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A first-principles study on Ni-decorated MoS2

for efficient formaldehyde degradation
over a wide temperature range†

Jiahui Tang, Xiaocha Wang, Honggang Pan* and Baozeng Zhou *

The development of a high-efficiency, low-cost, and environmentally friendly catalyst for formaldehyde

degradation is crucial for addressing the issue of indoor formaldehyde pollution. Given that modern

individuals spend over 90% of their time indoors, effectively tackling indoor formaldehyde pollution

holds significant importance. Therefore, this paper proposes an efficient catalyst for formaldehyde

degradation: surface modification of MoS2 by single-atom Ni, which can convert formaldehyde into

harmless H2O and CO2. The DFT method is employed to systematically investigate the oxidative

degradation pathways of formaldehyde on the surface of Ni-doped MoS2. The research focuses on two

common oxidative degradation pathways in both the L–H mechanism and E–R mechanism. Our findings

demonstrate that these four reaction paths occur spontaneously within the temperature range of

300–800 K with a reaction equilibrium constant greater than 105. Moreover, even under extreme tem-

perature conditions (100 K), the reaction rate remains favorable. Furthermore, our findings indicate that

the minimum activation energy is merely 0.91 eV and H2O and CO2 only need to overcome an energy

barrier of 0.71 eV for desorption from the catalyst surface. This substantiates its potential application

both in indoor environments and under extreme temperature conditions. This theoretical research pro-

vides innovative ideas and strategies for effectively oxidizing formaldehyde.

1. Introduction

Formaldehyde (HCHO) serves as a crucial feedstock for indus-
trial production, and sophisticated methodologies to synthe-
size HCHO from methanol exist.1 But for everyday life, despite
its colorless and odorless nature, HCHO, as one of the simplest
aldehydes, should not be underestimated due to its potential
harm.2,3 In June 2004, the International Agency for Research on
Cancer (IARC) of the World Health Organization upgraded it to
a Group 1 carcinogen.4 According to Zinn et al., commonly used
furniture adhesives and solid wood panels along with other
home improvement materials currently contain high concen-
trations of HCHO,5,6 and it takes several years for this HCHO to
be fully released naturally.7 Given that modern individuals
spend approximately 90% of their daily time indoors, indoor
HCHO concentration directly impacts indoor air quality and
our health.8 Even prolonged exposure to low doses of HCHO
can result in chronic poisoning and lead to respiratory, nervous

system, and reproductive diseases. Medical research indicates
that children are more susceptible to the effects of HCHO.
Indoor HCHO and other harmful gases are significant contri-
butors to leukemia.9,10

Due to the significant harm HCHO poses to human health,
particularly in children, and its prolonged natural release time,
reducing indoor HCHO concentration has become a prominent
concern. The inhibition of the catalytic degradation rate of
HCHO at low temperatures poses a challenge in achieving
efficient degradation under extreme temperature conditions,
thus warranting further investigation, the successful achieve-
ment of room temperature oxidative degradation of HCHO has
been made possible through the relentless efforts of numerous
scholars.11,12 Therefore, it is crucial to employ various means of
HCHO treatment. Currently, commonly used methods for treating
HCHO can be categorized into four groups: (i) increased ventila-
tion, which is one of the most commonly employed methods for
reducing indoor HCHO concentrations, has been proposed by
Sherman et al. to estimate indoor ventilation frequency based on
indoor HCHO concentration.13 However, this method is time-
consuming and highly influenced by environmental factors. (ii)
Surface coating involves utilizing the intense chemical reaction
between HCHO and amines to produce hexamethylenetetramine
as an effective and long-lasting solution for removing HCHO.14,15
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Nevertheless, it should be noted that the resulting hexamethy-
lenetetramine powder can also pose harm to human health.
(iii) Photocatalysis entails treating indoor aldehydes through
photocatalytic oxidation using photocatalyst coatings like
TiO2.16–19 According to the research findings of Benz et al.,
there may be a secondary pollution risk caused by the reaction
between styrene and photocatalysts leading to the production
of HCHO.20,21 (iv) Adsorption techniques involve employing
plants or various adsorption materials for capturing and stor-
ing HCHO.22,23 However, the research results of Schmitz et al.
indicate that such methods have limited effectiveness in redu-
cing indoor HCHO concentrations.22 In recent years, MnO2 has
emerged as a promising catalyst for indoor HCHO treat-
ment due to its exceptional catalytic activity and ease of
preparation.24,25 The effectiveness and safety of these methods
in reducing indoor HCHO concentration are limited. However,
a recent approach involving catalytic oxidation of HCHO using
metals to break the C–H bond and convert it into H2O and CO2

has gained attention. This treatment method offers true
decomposition of HCHO without causing secondary pollution,
making it an excellent solution for HCHO treatment.26–28

