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Abstract: The adsorption property and decomposition process of N,O molecule on
Al-decorated graphene oxide (Al@GO) are investigated by using first-principles
calculations. The physical adsorbed N,O could be decomposed to N, molecule and O
atom bonded on Al@GO exothermally (2.33 eV per N,O molecule), indicating a
stronger interaction of Al cation and O anion of N,O. This interaction will be
enhanced with a positive external electric field, inducing the corresponding higher
binding energy and shortened daj.o. The decomposition barrier of N,O on A1@GO is
about 0.50 eV. Especially, for the elongated da.o and shortened do.N; in transition
state, the decomposition barrier is also decreased monotonously with the increasing
electric field. It is remarkable that the N,O decomposition process becomes almost

unimpeded and spontaneous under a positive electric field of 0.50 V/A. Al-decorated
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graphene oxide is expected as a new promising candidate for N,O decomposition with
enhanced adsorption and easier decomposition process.

Keywords: DFT; aluminum; electric field; decomposition barrier; PDOS

1. Introduction

N,O, which could cause a series of environmental problems like the ozone hole'
and the greenhouse effect?, attracts people’s attention to investigate its degradation.3’ 4
The decomposition of N,O into N, and O, is an eco-friendly way to deal with N,O
gas, as a two-step mechanism of N;O — N+ O and N,O + O — N; + O,. And the
first step is more pivotal, which is focused on by most scholars.” ® In order to
overcome the high barrier of N,O decomposition7'10, plenty of works have been done

11-16

to look for appropriate catalysts. Platinum heavy metals and some transition

17, 18
metals

could effectively decompose N,O with a relatively low barrier. It is
interesting that Al has been found similar catalytic effect with noble metals by A. L.
Yakovelv et al.’. Especially, 1. S. Chopra et al."” recently have found that Al could
also avoid the shortcomings such as high costs of platinum heavy metals and
transition metals while maintaining good catalytic effect.

Graphene oxide (GO) with large specific surface area and good mechanical
property is often served as the catalyst substrate.”” Besides, metal-decorated GO is

widely used in gas adsorption and catalytic de:composition.21'23

In these composites,
metal atoms or nano-particles are anchored on GO surface through the oxygen

functional groups dispersively and steady. For example, Al-decorated GO could
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enhance the adsorption of acid gas and avoid being oxidized at the same time,”

whose property is extremely effective for the degradation of N,O in the atmosphere.

On the other hand, an external electric field could be a valid measure to adjust the

24, 25 26-29

molecule adsorption and bonding state on substrate, which could effectively

change the corresponding reaction barrier.'" ¥

In this work, an eco-friendly light metal Al is selected to decorate GO to
investigate the process of N,O decomposition. The relaxed structure of adsorbed state
and decomposed state, the binding energy, charge transfer, partial density of state and

reaction barrier under different electric fields are carried out to discuss N,O

decomposition.

2. Methods and model

Our first-principles calculations are performed using the SIESTA code’ ** |

based on density functional theory (DFT)™ **. The exchange-correlation energy is
calculated within a uniform generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional.”> We adopt a plane wave cutoff of 150
Ry and a k-point mesh of 4 x 4 x 1 in the Monkhorst-Pack>® sampling scheme. The
structure optimization of adsorbed and decomposed states is performed by relaxing
the forces on all the atoms until the convergence precision of the forces is less than
0.02 eV/A.

Al-decorated GO is adopted as the substrate to investigate the adsorption and

decomposition processes of N,O. Based on the well-known GO model proposed by A.
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Lerf and J. Klinowski’” **, recently our former research has found two relatively
stable configurations of Al-decorated GO with adjacent double epoxies or adjacent
double hydroxyls (type I and IT shown in Figure 1).” In this work, a 4 x 4 x 1
hexagonal graphene supercell containing 32 carbon atoms is used as the initial model
for GO, as shown in Figure 1 (a). And we place GO in the xy plane (9.840 A % 9.840
A) and set the translation vector along z direction as 18 A to ensure that no interaction
occurs between the adjacent cell systems.

I 1.76 A

1.48 A

(b)

Figure 1. (a) The front views of type I and type II, (b) the plan views of type I and type II.

3. Results and discussion

3.1 N0 adsorption

I The adsorption of N,O on Al-decorated GO

Our calculations show that N>O could be absorbed stably on the type I site of

Al-decorated GO, while there is no steady state that N,O could be absorbed on the
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type Il site, as the hydrogen atoms passivation will weaken the chemical activity of Al
atom on the substrate. Therefore, Al-decorated GO with adjacent double epoxies
named Al@GO is selected in the following investigations. At the same time, the Al
metal diffusion and clustering would not occur on the AI@GO system through our
verification.

