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[24_TD$DIFF]A B S T R A C T

Formaldehyde (HCHO) is one kind of common indoor toxic pollutant, the catalytic oxidation degradation
of formaldehyde at room temperature is desired. In this work, a new single atomic catalyst (SAC), Al
doped graphene, for the catalytic oxidation of HCHO molecules was proposed through density function
theory (DFT) calculations. It is found that Al atoms can be adsorbed on graphene stably without
aggression. ThenHCHO can be effectively oxidized into CO2 andH2O in the presence of O2molecules onAl
doped graphenewith a low energy barrier of 0.82 eV and releasing energy of 2.29 eVwith the pathway of
HCHO→ HCOOH→ CO→ CO2. The oxidation reaction can happen promptly with reaction time t = 56.9 s
at the speed control step at room temperature. Therefore, this work proposed a high-performance
catalyst Al-doped graphene without any noble metal for HCHO oxidation at ambient temperature, and
corresponding oxidation pathway and mechanism are also deeply understood.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Formaldehyde (HCHO) is one of major pernicious indoor
volatile organic compounds (VOCs) [1], which is mainly from
the renovated rooms, furniture, clothes, cooking oil fume, etc. [2].
Long time exposure to HCHO can cause serious health problems
[3], and HCHO is hard to be eliminated. Thus, great efforts to
eliminate the indoor HCHO at ambient condition are urgently
required. Generally, catalytic oxidation, including both photo-
catalysis [4] and thermal catalysis [5], is one of the most popular
ways to eliminate HCHO among the widespread treatment
techniques [6]. Some semiconductors, such as metal oxide (e.g.,
TiO2 [7]) and carbon nitride materials [8,9] have been proved as
promising photocatalysts. But the elimination efficiency is not
satisfactory owing to that most of the catalysts can only be
activated by UV irradiation [10], which takes only [25_TD$DIFF]�5% sunlight
energy [11]. On the other hand, thermal catalytic oxidation, such as
silver-ion exchanger nanocomposites [12], Pt/TiO2(110) [13] and
noble metals/HZSM-5 [14], is also promising to remove VOCs,
which demonstrates perfect catalytic efficiency. However, the
relative high temperature limits the widespread applications of
thesemetal oxides [15], such as Fe2O3, MnO2, NiO, Co3O4 and so on.
Thus, it is important to find an appropriate material which can
promote the HCHO oxidation at room temperature efficiently.
titute of Materia Medica, Chinese
Graphene, as a single carbon layer two-dimensional crystal
with honeycomb like lattice [16], has attracted remarkable
attention due to its unique electronic structure [17], special
intrinsic strength [18] and remarkable thermal conduction [19],
making it applicable in various fields [20–22]. Importantly, it is one
of the promising candidates for heterogeneous catalysts [23]
owing to its huge surface-to-volume ratio. Single-atom catalyst
(SAC), which was firstly proposed by Zhang [26_TD$DIFF]et al. [24] in 2011, has
been attracted intensive interest in recent years. SAC has been one
of the new frontiers and hotspots in the field of catalysis. SACs
possess higher catalytic oxidation activity [25–29] and excellent
stability [26,30–33]. Besides, the properties of graphene can be
modified by doping [34]. Al has lager binding energy than that of
Ag, Cu, Cd, Ir and Au on graphene, and it ismuch cheaper than Pt, Ti
and Pd etc.[27_TD$DIFF] [35]. Compared with other atoms, Al is much more
active and can bind various gases, including VOCs and O2 [36].
Therefore, Al element is considered to dope into graphene for
HCHO oxidation. Al-doped graphene is active for CO detection [36]
and oxidation [37]. Importantly, Al-doped graphene can enhance
HCHO molecules adsorption remarkably [38,39]. Therefore, Al-
doped graphene is expected as a promising material for HCHO
catalytic oxidation.

In this work, first principles calculations are performed to
explore the possibility of the catalytic oxidation of HCHO on Al-
doped graphene, and the preferred pathway for the oxidation of
HCHO is determined. The energy barriers of the oxidation process,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. PDOS of (a) the isolated O2 molecule and the O2 adsorbed on Al doped
graphene and (b) isolated HCHO molecule and the HCHO adsorbed on Al doped
graphene with the corresponding orbitals are labelled in the top right corner.
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Fig. 2. (a) The dissociation reaction energy profile of the O2 molecule on Al doped
graphene. (b) The structures of each state during the reaction.
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charge transfer and the density of states (DOS) are also calculated
to analyze the reaction mechanism.