The utilization of noble metals in the domain of HCHO
catalytic oxidation exhibits remarkable performance. However,
their extensive production and application have been hindered
by cost and stability concerns.26 The focus of HCHO degrada-
tion research has thus shifted to low-cost, resource-abundant
transition metals in recent years, particularly post-transition
metals with a higher number of d-band electrons.29,30 The low
catalytic oxidation activity of transition metals is an undeniable
fact, thus enhancing their catalytic oxidation activity has
become the foremost challenge in utilizing them for HCHO
degradation. The two-dimensional semiconductor materials,
such as graphene, silicene, MoS2, etc., possess a significantly
large specific surface area and exhibit remarkable appeal in the
realm of catalytic oxidation.31–33 However, the catalytic activity
of these materials solely originates from the unsaturated coor-
dination atoms at their edges while a substantial number of
saturated coordination atoms in their centers remain unin-
volved in the catalytic reaction.34 Consequently, this dimi-
nishes their advantage in terms of specific surface area and
compromises their overall catalytic performance.35 The con-
struction of single-atom catalysts (SACs) represents a novel
approach to enhance the abundance of active sites on the
catalyst surface and enables the dispersion and anchored metal
ions onto the substrate surface, resulting in uniformly distrib-
uted active sites. Consequently, it significantly augments the
number of active sites on the substrate surface while affording
catalysts with remarkable catalytic stability, adjustable activity,
low-cost, and high durability.36–38 According to theoretical
calculations and experiments, the surface modification of
MoS2 by single transition metal atoms can take full advantage
of its large specific surface area, maximize the number of active
sites, and significantly improve the catalytic performance.38,39

The hydrothermal method enables the preparation of Ni–MoS2

nanoflowers with a large specific surface area and enhanced
structural stability.40 The laboratory preparation of Ni single-atom

loaded 1T-MoS2 is achieved through the intercalation of
organic molecules, as demonstrated by Wang et al.41 The
successful implementation of the wet deposition technique by
Hai et al. has facilitated the large-scale synthesis of single-atom
catalysts, thereby establishing a robust foundation for their
widespread production and practical applications.42

In this work, the catalytic degradation mechanism of HCHO
on the Ni–MoS2 surface is investigated using the DFT method.
Firstly, by analyzing the adsorption characteristics of the final
products of HCHO and O2 on the Ni–MoS2 surface, we deter-
mine the initial configuration of the catalytic degradation
pathway for HCHO. The four common degradation pathways
of HCHO are subsequently selected, with two for the L–H
mechanism and two for the E–R mechanism. The energy
changes and reaction energy barriers are then calculated to
determine the rate-determining steps. Finally, based on the
kinetic and thermodynamic characteristics, as well as the
energy changes and reaction energy barriers observed along
each pathway, predictions are made regarding variations in
reaction rates at different temperatures. These analyses provide
evidence of the significant potential of Ni–MoS2 as a catalyst for
HCHO degradation over a wide temperature range.

2. Calculation details

The present study employs the Vienna Ab initio Simulation
Package (VASP)43,44 to perform first-principles calculations
based on density functional theory (DFT). To ensure the relia-
bility of the results, all calculations are performed using the
well-established projection enhanced wave (PAW) method to
account for electron–ion correlation.45 The PBE-GGA functional
has been shown to provide a more precise description of weak
correlations,46 and previous research has also showcased the
efficacy of the functional in assessing the performance of
SACs.47–49 So the Perdew-–Burke-–Ernzerhof (PBE) form of the
Generalized Gradient Approximation (GGA) is employed to
describe exchange and correlation effects.43,50 Based on pre-
vious research findings, a plane wave cutoff energy of 500 eV is
considered sufficient to ensure the reliability of the calculated
results. In order to acquire a more accurate determination of
the energy barrier for the oxidation degradation process of
HCHO on the Ni–MoS2 surface, it is imperative the van der
Waals to incorporate the DFT-3 correction.51 The influence of
spin polarization on the structure is taken into account during
the process of structural optimization to verify the impact from
the magnetic atom Ni. However, calculations indicate that Ni
does not exhibit magnetism in this system. Therefore, further
discussion will not explore the influence of magnetism.

