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ABSTRACT: Severe haze episodes typically occur with concurrent high relative
humidity. Here, the vital role of water in promoting the oxidation of SO2 by O2 on
carbonaceous soot surfaces was identified at the atomic level by first-principles
calculations. Water molecules can dissociate into surface hydroxyl groups through
a self-catalyzed process under ambient conditions. The surface hydroxyl groups,
acting as facilitators, can significantly accelerate the conversion of SO2 to SO3
(precursor of particulate sulfate) over soot aerosols by reducing the reaction
barriers. Specifically, the hydroxyl groups activate the reactants and stabilize the
transition states and products through hydrogen-bonding interactions, making the
reactions both thermodynamically and kinetically more favorable at room
temperature. The findings indicate that atmospheric humidity plays an important
role in enhancing the atmospheric oxidation capacity, thus exacerbating SO2
oxidation and severe haze development. Also, this study unravels a mechanism of
surface hydroxyl-assisted O2 and H2O dissociation over metal-free carbocatalysts under normal conditions.

1. INTRODUCTION
The oxidation of sulfur dioxide (SO2) in the atmosphere
results in sulfate formation, which is well-known to play
significant roles in the generation of acid rain and new
particles.1−4 In recent years, severe and persistent haze
episodes that frequently occur in northern China during the
winter threaten the health of hundreds of millions of people.5

Sulfate has been one of the main components of haze particles
in the past few years.6−10 The oxidation of SO2 by OH radical,
H2O2, and O3 has been generally considered to be the
dominant pathway for sulfate production in the atmosphere.11

However, these oxidation pathways are clearly insufficient to
explain the high levels of sulfate that exist during polluted
periods,10,12 implying the existence of an important missing
mechanism for the rapid oxidation of SO2.
In efforts to reveal the unknown sources of sulfate in the

atmosphere, the heterogeneous oxidation of SO2 has attracted
increasing attention. For instance, the oxidation of SO2 by
NO2 on the surface of mineral aerosols8 and in aerosol
water9,13 has been proposed, but the NO2-mediated oxidation
route would be important only under neutral conditions.
However, it has been recently found that the aerosol is always
acidic (pH 4.0−5.0), even with the unusually high NH3 levels
in northern China.14,15 Therefore, the search for new pathways
for SO2 oxidation contributing to the exceedingly high levels of
sulfate is still of great urgency.
An outstanding feature of severe haze episodes is that the

heavy particulate pollution always occurs concurrently with
high relative humidity (∼1017 water molecules/cm3 in the
atmospheric boundary layer).9,13,16,17 This suggests that water

molecules may play a direct role in the formation of secondary
aerosols, such as sulfate. However, the underlying principle for
the effects of humidity on the development of haze is not yet
clear, despite its fundamental importance in atmospheric
chemistry. Soot particles, produced from incomplete combus-
tion of fossil fuel and biomass, are ubiquitous in the lower
atmosphere.18 Rapid industrialization and urbanization have
been accompanied by high emissions of soot particles in China
(about 2.0 Tg/year, more than one-fourth of global
emissions).19−21 Soot mass concentrations of up to 20 μg/
m3 (nearly 10% of the total particulate matter) were observed
during pollution episodes in northern China.5 High particulate
carbon levels associated with high relative humidity are
conducive to trapping of pollutants and water at the particulate
surfaces and, hence, the occurrence of the heterogeneous
oxidation of SO2. Although existing field and laboratory studies
have shown the promoting role of water in the conversion of
SO2 to sulfate over carbonaceous soot surfaces under both gas-
and aqueous-phase conditions,22−25 the detailed atomic-level
mechanism is still unknown. Determination of the role of water
in the heterogeneous oxidation of SO2 over carbonaceous
particles is of fundamental importance to revealing the large
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missing sources of sulfate in the atmosphere and is helpful to
understanding the effect of humidity on the formation of
severe haze pollution.
Here, a hydroxyl self-catalysis mechanism for the water-

splitting reaction over graphene-based carbon surfaces is
identified using first-principles calculations, which can
substantially facilitate the oxidation of SO2 by O2 over
carbonaceous soot particles under ambient conditions. The
findings shed new light on the long-standing endeavor to
identify the unknown oxidation channel of SO2 in the
atmosphere, leading to high levels of sulfate under polluted
conditions.

