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Ligand Stabilized Ni1 Catalyst for Efficient CO Oxidation
Minzhen Jian,[a] Chuanlin Zhao,[a] and Wei-Xue Li*[a, b]

Supported single transition metal (TM1) catalysts have attracted
broad attention in academia recently. Still, their corresponding
reactivity and stability under reaction conditions are critical but
have not well explored at the fundamental level. Herein, we use
density functional theory calculation and ab initio molecular
dynamics simulation to investigate the role of reactants and
ligands on the reactivity and stability of graphitic carbon nitride
(g-C3N4) supported Ni1 for CO oxidation. We find out that
supported bare Ni1 atoms are only metastable on the surface

and tend to diffuse into the interlayer of g-C3N4. Though Ni1 is
catalytically active at moderate temperatures, CO adsorption
induced dimerization deactivates the catalyst. Hydroxyl groups
not only are able to stabilize the supported Ni1 atom, but also
increase the reactivity by participating directly in the reaction.
Our results provide valuable insights on improving the chemical
stability of TM1 by ligands without sacrificing the reactivity,
which are helpful for the rational design of highly loaded
atomically dispersed supported metal catalysts.

1. Introduction

Supported single transition metal (TM1) catalyst has attracted
extensive attention among research communities recently,
thanks to its high metal atom utilization, markedly different
activity and selectivity toward specific reactions.[1] There is
increasing evidence showing that it might even have superior
performance than its nanoparticle counterparts, by properly
choosing metal, support and chemical reaction.[2] However,
high reactivity and poor stability are two sides of the same coin
for the supported TM1 catalyst owing to its nature of highly
unsaturated coordination. So far, various strategies have been
developed to improve the stability,[3] such as confining the
metal atom geometrically in micro/mesopore space,[4] confining
the metal atom in defects[5] and certain hosts[6] with strong
metal-support interactions.[7] Nevertheless, the overall perform-
ance might still be hindered by diffusion or limited nucleation
sites available on the support.[8] Among others, two-dimensional
(2D) materials is particularly versatile because of its high surface
area, abundant nucleation sites and functional groups.[9] Graph-
ite carbon nitride (g-C3N4), consisting of stacked layers of
hexagonal building blocks with a high density of pyridinic
nitrogen (Npy) as nucleation sites, is one of the promising 2D
support candidates for TM1 catalyst with high metal loading.[10]

Therefore, g-C3N4 is studied in the present work as the model
support for CO oxidation.

Under harsh reaction conditions such as high pressures and
elevated temperatures, the supported metal nanoparticles that
have strong interaction with reactants/intermediates suffer
surface reconstruction, morphology alternation, disintegration
and rapid sintering, influencing the catalysts’ reactivity and
stability dramatically.[11] This happens on the supported TM1

catalysts as well. For example, In-situ experiments unveiled the
dynamic evolution of the supported TM1 catalysts under
reactive atmosphere, where the aggregation of metal atoms
was found to be promoted by the presence of reactants such as
H2 and CO.[12] But unlike the supported nanoparticles with
abundant adsorption sites necessary for hosting reactants and
reaction intermediates, only a few sites are available for the
supported TM1, thus the corresponding adsorption and reaction
mechanism can be quite different.[13] Chemical stability under
reaction conditions and competitive adsorption within the
catalytic cycle are therefore essential for the supported TM1

catalysts with high reactivity and long durability.
To further improve the stability of the supported TM1

catalyst, ligand could be introduced to form energetically more
favorable metal complex on the support. Thermodynamic rule
on the rational design of proper reactants/ligands and supports
to disintegrate metal nanoparticles into supported metal-
reactant complexes has been established in our earlier work.[14]

Indeed, a number of highly loaded atomically dispersed
supported catalysts stabilized by ligands have been prepared.[15]