To achieve a balance between calculation accuracy and

efficiency, MoS2 of the 2
ffiffiffi
3
p
� 2

ffiffiffi
3
p
� 1 model is employed with

a 20 Å vacuum along the z axis (perpendicular to the interface)
to prevent any artificial interactions among repeated slabs. The
Brillouin zone (BZ) is sampled by using a 5 � 5 � 1 G-centered
Monkhorst–Pack grid.52 Atomic relaxation is performed until the
Hellmann–Feynman force on each atom is less than 0.03 eV Å�1.
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The CI-NEB method is an enhanced version of the NEB method,
wherein the image corresponding to the highest energy is
shifted towards the saddle point position. Consequently, this
approach exhibits superior computational efficiency and yields
more precise outcomes. Upon convergence of the climbing
image nudged elastic band (CINEB), the structure possessing
the highest energy represents the transition state structure.53

To obtain precise transition state images while conserving com-
puting resources, a loose convergence standard of 0.1 eV Å�1 is
employed for the preliminary transition state graph search using
the CINEB method.54 This method, however, still entails a sig-
nificant consumption of computational resources and time. Sub-
sequently, the improved dimer method (IDM)55 is utilized to
determine the structure of the transition state until the force
per atom falls below 0.05 eV Å�1. The total energy change of each
process of atomic relaxation and the transition state search is less
than 10�6 eV. Finally, frequency analysis is conducted on the
transition state image to ensure its accuracy.

The adsorption energy (Eads) is calculated using the follow-
ing equation

Eads = Eabs � Egroup (1)

where Eads is the energy of the adsorption system and Eads and
Egroup are the energy of the Ni–MoS2 abstract and the molecular
group on the surface.

The energy barrier (Eb) and reaction heat (DE) of the reaction
process are calculated using the following formulas

Eb = ETS � EIS (2)

DE = EIM � EIS (3)

where EIS, EIM and ETS represent the energy of the initial state,
intermediate state and transition state in a reaction path,
respectively.

Formula (4) is employed to calculate the heat of the reaction
based on the variation in Gibbs free energy (DG), enabling a
thermodynamic analysis of the reaction pathway.

DG = GFS � GIS (4)

GFS and GIS demonstrate the variation of Gibbs free energy
between the initial and final states, respectively.

The relevant parameters for thermodynamics analysis are
computed utilizing formula

DG ¼ �RTLnK , LnK ¼ �DG
RT

(5)

where DG is the Gibbs free energy difference between the FS
state and TS0 state, R denotes the ideal gas constant, T
represents the thermodynamic temperature, and K signifies
the equilibrium constant of the reaction.

The relevant parameters for dynamic analysis are computed
utilizing formula

KTST ¼ kBT

h
� exp

�DGb

kBT

� �
(6)

where kB and h are the Boltzmann constant and Planck con-
stant, respectively; T is the reaction temperature under study;
and Gb is the reaction barrier in terms of Gibbs free energy.

3. Results and discussion

The optimized model of Ni–MoS2 and the image of unfolded
band structures are illustrated in Fig. 1, wherein the Ni atom is
anchored by three S atoms atop the Mo atom, thereby forming
an exposed active site. In comparison to the MoS2 surface, the
Ni atom exhibits a vertical displacement of 0.99 Å, which serves
as a favorable molecular anchor point. Furthermore, the bond
length between Ni and the three S atoms is 2.12 Å. The pristine
MoS2 monolayer exhibits behavior of a direct band-gap semi-
conductor. By comparing the unfolded band structures (see Fig.
S1, ESI†), it can be seen that the orbital hybridization between
Ni and neighboring S atoms leads to the enhancement of
orbital delocalization around the valence band edge. Mean-
while, the metal Ni atom as a donor defect introduces net
electrons into the system, resulting in the Fermi level moving to
the conduction band edge, which conforms to the character-
istics of semiconductor n-type doping.

The prerequisite for achieving efficient catalytic oxidation
lies in the establishment of stable adsorption of relevant gases

Fig. 1 The optimized model of Ni–MoS2 and the image of unfolded band structures.
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on the catalyst surface. Therefore, our initial focus is to
investigate the adsorption characteristics of reactants and
products involved in the oxidative degradation of HCHO on
Ni–MoS2, including individual adsorptions of O2, HCHO, H2O,
and CO2 on Ni–MoS2, as well as simultaneous adsorptions of O2

