefore, the most favor-
able adsorption configuration of the CO, molecule
was found on the N, Noaa, N3agg, and Nyaapp sub-
strates for the N-doping percentage of 3.1, 6.3, 9.4,
and 12.5 %, respectively. Shown in Figure 2 is the
most favorable adsorption configuration for each N-
doping content.

The CO; molecule in the most favorable adsorption
configuration locates almost parallel to the substrates’
surface, see Figure 2. The average bond length to the
surface is about 3.19 A for the Nj, N», and N3 sub-
strates. However, the bond length becomes shorter
than 3.0 A for the Ny substrate. The configuration,
adsorption energy, and bond length to the N; slab
of the CO, molecule are in good agreement with the
study'®. Two oxygen atoms on top of the N atoms
offer the most favorable adsorption configuration of
CO; on Nogy. For the N3spp slab, the C atom of the
CO3 molecule on the hollow site of the benzene ring
and one oxygen atom on the top of the C atom nearest
to one N atom in the substrate should be the most fa-
vorable configuration. For the Nygspp substrate, the
C-O bond of CO; is parallel to the N-N bond in the
substrate, while the left oxygen atom of CO, is on the
hollow site of the benzene ring.

Figure 3 shows the dependence of the CO, adsorption
energy on the N-doped concentration in graphene.
The adsorption energy monotonically decreases, and
the adsorption strength increases as the doping con-
tent increases. With doping content 3.1, 6.3, and 9.4
%, the behavior is linear; however, it becomes signif-
icantly more negative for 12.5 % N. This behavior of



Science & Technology Development Journal - Engineering and Technology 2023, 6(1):1809-1816

&
&

Noaa Naag Naac

Niare Nsaas Naiaarp

644
0
2

NiasBB Niaasc Niaspp

Figure 1: The substrate models of the graphitic N@graphene N;, N,, N3, and N4 with a nitrogen content of 3.1,
6.3,9.4, and 12.5 %, respectively. The nitrogen atom (blue) and the carbon atom (gray).
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Figure 2: The most favorable adsorption configuration of CO, on the N@graphene substrates with nitrogen atom
content of 3.1, 6.3, 9.4, and 12.5 % in that order. The carbon atom of graphene (gray), the nitrogen atom (blue),
the oxygen atom (red), and the C atom of CO, molecule (green).

Table 1: CO, adsorption energy is E, (eV), and dg;_ ., (A) is the average bond length of the CO, molecule with
the substrate surface

N-doping content (%) E, (eV) dgas=sub (A)
3.1 -0.312 3.17
N; N
6.3 -0.325 -0.316 -0.322 -0.310 3.21
Noaa Noap Noac Noag Noaa
94 -0.338 -0.337 3.19
N3aps N3aas INEYY
12.5 -0.343 -0.324 -0.326 -0.549 2.96
Naaags N4aapc Nyaasp Naaapp Naaapp
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the adsorption energy on the N-doping content can
be explained when considering the changes in the ge-
ometry and electronic properties.

-03
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Figure 3: Adsorption energy of CO, molecule versus
N doping content in graphene.

Analyzing the substrate structure before and after the
CO, adsorption showed that no significant changes
have been found for the N-doped content from 3.1 to
9.4 %. When the N-doped content increased to 12.5
%, the geometrical structure of the substrate had a
buckling shape around the CO, adsorption site com-
pared with the structure of the clean substrate, see Fig-
ure 4. Figure 4b shows that the Al and D2 atoms
moved up about 0.01 A; while A2 and D1 moved
down about 0.02 A in comparison to the isolated sub-
strate structure Figure 4a. The total undulating dis-
tance is about 0.03 A.

Electronic properties of N@graphene/CO,
system

The interaction between CO, and the graphene sub-
strate can be explained via the Bader charge analy-
sis, as shown in Table 2. We found that the O and C
atoms of CO, molecule always accumulate and donate
charge, respectively. Also, the N and C atoms of the
graphene substrate gain and lose charge in that order.
The result is that the CO, molecule gain the negative
charge from the graphene substrates. We also find that
the charge exchange is small for 3.1, 6.3, and 9.4 %
N, while it is significant for 12.5 % N. This behavior
is consistent with that of adsorption energy analyzed
above.