For instance, Li and co-workers described a facile gas-migration
strategy that extracted the atomic copper out of the bulk by
ammonia and subsequently trapped the metal complex on the
defective nitrogen-rich carbon support to form isolated copper
sites.[16] Ding and co-workers demonstrated that supported
large nanoparticles of Ru, Rh, Pd, Ag, Ir, Pt can be completely
dispersed by reacting with a mixture of CH3I and CO, then the
dispersed metal atom can be immobilized by the oxygen-
containing functional group on the carbon support.[17] Never-
theless, the corresponding trade-off of deploying ligands is
often the loss of reactivity. Finding the proper ligands able to
stabilize the supported TM1 catalysts without sacrificing the
reactivity is thus highly desirable but not well explored yet.
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To better understand the interplay of reactants/ligands with
the supported TM1 catalysts on reactivity and chemical/thermal
stability, we present here a systematic density functional theory
(DFT) and ab initio molecular dynamics (AIMD) study of g-C3N4

supported Ni1 atom for CO oxidation.[18] Interlayer diffusion and
aggregation on the surface in terms of the dimer formation for
g-C3N4 supported Ni1 atom, in the absence and presence of
reactants (CO and O2), were investigated to reveal the
importance of the chemical stability. Stable co-adsorption
structures under a wide range of temperature were investi-
gated, and corresponding reaction mechanisms within the
complete catalytic cycle were mapped out. We found out that
hydroxyls, one widely present ligand, were able to stabilize the
Ni1 atom. Instead of lowering the reactivity, the hydroxyl groups
promoted CO oxidation by directly participating in the reaction
channel with a lower barrier.

2. Results

2.1. Structure of Ni1/g-C3N4 and Ni1(OH)2/g-C3N4

Geometric and electronic information based on the optimized
structures of bare and hydroxyl stabilized Ni1 on g-C3N4 is given
in Figure 1a, c and 1b, d, respectively. For Ni1/g-C3N4, the nickel
atom anchors at the corner of the six-fold cavity and
coordinates with two in-plane Npy. Both Ni� N bonds are 1.90 Å
long (Table 1), rendering a strong Ni binding energy of 3.52 eV
with respect to gas phase Ni atom in a neutral state, consistent
with previous literature.[19] For Ni1(OH)2/g-C3N4, there are two
OH groups above the Ni atom, shortening the Ni� N bond
lengths slightly to 1.87 Å.

Based on the projected density of states (PDOS) of Ni1/g-
C3N4 and Ni1(OH)2/g-C3N4 in Figure 1c and 1d, the Ni 3d orbital
considerably hybridizes with the N 2p band above and below
the Fermi level, suggesting a pronounced interaction between
Ni1 and Npy. As shown in the Crystal orbital Hamilton population
(COHP) analysis (Figure S1 in the Supporting Information), the
splitting of Ni 3d orbital results in bonding contribution well
below Fermi level and most of anti-bonding interaction above
Fermi level. The integrating COHP (ICOHP) averaged over two
Ni� N bonds of Ni1(OH)2/g-C3N4 is � 2.10 eV/bond. By compar-
ison, the ICOHP averaged over two Ni� N bonds of Ni1/g-C3N4 is
� 1.76 eV/bond, indicating a weaker binding. Hence, the
interaction between Ni atom and g-C3N4 is strengthened in
presence of the hydroxyl ligands.

2.2. Stability

Typical degradation mechanisms for supported TM1 catalysts on
stacked g-C3N4 layers include TM1 diffusion into interlayer space
and TM1 aggregation on the surface layer. For the former one,
four (meta-)stable structures of Ni1 on the surface layer and
interlayers were identified (Figure S2). According to the calcu-
lated energetics, Ni1 in the first interlayer of g-C3N4 is more
favorable by 0.72 eV than on the surface layer. This is

reasonable because the penetrated Ni1 atom coordinates to
two g-C3N4 layers (surface and subsurface layers), doubling its
coordination number compared to Ni1 on the surface layer.
Further diffusion into the second interlayer is only modest (an
energy gain of 0.26 eV). In other words, bare Ni1 atom tends to

Figure 1. Top views of optimized structures of Ni1/g-C3N4 (a) and Ni1(OH)2/g-
C3N4 (b). Color code: cyan=Ni, blue=N, gray=C, red=O, and white=H.
PDOS of Ni 3d orbital and N 2p band in Ni1/g-C3N4 (c) and Ni1(OH)2/g-C3N4

(d). Vertical dashed line represents the Fermi level.