The adsorption of N,O molecule on Al1@GO is investigated in two configurations
according to the orientation of N,O, labeled as O-end and N-end structures as shown
in Figure 2. The binding energy Ey, of N,O on A1@GO is defined as

Ey = Eio — (Egubstrate + Egas),
where E\ is the total energy of Al@GO with an adsorbed N,O molecule, and Egpstrate,

E,,; are total energies of AlI@GO and N,O molecule, respectively.

The binding energy of N,O on Al@GO through O-end is —0.25 eV, which is
increased significantly compared with N,O on pristine graphene (-0.07 eV)'” and
similar to that of AI(OH);(H,0), (=0.23 eV)°. The distance between Al and O atom
of N,O molecule is 2.76 A and the lengths of N1-N2 and O-N1 bonds are almost
unchanged, suggesting that the physical adsorption of N>O on Al@GO is a kind of

electrostatic interaction. It agrees with the population analysis”’ 40

as plotted in
Figure 2 (b). An electrical dipole moment is formed between O atom (0.29 e) and Al

atom (-1.96 e), resulting in a relatively strong electrostatic interaction of N,O

molecule and A1@GO.

N>O molecule could be decomposed into N, molecule and O,q atom bonded on
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the Al@GO system. As shown in Figure 2 (a), the distance of Al atom and O atom is
1.67 A, showing a strong chemical bond forms between them. Besides, the distance
between N> molecule and O atom is 2.93 A while the bond length of N1-N2 is almost
unchanged compared to the previous adsorbed state, leading to a Van der Waals
adsorption of N, molecule on O-Al@GO substrate. The above structural changes
reflect old O-N1 bond rupture and new Al-O bond formation in whole system. In
addition, the relative energy of the decomposed state is 2.33 eV lower than that of the
adsorbed state, indicating a stronger interaction of Al-O bond than that of O-N1 bond.
Synthesizing these analyses, we could look forward to a relatively low decomposition

barrier in this reaction.

While N,O molecule is adsorbed on the A1@ GO through N-end, we could get the
similar adsorbed structure with a slightly higher relative energy (0.06 eV). However,
the relative energy of the corresponding decomposed state, in which Al-N bond forms
and N-N bond ruptures, is 3.46 eV higher than that of the adsorbed state. It means the
decomposition reaction of N,O through N-end on the Al@GO is endothermic, and
difficult to occur. So, our following works mainly focus on the adsorption and

decomposition process of N,O on the AlI@GO through O-end.
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Figure 2. The relative total energies of adsorbed state and decomposed state through N-end and

O-end, and the bader charge of adsorbed state through O-end.

II The adsorption of N,O under electric field

Since an electrical dipole moment P exists between N,O molecule and Al@GO
as mentioned above, a series of electric fields E are applied to the adsorbed state to
investigate the effect of external electric fields on the binding energy. The
perpendicular E ranges from —0.50 to 0.50 V/A with a step of 0.25 V/A. As shown in
Figure 3 (a), the calculated binding energy E}, increases monotonously ranging from

0.14 eV to 0.64 eV with increasing E, which means that a positive electric field could
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enhance the interaction between N>O molecule and Al@GO. Meanwhile, as shown in
Figure 3 (b), the corresponding daj.0 is monotonously shortened from 3.24 A t0 2.09
A and doniis lengthened from 1.19 Ato1.24 A, indicating an enhanced interaction

of Al atom and O atom with increasing E.
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Figure 3. (a) The binding energies of N,O on AlI@GO, (b) da;.0 and do.ni, () the bader charges of
Al atom and O atom in adsorbed states under different electric fields. The legend is the
same as Figure 2.

The variations of binding energy and the bond length could be resulted from two
dominant factors: the interaction between inherent electric dipole P with E and the
charge redistribution induced by E. The formula W= —PxE means a stronger
interaction with increasing E. On the other hand, according to bader charge analysis,

the charge of O atom is almost unchanged at the beginning, while the charge of Al
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atom increases monotonously with increasing E, as shown in Figure 3(c). A greater
electric dipole P induced by the charge transfer could also enhance the interaction
between N>O molecule and Al@GO.