2. METHODS

All of the density functional theory (DFT) calculations were
performed using the Perdew−Burke−Ernzerhof (PBE) func-
tional26 with van der Waals correction proposed by Grimme
(i.e., DFT-D3 method),27 as implemented in the Vienna ab
initio simulation package (VASP 5.4.4).28,29 The electron−ion
interaction was described using the projector augmented wave
(PAW) method.30,31 The wave functions were expanded in
plane-wave basis sets with an energy cutoff of 400 eV. A
graphene plane with a rectangular boundary (17.04 × 17.22 Å)
was used as the substrate.32 An oxygen-functionalized structure
was created at the center of the periodic model, and the
resulting dangling bonds of carbon atoms were saturated by
hydrogen atoms. This method has been widely used to
construct oxygen-containing functional groups on graphitic
carbon sheets under periodic boundary conditions.33−35 A
vacuum region of 20 Å was used to separate the surface from
its periodic image in the direction normal to the surface. The
supercells were sufficiently large to use only Γ point sampling
for integration over the Brillouin zone. Gaussian smearing of
the electron occupation with a smearing width of 0.2 eV was
used to speed up the convergence of Brillouin zone integration.
The reaction pathways and transition states were traced by the
climbing image nudged elastic band (CI-NEB) method with

several intermediate images.36−38 The spring constant between
the adjacent images was 5.0 eV/Å2, and the force convergence
criterion was 0.02 eV/Å. Both spin-polarized and spin-
unpolarized calculations have been performed to examine the
O2 dissociation, and all other processes were calculated using
the spin-polarized method. Frequency analysis was performed
to confirm the transition states and their connected minima.
Thermodynamic data were processed with VASPKIT code.39

The independent gradient model (IGM) and topological
analysis were performed using the Multiwfn package.40 The
reaction rate constants (k, s−1) were computed on the basis of
the transition state theory including the Wigner tunneling
correction (eq 1) using the KiSThelP package,41 where χ is the
Wigner transmission coefficient (eq 2), kb (1.38 × 10−23 J/K)
is the Boltzmann constant, T (K) is the temperature, h (6.63 ×
10−34 J s) is Planck’s constant, Im(ν⧧) (cm−1) is the imaginary
frequency of the transition state, and ΔG (kJ/mol) is the
difference of Gibbs free energy between the transition state and
the reactant complex.
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3. RESULTS AND DISCUSSION
3.1. Promotion of O2 Activation and SO2 Oxidation

by Surface Hydroxyls. Soot is primarily composed of
graphitic carbon, with a number of CO and C−O−C
oxygen-containing species within the graphene layers.42−46

The oxygen-containing functional groups on soot surfaces
originate from combustion and atmospheric photochemical
aging processes,42 which significantly enhance the hydro-
philicity of soot aerosols.18,47 We have found that the ether C−
O−C sites enable the dissociation of molecular O2 into surface

Figure 1. Reaction pathways of O2 dissociation at the ether C−O−C site with or without surface hydroxyl assistance. The images show the
optimized geometries of the reactant complex (RC), transition state (TS), and product complex (PC) for the hydroxyl-assisted O2 dissociation
reaction, and the structures of O2 dissociation without hydroxyl assistance have been present in our previous study.32 Cyan, red, and white circles
denote C, O, and H atoms, respectively. The energies are given in electronvolts relative to the reactant complex. The imaginary frequency of the
transition state is presented. All lengths are given in angstroms. As a result of error cancellation, the error in the DFT calculation can be expected to
be less than 1 kcal/mol (0.04 eV) for comparing the relative difference of energy barriers using the same computational settings.48

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c00021
Environ. Sci. Technol. 2020, 54, 7070−7077

7071

https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00021?ref=pdf


atomic oxygen species with a relatively low barrier, while the
dissociation of O2 is prohibited at the carbonyl CO and
pristine graphitic C−C sites under normal conditions as a
result of rather high barriers.32 More interestingly, when there
are surface hydroxyl groups nearby, the electronic energy
barrier of O2 dissociation at the C−O−C site is significantly
decreased from 1.53 to 1.25 eV (corresponding to 6 orders of
magnitude increase of the rate constant under ambient
conditions; Figure 1 and Table S1 of the Supporting
Information), which reflects the marked effect of the surface
hydroxyls in promoting O2 activation.
As shown in Figure 1, the O2 molecule is first physisorbed

on the surface by van der Waals forces and is concurrently
hydrogen-bonded to surface hydroxyl groups. Subsequently, it
is chemisorbed on the C atom (named C1) of the C−O−C
site by the O1 atom, with the O1−O2 bond being elongated
from 1.25 to 1.42 Å at the transition state. Then, the O2 atom
becomes closer to the surface, leading to the complete severing
of the O1−O2 bond and formation of the C2−O2 bond. The
O2 molecule is finally dissociated into one epoxide group and
one terminal O atom that is stabilized by the hydroxyl group.
The dissociation of O2 on soot surfaces proceeds via two