Table 1. Calculated overall adsorption energies ΔEads (in eV) of reactants/
intermediates on Ni1/g-C3N4 and Ni1(OH)2/g-C3N4, absolute value of ICOHP
(eV/bond) of Ni� N interactions, Ni� N bond length data (in Å).

Support Adsorbate ΔEads Abs(ICOHP) Distance
Ni� N Ni� N

Ni1/g-C3N4 none – 1.76 1.90 1.90
CO � 1.77 1.53 1.91 1.94
2CO � 3.20 1.05 2.00 2.02
3CO � 4.07 0.87 2.09 /
O2 � 2.26 2.08 1.86 1.86
CO+O2 � 3.02 1.79 1.92 2.24
CO+O2

(interface)
� 3.14 2.08 1.90 1.85

Ni1(OH)2
/g-C3N4

none – 2.10 1.87 1.87
CO � 0.50 1.76 1.95 /
O2 0.04 1.58 1.97 1.96
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stay in the interlayers of g-C3N4, a fact of which diminishes the
population of the active sites on the surface.[10c]

Ni1 atom on the surface layer can however be stabilized by
hydroxyl, a widely present group from environment. For
instance, it can be formed by exposing Ni1/g-C3N4 to a humid
environment containing H2O, or mixture of O2 and H2, or H2O2.
Based on our DFT calculations, the dissociative adsorption of
H2O2 on Ni1/g-C3N4 to form Ni1(OH)2/g-C3N4 turns out to be a
spontaneous process. Hydroxyl groups on Ni1 turn out to be
very stable, because OH disproportion reaction is found to be a
significant endothermic process with a reaction energy of
1.49 eV (blue pathway in Figure S3). The Ni hydroxyls system is
also stable under H2 atmosphere, according to the non-Horiuti-
Polanyi mechanism,[20] forming water and single OH coordi-
nated Ni hydride would require a considerable activation
energy barrier of 1.47 eV (red pathway in Figure S3).

The dynamic stability of supported Ni1 and Ni1(OH)2
catalysts were further examined by AIMD simulation. It is found
that with gradual increase of temperature, the bare Ni atom
starts to diffuse into the first interlayers at temperature as low
as 200 K (Figure 2a). Further diffusion into the second inter-
layers was not observed even at 500 K, indicating Ni1 atom
would enrich below the surface layer, consistent with the
abovementioned modest energy gain. While for Ni1(OH)2, AIMD
simulation shows that it remains intact on the surface layer
even at T=500 K (Figure 2b), telling clearly that Ni1(OH)2 on g-
C3N4 is very stable.

Another stability concern is metal aggregation, the initial
step of which is metal dimer formation on the surface layer.
Calculated reaction energetics are given in Table S1. Though
the formation of Ni1 dimer (Ni2/g-C3N4) is found to be slightly
endothermic (0.06 eV), the corresponding activation energy
barrier can be as high as 1.87 eV, which is reasonable because
of the strong Ni� N bonds. Without considering Ni penetration
into the interlayers, large activation energy barrier required for
Ni1 dimer formation implies that high Ni loading on g-C3N4 is
likely to be achieved in the format of atomic dispersion, in-line
with experiment.[21] As to Ni1(OH)2/g-C3N4, the dimer formation
toward Ni2(OH)4/g-C3N4 turns out to be thermoneutral as well,
with a corresponding activation energy barrier of 1.23 eV.
Unlike Ni1 dimer where Ni� Ni bond length is 2.16 Å, the two Ni

atoms in Ni2(OH)4/g-C3N4 are well separated with a bond
distance of 3.06 Å. In other words, no promotion effects by OH
groups are found on the aggregation of g-C3N4 supported Ni1
atom.