and HCHO. The adsorption structure model and the key
parameters are illustrated in Fig. 2. The electron density
difference plot corresponding to the relevant structures is illu-
strated in Fig. S2 (ESI†). The adsorption energies of Ni–MoS2 for
the reactants O2 and HCHO are 0.93 eV and 0.99 eV, respectively.
At the interface between Ni and the reactant molecules, electron
transfer occurs resulting in stable adsorption on the exposed Ni
site, thereby leading to an increased distance between Ni and the
MoS2 surfaces. The adsorption energies of H2O and CO2, the
oxidation products catalyzed by HCHO, on the Ni–MoS2 surface
are 0.73 eV and 0.41 eV, respectively, which are significantly lower
than those of the reactants. Therefore, the decomposition pro-
ducts can be rapidly separated from the catalyst surface to prevent
their accumulation and blockage of active sites that would reduce
catalytic activity. This is conducive to achieving a rapid and
efficient catalytic reaction while improving HCHO removal rates.
The co-adsorption model of O2 and HCHO at the Ni site demon-
strates an adsorption energy of 1.55 eV, resulting in a height
increase of the Ni atom to 1.216 Å, which is 22.5% higher
compared to the absence of adsorbed molecules. In contrast to
individual O2 or HCHO adsorption, co-adsorption on Ni–MoS2

significantly enhances both the adsorption energy and the relative
height of Ni atoms, indicating that the co-adsorption model
provides enhanced stability and promotes the initiation of cata-
lytic reactions.

Based on the analysis of reactants and products, the initial
configuration of the Ni–MoS2 surface catalytic degradation of
HCHO can be determined. Given that the adsorption energy
of co-adsorbed O2 and HCHO is significantly higher than that

of HCHO alone, the co-adsorption model is selected as one of
the initial reaction configurations. In the co-adsorption
configuration, the length of the O–O bond is 1.29 Å, which
exceeds that of gas phase O2 at 1.21 Å, indicating partial
activation during co-adsorption. This initial configuration
adheres to the Langmuir–Hinshelwood (L–H) reaction mecha-
nism. Considering both the strong adsorption capacity of Ni–
MoS2 for O2 and the typically lower concentration levels of
HCHO under ambient conditions compared to those of O2

in general, free HCHO and activated O2 on the surface are
also examined as reasonable initial configurations within an
Eley–Rideal (E–R) mechanism framework. In this E–R mecha-
nism scenario, an elongated O–O bond by 0.1 Å activates O2

further. Due to complexities associated with different catalyst
surfaces decomposition pathways for converting HCHO into
CO2 and H2O, in the study conducted by Bai et al., a three-
dimensional mesoporous Ag/Co3O4 catalyst was employed for
the oxidative degradation of HCHO,56 while Zhang et al.
reported a high-efficiency catalytic process of HCHO at room
temperature using Pt/TiO2,57 only two common paths for CO2

and H2O generation within L–H and E–R mechanisms are
analyzed extensively in this study.

The corresponding reaction pathways of the L–H and E–R
mechanisms are illustrated in Fig. 3. In the L–H mechanism,
both reaction paths originate from the initial state IS1. Along
the first path, the O atom situated further away from the
Ni–MoS2 surface in O2 is attracted to the C atom in HCHO,
resulting in stretching of the O–O bond length from 1.29 Å at
IS1 to 1.38 Å (TS1), thereby weakening their interaction. Con-
sequently, a 5-membered intermediate peroxide ring (IM1) is
formed. This process has an energy barrier of 1.78 eV while
absorbing 0.17 eV of heat. Due to its unstable structure, during
rotation of this newly generated species, continuous stretching
of the O–O bond occurs until it eventually breaks (TS2), one of

Fig. 2 The adsorption model of gas molecules related to Ni–MoS2 on the surface and the corresponding variations in adsorption energy and Ni atom
height.
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the H atoms transfers to an O atom, forming structures
comprising OH� and HCOO� groups (IM2). The energy barrier
for this step amounts to 1.32 eV with a heat release of 2.92 eV.
The OH� group and the HCOO� group are continuously rotat-
ing, with the HCOO� group undergoing a reversal process that
brings the H atom closer to OH� (as shown in TS8), resulting in
the formation of IM5. Throughout this process, the energy
barrier associated with group rotation adjusts its configuration
to 0.15 eV, leading to an energy reduction of IM5 by 0.16 eV.
Subsequently, H departs from the HCOO� group and combines
with OH� to generate CO2 and H2O (TS9). The occurrence of
this step is accompanied by a minute energy barrier of 0.02 eV,
while simultaneously releasing 1.54 eV of heat. Ultimately, the
final products of the catalytic reaction H2O and CO2, merely
necessitate surpassing an energy barrier of 0.71 eV for dissocia-
tion from the Ni–MoS2 surface (IM6 to FS). The rate-
determining step for this pathway lies between IS1 and IM1,
which represents the highest energy barrier within the first
reaction pathway. In the second reaction pathway of the same
mechanism, there is a direct transfer between the H atom in
HCHO and adsorbed O2. This process enhances Ni–O inter-
action, leading to a shortened Ni–O bond length from 1.99 Å