It is noteworthy that when E = 0.50 V/A, the charge of O atom and Al atom
changes suddenly. The corresponding don; (1.24 A) and da.o (2.09 A) indicate that
the old O-N1 bond is weakened significantly and a new Al-O bond is formed. The
coexistence of O-N1 and Al-O bonds in the relaxed adsorbed state is very similar to
the characteristic of transition state in decomposition process. Thus the structural
transformation from adsorbed state to transition state is favorable with a lower energy

barrier under an appropriate electric field.

3.2 N,O decomposition

I The decomposition process of N,O

We next investigate the decomposition process of N,O molecule on the Al@GO
structure and the calculated decomposition barrier and route are obtained in Figure 4
(a). The interesting thing is that the decomposition barrier (A E) is only 0.50 eV,
which is comparable to traditional platinum group metals catalysts, as its A E is from

0.32 eV to 0.84 eV. 1™



RSC Advances

| . A
1] §1.20A %1-27/%

>
)
<
>
=)
(@ 2 | %76A [1.92A
w9l
v | ; L _
.-.: _3_
© ]
g
= =g
i —8— ad Ao
b) S ° \*do-Nl
o
- 2.0
< °
1.5 —%
L 500
(C) c o —8— Al atom "O-5E
2.41 ] —— O atom
o —d -1.0
© 214 \- —> %
= P T k15
<< 1.84 . r . r . ! O

Figure 4. (a) Minimum-energy pathway via the N,O— N, + O, route, (b) the variations of daj.o
and do.n; in the decomposition process, (c) the bader charges of Al atom and O atom in
the decomposition process. The legend is the same as Figure 2.

It's important to understand the reaction process and the N>O decomposition
mechanism. Here, the initial state, the transition state and the final state are noted as
IS, TS and FS, respectively in the following discussion. With the reaction proceeding,
da1o is shortened while do.n; is elongated gradually, especially when it comes to TS.
Compared with IS, da; o of TS is shortened from 2.76 Ato1.92 10\, meanwhile do. 18
lengthened 0.07 A as shown in Figure 4 (b), which means the structure of N,O
molecule has been effected and the interaction between Al atom and O atom is

strengthened significantly. According to bader charge analysis, the charge transfer
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mainly occurs in the process from IS to TS, where Al acting as a bridge could transfer
the charges from the substrate to N,O molecule. While there is almost no charge
redistribution from TS to FS in Figure 4 (c), suggesting the structure of TS is close to
the stable FS.

The barrier of N>O decomposition process on the AlI@GO structure (0.50 eV) is
lower than that of A1(OH)3;(H,0),(0.87 eV), > suggesting the reaction on the Al@ GO
structure could perform more easily. Al atom acts as the catalytic site in both
structures, and the chemical state of Al atom is the dominated factor for energy barrier
of N,O decomposition. Meanwhile, different chemical environments will influence
the valence and the chemical activity of Al atom significantly. So, the chemical
activity of the Al atom surrounded by three hydroxyl groups in AI(OH);(H,O), is
weakened severely because of small effective contact area with N,O molecule. In
comparison, Al atom in AI@GO structure only forms a bond with two oxygen atoms
of the substrate respectively, with relatively larger effective contact area exposed. On
the other hand, the reaction heat of N,O decomposed process on the Al@GO structure
(2.33 eV) is larger than that of AI(OH)3;(H,0),(0.77 eV), which also shows that it is
more favorable for N,O to be decomposed on the Al@GO structure.

In order to further investigate the electronic hybridization behavior of N,O
decomposition on the A1@GO, the partial density of state (PDOS) for three states (IS,
TS and FS) are plotted in Figure 5. As shown in Figure 5 (a), there are two overlapped
hybridization orbital peaks between O-2p and N1-2p at about —8.00 eV and 3.00 eV,

indicating that the O atom and N1 atom are still strong covalent bond. While the result
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that almost no overlapped hybridization orbital peaks between O-2p and N1-2p in
Figure 5 (c) proves that the covalent bond between O atom and N1 atom has been
fractured in FS. Specially, the PDOS of TS in Figure 5 (b) shows the overlapped
hybridization orbital peaks between O-2p and Al-3p is weaker than that of FS and the
similar peaks between O-2p and N1-2p is weaker than that of IS, suggesting that a

new Al-O bond is formed and the old O-N1 bond is fractured gradually.
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Figure 5. PDOS of IS, TS and FS during N,O decomposition process on the Al@GO system. The

legend is the same as Figure 2.