2.3. Adsorption

Molecular adsorptions involved in CO oxidation on various sites
of Ni1/g-C3N4, including adsorption of O2, adsorption of CO up
to three molecules, and co-adsorption of CO and O2, were
explored. Optimized adsorption structures and corresponding
adsorption energies ΔEads are summarized in Figure 3 and
Table 1. As expected, all of the reactants prefer to bind to the
Ni1 atom, rather than g-C3N4, indicating that the Ni atom, as
well as its adjacent interface sites, is the active center for CO
oxidation.

As shown in Figure 3a, single CO molecule prefers to adsorb
on Ni1 atom by forming a Ni� C bond (1.81 Å). The calculated
adsorption energy is � 1.77 eV. The strong binding between CO
and Ni1 atom indicates that Ni1 might be poisoned by CO at low
temperature. Therefore, we also evaluate the cases where
multiple CO adsorption on Ni1. The optimized structure for Ni
dicarbonyls is shown in Figure 3b with the averaged adsorption
energy of � 1.60 eV per CO. As to Ni tricarbonyls, the optimized
structure is shown in Figure 3c with the averaged adsorption
energy of � 1.36 eV per CO. The optimal adsorption structure

Figure 2. Structural evolution of Ni1/g-C3N4 (a) and Ni1(OH)2/g-C3N4 (b) during
consecutive temperature ramping process. The snapshots of structures in
equilibrium are based on AIMD simulations at 0, 100, 200, 300, 400, 500 K,
respectively. Color code: cyan=Ni, blue=N, gray=C, red=O, and white=H.

Figure 3. Optimized structures for CO (a), 2CO (b), 3CO (c), O2 (d) on Ni1
atom, CO and O2 co-adsorption at the interface site (e) and on Ni1 atom (f)
on Ni1/g-C3N4. Important bond lengths are reported in unit of Å. For clarity
purpose, wireframe model of g-C3N4 was used in this and following figures.
Color code: cyan=Ni, gray=C, red=O.
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for O2 is shown in Figure 3d, where O2 adsorbs on Ni1 atom by
forming two Ni� O bonds (1.81 Å). The O� O bond in the
adsorption state is perpendicular to the surface normal. The
corresponding adsorption energy is � 2.26 eV, which is even
stronger than CO adsorption.

For the co-adsorption of CO and O2, two stable adsorption
structures are found: (1) CO adsorbs on Ni1 atom and O2

adsorbs at the interface between Ni1 and g-C3N4 support
(Figure 3e), (2) both O2 and CO adsorb on Ni1 atom (Figure 3f).
The corresponding adsorption energies are � 3.14 eV and
� 3.02 eV, respectively. Their energy difference is small, implying
both Ni1 atom and its adjacent site on g-C3N4 can participate in
the CO oxidation.

As to Ni1(OH)2/g-C3N4, optimized structures for CO and O2

adsorption are reported in Figure 4a and 4b, respectively, with
detailed information regarding bond distance summarized in
Table 1. The CO adsorption structure shows that the bond
distance for Ni� C is 1.78 Å, close to the typical bond lengths
found in Ni dicarbonyls and tricarbondyls on Ni1/g-C3N4(1.76

and 1.80 Å, respectively). However, the adsorption energy of CO
on Ni1(OH)2/g-C3N4 is only � 0.50 eV, possibly due to the energy
penalty associated with OH ligands rearrangement. Similarly,
weak adsorption is found for O2, though the optimized O� O
bond length and the O� Ni bond length (1.38 and 1.84 Å,
respectively) are close to those of O2 adsorption on Ni1/g-C3N4