(IS1) to 1.87 Å (TS3). Additionally, it weakens the O–O inter-
action as evidenced by a 0.16 Å increase in the O–O bond
length; meanwhile, this process exhibits an energy barrier of
1.36 eV with a corresponding reduction in IM3 energy by
0.33 eV. The newly formed groups continue rotating and
colliding as they stretch and break O–O bonds while forming
new C–O bonds simultaneously (see TS4), eventually resulting
in the deposition of the H atom onto the remaining O atoms to
form an identical IM2 structure observed in path one. The
energy barrier of this process is 0.88 eV with 2.41 eV energy
released. And the following steps of this process are consistent
with those described previously. In this particular path, the
speed determination step represents the highest energy barrier
encountered when transitioning from IS1 to IM3. For both
reaction paths operating under the L–H mechanism, the for-
mation route involving the generation of OOH�and HCO�

groups experiences a decreased energy barrier by approximately
0.66 eV compared to that involving formation via the creation of
an intermediate peroxide ring.

The L–R mechanism involves two common reaction paths,
and the initial configurations of these paths are depicted in IS2.
In the first path, the C–H bond in the HCHO molecule

Fig. 3 The reaction path corresponds to the intermediate state and transition state model.
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undergoes cleavage, resulting in the formation of an OOH�

group (as illustrated in TS5). HCO� groups form Ni–C bonds
with Ni. This process only requires overcoming a reaction
energy barrier of 0.02 eV while releasing 0.2 eV of thermal
energy. Subsequently, the HCO� group continues to rotate until
the Ni–C bond breaks and a newly formed Ni–O bond is
established (TS6 to IM3). Accomplishing this step necessitates
surpassing an energy barrier of 1.29 eV while simultaneously
releasing 0.13 eV of heat. Further rotation and collision
between the HCO� group and OOH� group lead to the for-
mation of an IM2 structure upon breaking of the O–O bond.
This particular step demands overcoming a barrier of 0.88 eV
while the heat of the reaction released is 2.4 eV. For the second
reaction pathway of the L–R mechanism, following the collision
between free HCHO and O2, the HCO� group undergoes
a transition state similar to that observed in the IM3 process
(see TS7) during rotation before reaching the IM2 state. This
process necessitates overcoming an energy barrier of 1.26 eV
while releasing 2.74 eV of heat. Subsequently, the reaction
pathway in the IM2 state follows as described above. In reaction
pathways of the L–R mechanism, the highest energy barrier
occurs at the step between IM4 to IM3 (1.29 eV) and IS2 to IM2
(1.26 eV), these are rate-determining steps of the L–R mecha-
nism. Furthermore, for these two L–R mechanism reaction
pathways, adjusting the adsorption position of the HCO� group
after dissociation requires a higher energy barrier compared to
directly adjusting the adsorption position during collision.
However, due to its lower energy barrier required for collision
dissociation, PATH1 is more likely to occur than PATH2 when
HCHO collides with O2 initially. Nevertheless, completing sub-
sequent adjustment of adsorption site necessitates overcoming
an even larger energy barrier. Hence, within the L–R mecha-
nism, one of the pathways exhibits a favorable initiation while
the other demonstrates an advantageous propulsion.

To facilitate a more intuitive comparison of Gibbs free
energy variation trends across the four reaction paths, in
Fig. 4, the free energy variation trends of the four reaction
paths investigated in this study are graphically represented
based on the free energy mapping of DG of each configuration.
IS1 and IS2 denote initial states for L–H and E–R mechanisms,
respectively, with little difference observed in their respective
free energies (�303.854 eV and�303.855 eV). The present study
investigates four reaction pathways, two of which originate

from IS1 and the other two from IS2, all of which share a
common reaction pathway PUBLIC (IM2 - TS8 - IM5 -

TS9 - IM6 - FS), the highest energy barrier in this local
pathway is 0.71 eV in the process of H2O and CO2 desorption.
The L–H mechanism exhibits a maximum free energy barrier of
1.78 eV along PATH1 during the IS1 - IM1 process, this is the
highest free energy barrier among all processes, the other three
pathways have their maximum free energy barriers of 1.36 eV,
1.29 eV and 1.26 eV, respectively.