Al-doped graphene with an Al atom replacing a C atom for
different gases adsorption was reported by our previous works
[1,21,40], which is also considered in this work for HCHO catalytic
oxidation, the corresponding atomic structure is shown in Fig. S1a
(Supporting information). The calculated binding energy between
Al atom and graphene is�5.80 eV,which ismuch stronger than the
cohesive energy of bulk Al (�3.39 eV). To further confirm the
stability of single Al atom on the graphene, the mobility of the Al
atom on graphene is also investigated through calculation the
diffusion pathway of the Al atom from the site in initial state (IS) to
its neighbor site in final state (FS). The diffusion energy barrier is
3.12 eV, as shown in Fig. S1b (Supporting information). It is known
that the reaction could be difficult to take place at room
temperature when the energy barrier is higher than 0.91 eV
[41]. Such high barrier further confirms the stability of single Al
atom on graphene at room temperature.

After understanding the stability of Al-doped graphene, HCHO
oxidation process with the presence of O2 is then investigated.
Therefore, the adsorption behavior of HCHO and O2 molecules on
Al-doped graphene is calculated. After considering all the typical
adsorption sites, the most stable configurations for HCHO and O2

adsorption are shown in Fig. S2 (Supporting information). It is
clearly shown that the adsorbed O2 molecule is almost parallel
with the graphene layer with twoO��Al chemical bonds formation
between the O2 molecule and Al doped graphene. The distance
between the O2 and graphene layer is 1.71 Å, while the adsorption
energy of O2 is �2.02 eV. Furthermore, the Mulliken charge
calculation shows that O2 molecule donates 0.75 e charge to Al
doped graphene after adsorption. More importantly, O¼O bonding
length increases from 1.23 Å to 1.44 Å. On the other hand, HCHO
molecule is perpendicular to the plane of graphene and the O atom
bonds with Al atom. The bond between HCHO and graphene layer
is 1.86 Å. This agrees with the result of 1.88 Å reported in the
literature [38]. The adsorption energy is �1.59 eV, while 0.18 e
charge transfers from the graphene layer to the HCHO after
adsorption. The C¼O bond in HCHO increases from 1.22 Å to 1.28 Å.

To further study the electronic structure, the partial density of
states (PDOS) of the gaseous oxygen, the adsorbed oxygen and the
Al atom were calculated and the results are shown in Fig. 1a. It is
clear that the DOS of gaseous oxygen for spin-down and spin-up
states are different, which agrees with other’s result [42,43].
Moreover, the peak of 2p* anti-bond orbital obviously shifts to
lower energy level after adsorption. The similar phenomenon
happens for 1p and 4s orbitals aswell. And a newpeak of 2p* anti-
bond orbital appears in the left of the old one. The PDOS result
confirms that O2 molecule accepts electrons from the graphene
layer, which is consist with the above Mulliken charge calculation.
Similarly, the PDOS of the gaseous HCHO, the adsorbed HCHO and
the Al atomwere shown in Fig.1b. 2p* anti-bond orbital of gaseous
HCHO molecule is half filled. After adsorption, 2p* anti-bond
orbital shifts left and becomes full filled, which should be induced
by the electrons transfer from the graphene layer to the HCHO
molecule. The remarkable changes of PDOS of the gas molecules
before and after adsorption indicate drastic interaction between
the gas molecules and the Al doped graphene layer.

From above results, it is clear that the O2 molecule is adsorbed
in priority due to the stronger adsorption energy as well as high
concentration in actual environment. Therefore, we firstly study
the possibility of O2 dissociation or activation before HCHO
adsorption, the corresponding dissociation pathway is shown in
Fig. 2a with the structures of IS, transition state (TS), and FS shown
in Fig. 2b. Based on the transition state search calculation, the
energy barrier for O2 molecule dissociation on the graphene is
0.84 eV. It is normally considered that a reaction can go through at
room temperature when the energy barrier is below 0.91 eV [1].
Therefore, we believe that O2 dissociation on Al-doped graphene
can happen easily. In TS structure (Fig. 2), it is found that the O2

molecule adjusts the angle while O1 atom moves to the C atom
layers with the O��O bond length increasing from 1.44 Å to 1.64 Å.
At FS, O1 atom forms bondwith a C atom in the Al doped graphene,
and the bonded C atom also protrudes from the graphene layer due
to the strong C��O chemical bond. After the O��O bond is broken,
O2 atom only connects with the Al atom, leading to the enhanced
Al-O bond energy with the bond length of Al-O1 decreasing from
1.87 Å to 1.80 Å and Al-O2 bond length decreasing from 1.84 Å to
1.68 Å. Meantime, the two Al-C bonds are weakened, which
increase from 1.94 Å and 1.98Å [28_TD$DIFF]to 2.00Å, respectively. Therefore,
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Fig. 3. (a) The structures of each state during the oxidation pathway. (b) The first [20_TD$DIFF]
pathway of HCHO oxidation on Al doped graphene.
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Fig. 4. (a) The structures of each state during the oxidationpathway. (b) The second [21_TD$DIFF]

pathway of HCHO oxidation on Al doped graphene.
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the result indicates that O2 can be dissociatively adsorbed on the Al
doped graphene at ambient temperature.