(1.39 and 1.81 Å, respectively).
In order to figure out favorable adsorption structures under

reaction conditions, corresponding Gibbs free energies of
adsorption are calculated as a funtion of reaction temperature
under typical CO oxidation condition (PCO=1000 ppm, PO2=5%
atm[22]), as shown in Figure 5. It is found that at temperature
lower than 368 K, Ni tricarbonyls is the most favorable one
among all adsorption structures considered on Ni1/g-C3N4. But
there are no extra sites available for O2 adsorption, thus its
reactivity toward CO oxidation is low and not considered below.
As temperature ramps up, CO starts to desorb and other
adsorption structures become competitive including Ni dicar-
bonyls, co-adsorbed CO and O2, and O2 only. Indeed, at ~368 K,
all three adsorption structures have similar Gibbs free energy
and therefore likely to co-exist. At higher temperature, O2 only
structure on Ni1/g-C3N4 is the most stable one. CO oxidation
based on these adsorption structures are studied below in
detail.

2.4. CO Oxidation

CO oxidation may proceed through Langmuir-Hinshelwood (LH)
mechanism,[23] Eley-Rideal (ER) mechanism,[24] or trimolecular
Eley-Rideal (TER) mechanism,[25] depending on reaction con-
ditions. To avoid CO poisoning, reaction has to start above
368 K, where O2 only adsorption on Ni1/g-C3N4 is favorable for
the most part. Gas phase CO approaches adsorbed O2 and the
following steps are arranged according to ER mechanism. The
reaction energy profile and corresponding reaction intermedi-
ates are shown in Figure 6a, with corresponding transition
states shown in Figure S5a. Next, CO attacks the adsorbed O2 by
forming a C� O bond (ts1). In the final state, the O� O bond
scission completes as CO2 forms simultaneously. This step is
very exothermic with a reaction energy of � 1.93 eV and a
highest activation energy barrier of 0.80 eV across the entire
reaction energy profile. CO2 binds weakly on the surface
(ΔEads= � 0.33 eV) and therefore can readily desorb once
formed. A second CO molecule attacks the remaining O atom
on Ni1 to form another CO2. This step is more exothermic with a
reaction energy of � 2.96 eV, and it only requires a small
activation energy barrier of 0.11 eV. Without coadsorbed O, CO2

now binds Ni1 more strongly (ΔEads= � 0.80 eV). After CO2

desorption, the catalytic cycle becomes complete.
If reaction starts around 368 K, the other adsorption

structures including co-adsorbed CO and O2, as well as Ni
dicarbonyls can also become competitive. Co-adsorbed CO and
O2 is the key characteristic of the LH mechanism. Two co-
adsorption structures are identified: (1) both adsorbates on Ni1
atom, (2) CO adsorbate on Ni1 atom, while O2 adsorbate shared
by both Ni1 atom and its adjacent C site on the surface of g-

Figure 4. Optimized structures for CO (a) and O2 (b) on Ni1(OH)2/g-C3N4.
Bond lengths are reported in unit of Å. Color code: cyan=Ni, gray=C,
red=O, and white=H.

Figure 5. Gibbs free energy ΔG of adsorption in eV on the Ni1/g-C3N4 as a
function of temperature, where PCO=1000 ppm, PO2=5% atm. Refer to
Figure 3 for the corresponding structures.
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C3N4. In Scenario 1, CO oxidation starts with one O atom of O2

attacking the C atom of CO, forming a peroxide-like O� O� C� O
complex (Figure 6b ii). This step is slightly exothermic by
� 0.20 eV, but with a noticeable activation energy barrier of
0.99 eV. Next, the O� O bond breaks and CO2 forms simulta-
neously on Ni1. Afterwards, Ni� C bond breaks and releases the
first CO2 to the gas phase with a reaction energy of � 1.15 eV
and an activation energy barrier of 0.36 eV. The following
secondary CO oxidation with the remaining O is the same as
the ER mechanism as discussed earlier. In Scenario 2, the O
atom bonded with Ni1 atom attacks the C atom of CO, forming
CO2 and an O atom was left on the C site of the support
(Figure 6c and Figure S5c). This step has a higher activation
energy barrier (1.11 eV), compared to the highest activation

energy barrier (0.80 eV) reported in the ER mechanism. The
secondary CO oxidation starts with migration of the remaining
O atom from C site to Ni1 atom, then it attacks the adsorbed CO
to form CO2. The activation energy barrier for this step is
1.12 eV, with a reaction energy of � 0.81 eV.