Comparing the two reaction pathways in the L–H mecha-
nism, it is evident that the energy barrier for IS1 - TS1 is
significantly higher (1.78 eV) compared to IS1 - TS3 (1.36 eV).
Therefore, in comparison to the formation of an unstable
5-member peroxide ring, the peroxide ring undergoes rota-
tional cleavage resulting in the generation of OOH� and CHO�

groups. The catalytic reaction exhibits a greater propensity for
direct C–H bond cleavage in HCHO, leading to the formation of
OOH� and CHO� groups. This provides a competitive advan-
tage for PATH2. Comparing the initial step processes of the two
reaction pathways in the E–R mechanism, it is observed that
PATH1 exhibits a significantly lower energy barrier of only
0.02 eV for its first step reaction, whereas PATH2 presents a
higher energy barrier of 1.26 eV for its first step reaction.
Consequently, PATH1 may possess certain advantages in terms
of reactivity. However, it should be noted that PATH1 encoun-
ters an additional energy barrier of 1.29 eV in the second step,
which could potentially result in a lower actual reaction rate
compared to that of PATH2. All four pathways exhibit similar
behavior during H2O and CO2 desorption by overcoming a
dissociation energy barrier of 0.71 eV effectively, thereby facil-
itating product desorption and preventing active site blockage.

Compared to other relevant research findings, according to
Ding et al.,58 the energy barrier for the speed determination
process of Pt/TiO2 during HCHO oxidation is 230.45 KJ mol�1

(approximately 2.04 eV). Liu et al., in their investigation on the
oxidation pathway of HCHO on Fe/DV-N4 and Pd/DV-N4

surfaces,59 observed significantly higher reaction energy bar-
riers of 2.63 eV and 6.08 eV, respectively. These values exceed
the response path obtained in our study. The oxidation mecha-
nism of HCHO on Algraphene at room temperature was inves-
tigated by Liu et al.,60 and their study reported a lower energy
barrier of 0.82 eV compared to this study. However, the dis-
sociation energy of the reaction product in their study is found

Fig. 4 The total Gibbs free energy map and the maximum barrier of each reaction path.
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to be significantly larger and more challenging to dissociate.
Therefore, Ni–MoS2 exhibits great potential and high research
value in the field of catalytic oxidation of HCHO.

In order to further investigate the thermodynamic proper-
ties of the oxidative degradation process of HCHO on a
Ni–MoS2 surface, we utilized free reaction energy and reaction
equilibrium constants at various temperatures to assess the
thermodynamic characteristics of the process across different
temperature ranges. Considering the temperature range
observed in the laboratory for the oxidative degradation process
of HCHO, this study focuses on investigating the free reaction
energy and reaction equilibrium constant within the range of
300–800 K. In Fig. 5, logarithms are applied to the calculated
free reaction energy and reaction equilibrium constant, which
are then plotted with DG serving as a basis for energy mapping
to visually demonstrate the spontaneity and equilibrium laws of
reactions at different temperatures.

The reaction energy of the catalytic degradation process of
HCHO, as depicted in Fig. 5(a), is consistently negative within
the temperature range investigated in this study, indicating

that the reaction occurs spontaneously under these conditions.
The increase in temperature leads to a corresponding rise in
reaction energy, thereby impeding the catalytic degradation of
HCHO on the surface of Ni–MoS2. The catalytic degradation
process of HCHO on the surface of Ni–MoS2 is a completely
irreversible reaction, the significantly higher reaction equili-
brium constant (4105) within the temperature range of 300–
800 K serves as evidence, indicating that HCHO is oxidatively
degraded to CO2 and H2O. Moreover, in Fig. 5(b), an increase in
temperature leads to a gradual decrease in the reaction equili-
brium constant, suggesting that the oxidative degradation of
HCHO is generally exothermic.

Subsequently, in order to gain further insights into the
kinetic characteristics of the catalytic degradation reaction of
HCHO on the surface of Ni–MoS2, we focused our research on
determining the rate-limiting steps in each reaction pathway
based on the aforementioned analysis of the reaction process.
Specifically, for the L–H mechanism, IS1 to IM1 and IS1 to IM3
are selected; whereas for the E–R mechanism, IM4 to IM3 and
IS2 to IM2 are chosen. The reaction rate constant of the speed
determination step is calculated using formula (6), as illu-
strated in Fig. 6. Ln(KTST) is plotted on the y-axis and 1000/T
on the x-axis for ease of analysis.