Based on literatures, it is known that there are two possible
pathways for HCHO oxidation: (1) HCHO→ CHO→ CO→ CO2 [44],
(2) HCHO → HCOOH → CHO2 → CO2 [45]. Thus, both pathways for
the HCHO catalytic oxidation on the Al doped graphene are
considered. For the first pathway, the favorite adsorption
configuration of HCHO molecule adsorbed on Al-doped graphene
with O2 dissociatively adsorption is considered as the initial state
(IS). As shown in Fig. 3a, it is found that in IS one of the three Al-C
bonds is broken due to the formation of a new Al-O bond by the
chemical attachment of the HCHO molecule. In addition, the C
atom of HCHO binds with O2 atomwith strong adsorption energy
of �2.68 eV. The detailed oxidation process of HCHO calculated
through linear synchronous transit/quadratic synchronous transit
(LST/QST) and nudged elastic band (NEB) calculations and the
corresponding structures of each reaction step are shown in Fig. 3.
To better show the structures of transition state 2 (TS2) and
intermediate state 2 (MS2), the corresponding top views are also
shown. Starting from IS, it overcomes a barrier of 1.63 eV for the
first H removal from HCHO in intermediate state (MS), where CHO
and H atom connect with a C atom in the graphene layer and O1
atom, respectively. In the structure of TS as shown in Fig. 3a, HCHO
is already dissociated and the H atom is chemically attached on O1
atom, but the CHO group is at highly active state without binding
with any atom. Then the C��C bond between the CHO group and
graphene is broken while the H atom from CHO is dissociated to
form CO by a barrier of 1.03 eV. At the final step, O2 atom
dissociates fromAl doped graphene and bondswith CO to formCO2

molecule after overcoming an energy barrier of 0.21 eV. From
above, we found that the first step is difficult to take place at room
temperature because of its high energy barrier of 1.63 eV, thus we
continue to explore the second pathway.

The second pathway is shown in Fig. 4 and IS is the same as that
in [29_TD$DIFF]the first pathway. At the first step, O atom from HCHO deviates
from Al atomwhile one C��H bond in HCHO is broken and bonded
with O1 atom to form HCOOH by consuming 0.82 eV. At next step,
C��O bond in HCOOH is broken firstly while CHO floats above the
graphene layer overcoming an energy barrier of 0.82 eV. Then H
atom detaches from the CHO and bonds with O2, leading to the
individual CO molecule. Finally, O1 atom leaves from Al to bond
with CO to form CO2 molecule while H2O is also formed after a
barrier of 0.60 eV. Based on the above calculations, the speed
control step of the second pathway of HCHO oxidation is from IS to
MS and fromMS to MS2 with both barriers being 0.82 eV, which is
lower than the critical barrier of 0.91 eV, indicating smooth
reaction at ambient condition along [30_TD$DIFF]the second pathway.

In order to further explore the possibility of HCHO oxidation in
Al doped graphene by the two pathways at room temperature, we
calculate the reaction time t by the following equation [31_TD$DIFF](Eg. 1), [32_TD$DIFF]

t ¼ 1

n � eð
�Er
kBT

Þ ð1Þ

where n = 1012 Hz, kB is the Boltzmann constant and it is equal to
8.63�10�5, T is the temperature (T = [33_TD$DIFF]300 K for room temperature).
In the first pathway, Er = 1.63, 1.30 and 0.21 eV for the steps 1–3,
respectively. Accordingly, the reaction time are t1 = 2.20�1015 s at
step 1, t2 = 1.90�105 s at step 2 and t3 = 3.33�10�9 s at step 3.
Similarly, Er = 0.82, 0.82 and 0.60 eV for the steps 1–3 in the second
pathway and the reaction time are obtained as t1 = 56.9 s,
t2 = 56.9 s, t3 = 1.16�10�2 s, respectively. Obviously, HCHO can
be oxidized easily at 300 K along the second pathway, while the
steps 1 and 2 in first pathway are difficult to carry out at 300 K.

In summary, the oxidation of HCHO molecule on Al doped
graphene has been investigated by using density function theory
(DFT) calculations. It is found that O2 molecules have priority to be
adsorbed on the Al doped graphene. The process of O2 molecule
dissociated into O atoms can take place at the room temperature
with an energy barrier of 0.79 eV. For oxidation of HCHO, there are
two possible pathways for HCHO oxidation to CO2 and H2O
molecules. The first pathway (HCHO → CHO → CO → CO2) is
difficult to occur at room temperature due to high barrier of
1.63 eV. However, the second pathway (HCHO → HCOOH → CO →
CO2) can take place easily at ambient temperaturewith the highest
energy barrier of 0.82 eV with reaction time 56.9 s at room
temperature for the speed control step. Therefore, a novel and low-
cost SAC systemwithout any noble metal: Al doped graphene, was
proposed for HCHO efficient oxidation and detoxification at room
temperature. However, the desorption of H2Omolecule at the final
step is challenging, the adsorbed H2O molecule as oxidant to
degrade formaldehyde will be considered in the future research.
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