To understand which electronic states of CO, and the
N@graphene dominate the interaction, we analyzed
the density of states, as visualized in Figure 5.

As the N-doping content increases, the unoccupied
state of the N p, orbital in the conduction band shift
down across the Fermi level to the valence band. The
higher the N doping content, the more the occupied
state of N p, will become. Therefore, the population

1812

of the occupied state at the Fermi level increases, lead-
ing to a stronger interaction of the CO, molecule with
the substrates because the occupied states of the sub-
strates will attract the unoccupied py;, py, and p, states
of CO,. Upon increasing the N content, these states
of CO, move closer to the Fermi level, leading to a
stronger interaction with the occupied state of N p;.
Especially, for the N content of 3.1, 6.3, and 9.4 %, the
unoccupied states of the CO, molecule do not cross
the Fermi level. Therefore, the charge exchange is ig-
norable, while it is significant due to the unoccupied
state of CO, p; crossing the Fermi level for the N dop-
ing content of 12.5 %. Thereby, the interaction of the
CO, molecule with the substrates is the electrostatic
attraction for 3.1, 6.3, and 9.4 %, and the charge ex-
change for 12.5 % N. This finding agrees with the anal-
ysis of Bader’s charge above. We can state that the
CO, p, state becoming occupied is the reason for the
charge exchange of the N@graphene system and sig-
nificantly enhanced the CO;, adsorption energy for
12.5 % N. As observed in Figure 6, the charge clouds
of the N atoms and the oxygen atoms exhibit the shape
of p, orbitals (look like bowling pin along the surface
normal).

CONCLUSION

We have elucidated the influences of the N concentra-
tion in graphene on CO, adsorption by the van der
Waals density functional theory approach. Our re-
sults showed that the p, orbital state of the doped ni-
trogen shifted down to increase the occupied states at
the Fermi level upon the increase of N doping. These
occupied states of the N atoms enhanced the interac-
tion with the CO; unoccupied states to increase the
CO, adsorption energy. Particularly, the unoccupied
state of CO; p; orbital partially becoming the occu-
pied state lying in the top region of the valence band
increased the charge exchange and significantly en-
hanced the adsorption energy of CO; for 12.5 % N
over linear region 0.0, 3.1, 6.3, and 9.4 % N. The find-
ings contribute to the knowledge of the interaction be-
tween the N@graphene and CO, for applications in
CO; capture and sensors.
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Figure 4: The structure of the 12.5 % N substrate before (a) and after (b) the CO; adsorption. A1, D1, A2, and D2

denote the N atoms.

Table 2: Bader charge (e” ) for CO, adsorbed on N@graphene: (+) charge gain, (-) charge loss

N content (%) 3.1 6.3
20 4.015 4.013
C -4.000 -4.000
COy 0.015 0.013
All 2.621 5.343
All Cyypstrate -2.636 -5.356
Substrate -0.015 -0.013

9.4 12.5
4.017 4.167
-4.000 -4.000
0.017 0.167
8.288 10.764
-8.305 -10.931
-0.017 -0.167

E-Ep(eV)
EEp (V)

3 2 -1 0 1 2 3 A .
DOS DOS

DOS

Figure 5: Projected DOS of CO, molecule on the N@graphene substrates with different nitrogen contents, i.e., (a)
3.1 %, (b) 6.3 %, (c) 9.4 %, and (d) 12.5 %. The C p, and C p, states of the substrates are completely overlapping.
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Anh huéng néng dé pha tap N trong graphene 1én hap phu CO,