II The decomposition of N,O under electric field

The decomposed states under electric fields are obtained in Figure 6. The results
show that the bond of Al-O,q is slightly lengthened from 1.66 A to 1.67 A, and the
binding energy of N, molecule on the O,4-Al@GO state almost keeps unchanged with
the applied electric field ranging from —0.50 V/A to0 0.50 V/A, indicating the electric

field mainly have effects on the adsorbed state instead of the decomposed state.
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Figure 6. (a) The binding energies, (b) da.0 and do.N; in decomposed states under different

electric fields. The legend is the same as Figure 2.

Considering the analysis of the decomposition barrier could contribute to

understanding the role that electric field plays in the process of N,O decomposition,

we calculate the decomposition barrier under each electric field. As shown in Figure 7,

the decomposition barrier is decreased monotonously with E varies from —0.50 V/A

to 0.50 V/A. It is worth noting that up to E = 0.50 V/A, the barrier is almost

nonexistent, as the corresponding barrier drops to only 0.02 eV. What is more, when

E is slightly larger than 0.50 V/A, the O-N1 bond is fractured with no barrier and the

spontaneous decomposition of N,O on Al@GO could be realized.

do-n1 /Ang
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Figure 7. The decomposition barriers and IS, TS, FS under different electric fields. The legend is
the same as Figure 2.

To further study the decomposition barrier variation, we investigate IS, TS and
FS under different E, as plotted in Figure 7. As for TS, day.0 increases monotonously
while donN; decreases monotonously with the increasing E. What is more, the
structure of IS is more similar to that of TS, contributing to the decrease of the
decomposition barrier.

The PDOS of IS, TS and FS under different electric fields are plotted in Figure 8.
The results show that the PDOS of every TS and FS almost keeps unchanged while
that of corresponding IS performs some different characteristics, indicating that
electric field has relatively greater influence on IS. Furthermore, when E = 0.50 V/A,
the PDOS of IS with overlapped Al-3p and O-2p orbital peaks is more analogous to

that of TS, which is consistent with the similarity of their structures. As analyzed
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above, the electric field could indeed promote the catalytic decomposition of N,O into

N5 and Oy on the AI@GO system.
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Figure 8. PDOS of IS, TS and FS under different electric fields on the AlI@GO system.

4. Conclusions

In summary, the adsorption property and decomposition process of N>O molecule
on Al@GO are investigated by using first-principles calculations. N,O molecule will
be adsorbed on Al@GO through O-end and an electrical dipole moment is formed
between O atom (0.29 e) and Al atom (—1.96 e), resulting in a relatively strong
electrostatic interaction of N,O molecule and Al@GO with binding energy of —0.25
eV. Also, Al@GO is demonstrated to be benefit to N,O decomposition with much
lower barrier of 0.50 eV. What is more, the adsorption and decomposition of N,O on

the AI@GO will be enhanced with the increasing of a positive external electric field.
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It should be noted that the N,O decomposition process becomes almost unimpeded
and spontaneous under a positive electric field of 0.50 V/A with barrier of 0.02 eV.
On the other hand, Van der Waals correction has been taken into consideration. And
the results indicate that the influence of Van der Waals interactions may be relatively
small and the main conclusions above remain. Thus, our work provides an efficient

and economic method to capture and decompose N,O gas.
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Figures list

Figure 1. (a) The front views of type I and type II, (b) the plan views of type I and type II.

Figure 2. The relative total energies of adsorbed state and decomposed state through N-end and

0-end, and the bader charge of adsorbed state through O-end.
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Figure 3. (a) The binding energies of N,O on Al@GO, (b) day.0 and do.ni, (¢) the bader charges of

Al atom and O atom in adsorbed states under different electric fields. The legend is the

same as Figure 2.
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Figure 4. (a) Minimum-energy pathway via the N,O— N, + O, route, (b) the variations of da;.o
and do . in the decomposition process, (c) the bader charges of Al atom and O atom in

the decomposition process. The legend is the same as Figure 2.
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Figure 5. PDOS of IS, TS and FS during N,O decomposition process on the AlI@GO system. The

legend is the same as Figure 2.

Figure 6. (a) The binding energies, (b) da.0 and do.n; in decomposed states under different

electric fields. The legend is the same as Figure 2.
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Figure 7. The decomposition barriers and IS, TS, FS under different electric fields. The legend is

the same as Figure 2.
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Figure 8. PDOS of IS, TS and FS under different electric fields on the Al@GO system.
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Al-decorated graphene oxide is expected as a new promising candidate for N,O
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decomposition with enhanced adsorption and easier decomposition process.