The reaction rate constant curves for the velocity determina-
tion steps correspond to the four reaction paths, as depicted in
Fig. 6, the slope of all the curves consistently exhibits a negative
trend, indicating that an increase in temperature promotes the
catalytic degradation of HCHO. Moreover, it is observed that
the reaction rate constants for all four reaction paths demon-
strate similar variations in temperature and remain positive
within the range of 300–800 K. The temperature range is
expanded to 100–800 K in order to further elucidate the
correlation between the catalytic degradation rate of HCHO
on the surface of Ni–MoS2 and temperature, relevant informa-
tion can be found in Table S1 (ESI†). When the temperature
drops to 100 K, the reaction rate constants of the four pathways
exhibit a significant decrease; however, they still remain above
27.9. Hence, it can be inferred that Ni–MoS2 retains its effec-
tiveness as a catalyst for HCHO degradation even under
extreme temperature conditions, thereby demonstrating its
potential catalytic properties in such scenarios. The effective

Fig. 5 (a) The free reaction energy and (b) the logarithms of reaction equilibrium constants at various temperatures.

Fig. 6 The logarithms of the reaction rate constants for the rate-
determining steps in each pathway at various temperatures.
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collision frequency between the reactant molecules and the
catalyst surface decreases at low temperatures, and the disso-
ciation difficulty of the product increases. Maintaining optimal
catalyst performance under such conditions remains a signifi-
cant challenge for low temperature catalysts. However, this
study highlights the potential of Ni–MoS2 for efficient formal-
dehyde degradation at low temperatures, warranting further
exploration.

In addition, Arrhenius parameters of the speed determina-
tion steps of the four paths are obtained by linear fitting, as
shown in Table 1. The activation energies of the four paths
differ little (0.91 eV to 1.03 eV). The temperature range covered
in this paper exhibits a relatively high rate of PATH2 reactions
in both the E–R mechanism and the L–H mechanism, indicat-
ing its higher likelihood of occurrence. Due to the high energy
barrier of the initial step, PATH1 in the L–H pathway is
relatively challenging to occur. However, within the tempera-
ture range discussed in this paper, the activation energy for all
four pathways is comparatively low, ensuring a certain reaction
rate regardless of which catalytic reaction path is undertaken.
Nevertheless, HCHO oxidation is most favorably facilitated by
PATH2 in the E–R mechanism. The final products of the four
reaction pathways, namely H2O and CO2, only require over-
coming a low energy barrier of 0.71 eV for desorption on the
surface of Ni–MoS2. This favorable energy barrier facilitates
easy desorption of catalytic products from the surface, promot-
ing efficient reaction cycles and catalyst reuse. Based on
this analysis, it can be concluded that Ni–MoS2 is a promising
HCHO catalyst with significant potential under extreme
conditions.

4. Conclusions

The oxidative degradation mechanism of HCHO on the surface
of Ni–MoS2 is investigated using the DFT method. The reaction
pathways for the L–H and E–R mechanisms are thoroughly
examined. The energy barriers for each step are calculated to
determine the rate-determining steps in each pathway. The
kinetics and thermodynamics of HCHO degradation on the Ni–
MoS2 surface at different temperatures are studied to under-
stand the law of equilibrium constant and reaction rate. In this
study, two L–H and two E–R reaction pathways are selected for
investigation. All four pathways can occur spontaneously and
irreversibly within a temperature range from 300 K to 800 K,
while still maintaining a certain reaction rate even at 100 K.
Moreover, the activation energy for HCHO oxidation on the
Ni–MoS2 surface ranges from 0.91 eV to 1.03 eV, with one

dominant path in the E–R mechanism having a first-step
energy barrier as low as 0.02 eV; another E–R mechanism
exhibits the lowest activation energy overall. Therefore, it is
speculated that the E–R mechanism may play a predominant
role in the catalytic degradation processes of HCHO. The
oxidative degradation of HCHO leading to final products H2O
and CO2 only requires overcoming a desorption energy barrier
of 0.71 eV, which is advantageous due to its low value.
The aforementioned research and analysis demonstrate that
Ni–MoS2 holds great potential as a catalyst for indoor environ-
ment or extreme temperature environment applications in
HCHO oxidative degradation.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

This work was partially supported by the National Natural Science
Foundation of China (No. 11704282), the Natural Science Founda-
tion of Tianjin City (No. 18JCQNJC72900), and the Graduate Science
and Innovation Project of Tianjin University of Technology
(No. YJ2313).

References

1 J. Thrane, U. V. Mentzel, M. Thorhauge, M. Høj and
A. D. Jensen, Catalysts, 2021, 11, 1329.

2 T. Brown, C. Dassonville, M. Derbez, O. Ramalho,
S. Kirchner, D. Crump and C. Mandin, Environ. Res., 2015,
140, 385–396.