The Ni dicarbonyls on Ni1/g-C3N4 can react directly with gas
phase O2 via the so-called TER mechanism (Figure 6d). A
chelating-like complex of OC� O� O� CO is formed on Ni1 atom.
This step is exothermic by � 1.01 eV, but with a high activation
energy barrier of 1.21 eV. The following step is the dissociation
of the O� O bond, it is strongly exothermic with a reaction
energy of � 2.41 eV and an activation energy barrier of 0.49 eV.
Two weakly bonded CO2 molecules can be readily released into
gas phase, due to their weak binding with Ni1 (ΔEads=

Figure 6. Reaction energy profile (top panel) and corresponding reaction intermediates (bottom panel) for CO oxidation on Ni1/g-C3N4: a) ER mechanism, b)
LH mechanism-1, c) LH mechanism-2, d) TER mechanism. Activation energy barrier and reaction energy associated with proposed elementary steps are
labeled in each panel. Color code: cyan=Ni, gray=C, red=O.

ChemPhysChem
Articles
doi.org/10.1002/cphc.202000730

2421ChemPhysChem 2020, 21, 2417–2425 www.chemphyschem.org © 2020 Wiley-VCH GmbH

Wiley VCH Montag, 02.11.2020

2021 / 181480 [S. 2421/2425] 1

https://doi.org/10.1002/cphc.202000730


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

� 0.28 eV). Side reactions such as C� C coupling of two carbonyl
ligands is very endothermic (ΔErxn=2.89 eV) and therefore
excluded. More details are shown in Figure S6.

Due to limited adsorption sites on Ni1(OH)2/g-C3N4, only ER
mechanism and LH mechanism are considered for CO oxidation,
as shown in Figure 7 and Figure S7, respectively. Unlike Ni1/g-
C3N4, the initial step is the formation of a COOH intermediate
via coupling OH ligand with the adsorbed CO. The associated
activation energy barriers are 0.65 and 0.89 eV for ER and LH
mechanism, respectively. As O2 approaches the Ni site, H
migrates from COOH to the O atom of the adsorbed O2. Then
CO2 migrates onto the surface of the support. This step turns
out to be very facile with an activation energy barrier of
0.23 eV. Subsequently, O� O bond breaks and ended up with an
oxygen and a renewed OH ligand, both bonded to Ni1 atom.
The following step is similar to the secondary CO oxidation as
introduced earlier. To close the catalytic cycle, CO2 desorbs
from the surface of g-C3N4 readily with a desorption energy of
0.40 eV. By recalling the highest activation energy barrier
associated with CO oxidation on Ni1/g-C3N4 (Figure 6d) is
1.21 eV, Ni1(OH)2/g-C3N4 only requires an activation energy
barrier of 0.65 eV.

Side reactions such as water evolution from COOH and OH
ligands were considered as well. As shown in Figure S8, the
overall reaction is slightly exothermic (ΔErxn= � 0.37 eV), sug-

gesting a much less thermodynamic driving force than the
main reaction pathway described above. The highest activation
energy barrier required for the remaining reaction is 0.64 eV,
higher than the main reaction (Ea=0.48 eV). Hence, this side
reaction is not competitive, either thermodynamically or kineti-
cally.

3. Discussion

For each catalytic reaction, one should consider the adsorption
of reactants, subsequent surface reactions, and desorption from
the surface, to close the so-called catalytic cycle. In this process,
reactants/reaction intermediates induced aggregation might
occur simultaneously to deactivate the catalysts. According to
the abovementioned results, the Ni1/g-C3N4 catalyst is inactive
below 368 K, because Ni1 is poisoned by three CO molecules. At
higher temperature above ~368 K, CO gradually desorbs, so Ni1
reverts to the active site as indicated in Figure 5. On the other
hand, ICOHP data show that adsorbed CO weakens the
interaction between Ni1 and g-C3N4 from 1.76 to 1.53 and
1.05 eV/bond (Table S1). As a result, the tendency for aggrega-
tion of Ni1 on the support surface increases. This is verified by
the calculated dimer formation energy (Figure S3c and d),
changing from endothermic of 0.06 eV for Ni1 to exothermic of

Figure 7. Reaction energy profile and corresponding reaction intermediates for CO oxidation on Ni1(OH)2/g-C3N4. Activation energy barrier and reaction energy
associated with proposed elementary steps are labeled. Color code: cyan=Ni, gray=C, red=O.