Ong Kim Le'"?, Viorel Chihaia3, D6 Ngoc Son'2"*

TOM TAT

Gidi quyét van dé moi truong lién quan dén phat thai CO, la nhiém vu cdp bach va thach thic
nhdm ngan chan su leo thang clia bién déi khi hau, do nhu cau nang luong ti nhién liéu hoa
thach va cac hoat déng cong nghiép ngay cang tang. St dung graphene dé bét gilr khi CO, rat
dugc quan tam dé gidm thiéu su ndng lén toan cau, trong do viéc thu gitt CO, bang graphene
pha tap d& dugc chiing minh la ci thién dang ké kha nang hap phu CO, so vdi graphene nguyén
chat. Dac biét, graphene pha tap N 1a mot cau tric doc déo duge dé xuat dé thu gitr CO, bang
hién tugng hap phu. Tuy nhién, hién chua cé nghién ctu nao lam rd anh huéng néng doé pha tap
nitc trong graphene déi vdéi su hdp phu CO,. Do d6, cong trinh nay dugc danh dé lam séng 6
van dé bang cach st dung phuong phap ly thuyét phiém ham mat dé co xem xét tuong tac van
der Waals. Chiing téi da chi ra rang, viéc tdng ham luong nitc pha tap lén 3,1, 6,3, 9,4 va 12,5% sé
lam tang nang lugng hdp phu CO,, mét cach don diéu doi véi ham lugng N dudi 9,4% va rat dang
ké d8i véi 12,5%. Cau hinh hdp phu thuan loi nhat ctia phan t& CO, la song song vai bé mat cla
graphene pha tap N. C4u trdc cta chat nén & 12,5% N bi bién dang khi hap phu CO,; do dé, la
chat nén cé muc do hoat hda cao hon dé thu gitr CO,. Y nghia vat ly lam co s& cho tuong tac clia
hé N@graphene chinh la su hdp phu vat ly, do su déng gdp ctia trang thai N p, va trang thai CO,
p, doc theo phuong phap tuyén bé mat clia chat nén. Viéc tang ham lugng pha tap N lam dich
chuyén céc trang théi khong chiém gilr ctia quy dao N p, trong viing dan vugt qua muc Fermi sang
vung hoa tri. Do dé, mat dé trang thai bi chiém & muic Fermi tang 1én khi tdng néng dé pha tap N,
dan dén tuong tac manh hon ctia phan tir CO, véi chat nén N@graphene. Cac két qua thu dugc
sé hiu ich cho viéc thiét ké cac chét nén N@graphene pht hgp cho cac tng dung thu git va luu
trir CO,.

Tu khoa: Khi doc, Bat gitr, Pha tap, Vat liéu hai chiéuy, Ly thuyét phiém ham mat d6, Tinh chat vat ly

Use your smartphone to scan this
QR code and download this article

"Truiong Dai hoc Bich Khoa TP. Ho6 Chi
Minh (HCMUT), 268 Budng Ly Thudng
Kiét, Qudn 10, TP H6 Chi Minh, Viét
Nam.

’Dai hoc Quéc gia Tp. H6 Chi Minh,
Phudng Linh Trung, TP. H6 Chi Minh,
Viét Nam.

*Vign Héa ly “Ilie Murgulescu” thugc
Vién han lam Romania, Splaiul
Independentei 202, Sector 6, 060021
Bucharest, Romania.

Lién he
D6 Ngoc Son, Trudng Pai hoc Bach Khoa TP,

H& Chi Minh (HCMUT), 268 Budng Ly Thudng
Kiét, Quan 10, TP. H6 Chi Minh, Viét Nam.

Bai hoc Quéc gia Tp. H6 Chi Minh, Phudng
Linh Trung, TP. H& Chi Minh, Viét Nam.

Email: dnson@hcmut.edu.vn

Lich st

® Ngay nhan: 02-9-2022

o Ngay chdp nhén: 04-5-2023
o Ngay ding: 31-5-2023

DOI : https://doi.org/10.32508/stdjet.v6i1.1040
M) Check for updates

Trich dan bai bao nay: Le O K, Chihaia V, Son D N. Anh huéng néng dé pha tap N trong graphene Ién
hap phu CO, Sci. Tech. Dev. J. - Eng. Tech.; 2023, 6(1):1809-1816.

1816


https://crossmark.crossref.org/dialog/?doi=10.32508/stdjet.v6i1.1040&domain=pdf&date_stamp=2023-5-31

	Effects of N-doped concentration in graphene on CO2 adsorption
	INTRODUCTION
	METHOD
	RESULTS AND DISCUSSION
	Substrates of N@graphene
	CO2 molecule on N@graphene substrates
	Electronic properties of N@graphene/CO2 system

	CONCLUSION
	ACKNOWLEDGMENT
	COMPETING INTERESTS
	AUTHORS' CONTRIBUTIONS
	References