3 J. Xiong, P. Zhang, S. Huang and Y. Zhang, Environ. Res.,
2016, 151, 734–741.

4 M. Hauptmann, J. H. Lubin, P. A. Stewart, R. B. Hayes and
A. Blair, Am. J. Epidemiol., 2004, 159, 1117–1130.

5 M. Z. M. Salem and M. Bohm, BioResources, 2013, 8,
4775–4790.

6 T. Salthammer, S. Mentese and R. Marutzky, Chem. Rev.,
2010, 110, 2536–2572.

7 T. Zinn, D. Cline and W. F. Lehmann, For. Prod. J., 1990, 40,
15–18.

8 N. E. Klepeis, W. C. Nelson, W. R. Ott, J. P. Robinson,
A. M. Tsang, P. Switzer, J. V. Behar, S. C. Hern and
W. H. Engelmann, J. Exposure Anal. Environ. Epidemiol.,
2001, 11, 231–252.

9 J. J. Collins and G. A. Lineker, Regul. Toxicol. Pharmacol.,
2004, 40, 81–91.

10 S. Duhayon, P. Hoet, G. Van Maele-Fabry and D. Lison, Int.
Arch. Occup. Environ. Health, 2008, 81, 695–710.

11 J. Ye, Y. Yu, J. Fan, B. Cheng, J. Yu and W. Ho, Environ. Sci.:
Nano, 2020, 7, 3655–3709.

12 H. Chen, J. He, C. Zhang and H. He, J. Phys. Chem. C, 2007,
111, 18033–18038.

13 M. H. Sherman and A. T. Hodgson, Indoor Air, 2004, 14(1), 2–8.

Table 1 The rate determining step for each pathway involves the pre-
exponential factor (A) and activation energy (Ea)

PATH Ea (eV) A (s�1)

L–H (PATH1) 1.03 3.21 � 1015

L–H (PATH2) 0.93 2.87 � 1015

E–R (PATH1) 0.95 3.22 � 1015

E–R (PATH2) 0.91 2.77 � 1015

Paper PCCP

Pu
bl

is
he

d 
on

 2
8 

M
ar

ch
 2

02
4.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/2
3/

20
25

 1
0:

07
:0

7 
A

M
. 

View Article Online

https://doi.org/10.1039/D4CP00189C


12680 |  Phys. Chem. Chem. Phys., 2024, 26, 12672–12680 This journal is © the Owner Societies 2024

14 E. Roffael, Formaldehyde Release from Particleboard and
Other Wood Based Panel, Forest Research Institute Malaysia,
Kuala Lumpur, 1993.

15 M. Dunky and P. Niemz, in Holzwerkstoffe und Leime:
Technologie und Einflussfaktoren, ed. M. Dunky and
P. Niemz, Springer Berlin Heidelberg, Berlin, Heidelberg,
2002, pp. 573–614.

16 Q. Ye, J. E. Krechmer, J. D. Shutter, V. P. Barber, Y. Li,
E. Helstrom, L. J. Franco, J. L. Cox, A. I. H. Hrdina,
M. B. Goss, N. Tahsini, M. Canagaratna, F. N. Keutsch and
J. H. Kroll, Environ. Sci. Technol. Lett., 2021, 8, 1020–1025.

17 Q. L. Yu and H. J. H. Brouwers, Appl. Catal., B, 2009, 92,
454–461.

18 M. R. Hoffmann, S. T. Martin, W. Choi and D. W.
Bahnemann, Chem. Rev., 1995, 95, 69–96.

19 J. P. Ghosh, G. Achari and C. H. Langford, Water Environ. Res.,
2016, 88(8), 785–791.

20 T. Salthammer and F. Fuhrmann, Environ. Sci. Technol.,
2007, 41, 6573–6578.

21 L. Benz, J. Haubrich, R. G. Quiller, S. C. Jensen and
C. M. Friend, J. Am. Chem. Soc., 2009, 131(41), 15026–15031.

22 H. Schmitz, U. Hilgers and M. Weidner, New Phytol., 2000,
147, 307–315.

23 T. Godish and C. Guindon, Environ. Pollut., 1989, 62,
13–20.

24 L. Miao, J. Wang and P. Zhang, Appl. Surf. Sci., 2019, 466,
441–453.

25 J. Gong, S. Rong, X. Wang and Y. Zhou, J. Cleaner Prod.,
2022, 377, 134242.

26 B. Bai, Q. Qiao, J. Li and J. Hao, Chin. J. Catal., 2016, 37,
102–122.

27 N. Liu, K. Kourtakis, J. C. Figueroa and J. G. Chen, J. Catal.,
2003, 215, 254–263.
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