ChemPhysChem
Articles
doi.org/10.1002/cphc.202000730

2422ChemPhysChem 2020, 21, 2417–2425 www.chemphyschem.org © 2020 Wiley-VCH GmbH

Wiley VCH Montag, 02.11.2020

2021 / 181480 [S. 2422/2425] 1

https://doi.org/10.1002/cphc.202000730


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

� 0.43 eV for Ni monocarbonyl (Ni1CO1). The corresponding
activation energy barrier also decreases from 1.87 eV to 1.29 eV.
This dimer formation barrier is on par with the activation energy
barriers required for CO oxidation on Ni1 via TER and LH
mechanism (1.21 and 1.12 eV, respectively). Since CO oxidation
on Ni1/g-C3N4 via TER and LH mechanism occurs preferentially
at ~368 K, the above result implies Ni1 catalysts might
aggregate simultaneously, gradually losing its catalytic activity.
CO induced aggregation and clustering was well documented
in literature.[12a,b,26] For oxide supported TM1 atoms, when CO
was introduced, formation of the metal-carbonyls and pro-
moted subsequent sintering were obersved by scan tunneling
spectroscopy with atomic resolution,[12c,d] which corroborates
the present calculation.

At higher temperature where only O2 can stay adsorbed on
Ni1, the interaction between Ni1 and g-C3N4 is increased with
ICOHP of � 2.08 eV/bond. Along with this, the formation energy
of the Ni1O2 dimer are nearly thermoneutral (0.03 eV, Table S1
and Figure S4e). This tells that adsorption of O2 on Ni1 will not
promote the aggregation of Ni1 on g-C3N4. As a result, CO
oxidation on stable Ni1O2/g-C3N4 proceeds via ER mechanism
has a maximum activation energy barrier of 0.80 eV.

Different from CO, the presence of the hydroxyl group
stabilizes supported Ni1 atom, a fact of which is found in
previous experimental works[27] and theoretical work.[28] Once
Ni1(OH)2 formed on g-C3N4, CO oxidation proceeds preferentially
via the ER mechanism, and the maximum activation energy
barrier is 0.65 eV, which makes it catalytically more active
compared to those pathways on Ni1/g-C3N4 with maximum
activation energy barriers ranging above 0.80 eV. Such differ-
ence is caused by facile O2 activation enabled by OH ligands.
Promotion effects by hydroxyl groups on CO oxidation was
found on various supported TM1 catalysts.[29] By comparison,
our calculated barriers and overall potential energy surfaces are
comparable or even lower than those of TM1 catalysts
supported on pyridinic nitrogen graphene,[30] graphene,[31]

γ� Al2O3,
[32] and FeOx,

[33] suggesting Ni1(OH)2/g-C3N4 as a poten-
tial efficient catalyst for CO oxidation.

4. Conclusions

We performed systematic density functional theory calculation
and ab initio molecular dynamics simulation, in order to shed
light on the role of reactants and ligands on CO oxidation and
chemical stability of Ni1 atom supported on g-C3N4. It is found
that the supported bare Ni1 atom is metastable on the surface
and tends to diffuse into the interlayer of g-C3N4. Under
moderate temperature, CO and O2 can coadsorb and react to
form CO2 on supported Ni1 atom, however, the adsorbed CO
promotes the formation of Ni dimer and therefore destabilizes
the catalyst. Only at higher temperature, supported Ni1 atom is
stabilized by adsorbed O2, which oxidizes CO via Eley-Rideal
mechanism. Ni1 atom can be stabilized by hydroxyl groups as
Ni1(OH)2 complex on the surface, free from aggregation on the
surface or diffusion into the interlayers of g-C3N4. Importantly,
the presence of the hydroxyl groups increases the activity of CO

oxidation by participating in the reaction with a lower
activation energy barrier. The present work highlights the
interplay of reactants and ligands on reactivity and thermal/
chemical stability of supported TM1 catalysts, and calls for
careful and thorough investigation in the future.

Computational Details
Periodic, spin-polarized DFT calculations were implemented in the
Vienna Ab initio Simulation Package (VASP).[34] The core electrons
were represented by projector augmented wave (PAW) method[35]

and the Kohn-Sham valence states [Ni(4s3d), O(2s2p), N(2s2p),
C(2s2p), H(1s)] were expanded in a plane-wave basis set with a
kinetic energy cutoff of 400 eV. The exchange-correlation inter-
action is described by the optB86b-vdW functional.[36] The con-
vergence threshold for electronic self-consistent interactions is
10� 4 eV. Structural optimization and transition state search were
converged to the extent that the maximum residual force was
0.02 eV/Å and 0.05 eV/Å or less in all relaxed degrees of freedom,
respectively. Transition states were determined by climbing image
nudged elastic band (CI-NEB) method[37] and improved dimer
method,[38] then verified to possess only one vibrational mode with
a negative curvature in the direction of bond breaking or forming
process.

The model catalyst used in our DFT calculations was a single nickel
atom supported on a (2×2) supercell of a single layer g-C3N4, where
all the atoms in the supercell including Ni atom were fully relaxed.
Surface Brillouin zone was sampled on Γ-centered (3×3×1)
Monkhorst-Pack k-point grid. The vacuum space perpendicular to
the surface was 20 Å, which was enough to avoid interaction with
adjacent cells. The adsorption energy was calculated as ΔEads=
Etot� Eslab� ΣEgas, where Etot and Eslab refer to the energy of TM1 slab
with adsorbates and the energy of the clean TM1 slab, respectively,
and ΣEgas refers to the sum of the energy of involved gas phase
adsorbates in a neutral state. The reaction energy and activation
energy barrier were calculated as ΔErxn=EFS� EIS and Ea=ETS� EIS,
where EIS, EFS and ETS refer to the energy of the initial state (IS), final
state (FS) and corresponding transition state (TS), respectively.

The Gibbs free energy of gas species were corrected as [Eq. (1)]:

G Tð Þ ¼ EDFT þ ZPE þ U Tð Þ � TS Tð Þ þ PV (1)

Where EDFT is the total energy from DFT at 0 K, ZPE is the zero-point
energy. The temperature range was from 0 K to 800 K, the total
pressure was 0.1 MPa, the partial pressures of CO and O2 were 0.1%
and 5%, respectively.

The free energy of adsorbates at temperature T were estimated
according to the harmonic approximation -, and the entropy is
evaluated using the following equation [Eq. (2-3)]:

G Tð Þ ¼ EDFT þ ZPE þ H Tð Þ � TS Tð Þ (2)

S Tð Þ ¼ kB
X3N

i

½
ei

kBTðeei=kBT � 1Þ
� lnð1 � e� ei=kBTÞ� (3)

Here, kB is Boltzmann‘s constant, N is the number of atoms in the
adsorbates.

For AIMD simulation: the g-C3N4 was modeled by a four-layer slab
with a (2×2) supercell. Starting from 0 K, 500 heating steps
followed by 500 equilibration steps were set in each temperature
ramp that heats the system up by 100 K. A total of five such ramps
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were programed till the final temperature of the system reached
500 K. The total time scale was 10 ps given a time step of 2 fs. The
COHP method,[39] which reconstructs the orbital-resolved electronic
structure via projection of the PAW wave functions onto atomic-like
basis functions, was used in chemical bonding analyses as
implemented in the LOBSTER package.[40]
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