processes, including the triplet-to-singlet intersystem crossing
and the dissociation of O2 in the singlet O2−soot complex. The
energy difference between singlet and triplet O2−hydroxylated
soot complexes is 0.58 eV, which is obviously lower than that
of O2−soot complexes without hydroxyls (0.78 eV) and free
O2 molecules (1.04 eV) (Figure 1 and Figure S1 of the
Supporting Information), indicating that the effect of the
hydroxylated soot substrate is conducive to the triplet-to-
singlet intersystem crossing and, hence, the dissociation of O2.
Our results showed that both the transition state and product
complex have been converged to the non-magnetic closed-shell
states in spin-polarized calculations.
Independent gradient model [IGM, δg(r)] analysis was

performed to identify the role of hydroxyl groups in promoting
O2 activation. The IGM is defined as49

∑ ρ= ∇g r r( ) ( )
i

i
(3)

∑ ρ= [∇ ]g r r( ) abs ( )
i

i
IGM

(4)

δ = −g r g r g r( ) ( ) ( )IGM
(5)

where i is the atomic number, ∇ρ (e/bohr4) is the electron
density gradient, abs(x) is the absolute value of x, and |x| is the
modulus of x. Figure 2a shows that the distances between the
O2 molecule and the surface hydroxyl groups are about 2.3 Å
and there is an obvious blue−green region between them,
clearly indicating the formation of a hydrogen-bonding
interaction. As a result, in comparison to the situation without
surface hydroxyls (Figure 2b), the O1−O2 bond is elongated
by 0.01 Å and the shortest interatomic distance between O2
and the substrate is shortened from 3.31 to 3.12 Å, which
enhances the reactivity of O2 with the substrate.
The epoxide group is the optimum structure for atomic

oxygen species on graphitic carbon surfaces without adjacent
functional groups.50−52 Figure 3a shows that, when there are
adjacent hydroxyl groups, the epoxide group is easily converted
into an O atom at the terminal site with a very low barrier of

0.12 eV. Moreover, the hydroxyl-stabilized terminal O exhibits
extremely high activity for SO2 oxidation because the oxidation
reaction takes place without any energy barrier (Figure 3b and
Figure S2 of the Supporting Information), which is much faster

Figure 2. Optimized geometries of the O2 molecule interacting with
the substrate (a) with or (b) without adjacent hydroxyls and IGM
isosurfaces (isovalue = 0.01 au) colored by the values of sign[λ2(r)]-
ρ(r). λ2 is the second largest eigenvalue of a Hessian matrix of the
electron density. The color bar shows the blue−green−red scale
ranging from −0.05 to 0.05 au. Blue, green, and red represent strong
attraction (e.g., hydrogen bonding), van der Waals interaction, and
strong repulsion (e.g., steric repulsion), respectively. All other legends
are the same as those in Figure 1.

Figure 3. Reaction pathways of (a) surface atomic oxygen species
shifting from bridge to terminal sites with hydroxyl assistance and (b)
SO2 oxidation by the terminal O atom as well as the optimized
geometries of the RC, TS, intermediate species (IM), and PC. Yellow
circles denote S atoms, and other legends are the same as those in
Figure 1.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c00021
Environ. Sci. Technol. 2020, 54, 7070−7077

7072

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00021/suppl_file/es0c00021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00021/suppl_file/es0c00021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00021/suppl_file/es0c00021_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00021?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00021?ref=pdf


than that without hydroxyl assistance.32,52 Therefore, surface
hydroxyls greatly promote the oxidation of SO2.

3.2. Water Dissociation and Surface Hydroxyl
Formation. As described above, we have identified that the

Figure 4. Energy profiles of the splitting of water molecules into surface hydroxyls with or without hydroxyl assistance as well as the optimized
geometries of the RC, TS, and PC. All legends are the same as those in Figure 1.

Figure 5. Optimized geometries of the RC, TS, and PC of a water molecule reacting with surface atomic oxygen species and IGM isosurfaces
(isovalue = 0.01 au) colored by the values of sign[λ2(r)]ρ(r): (a−c) reaction without hydroxyl assistance, (d−f) reaction with assistance by one
hydroxyl, and (g−i) reaction with assistance by two hydroxyls. The hydrogen-bonding energy is given in electronvolts, which is evaluated on the
basis of the electron density [ρ(r)] at the bond critical point (BCP) of a hydrogen bond (see Table S2 of the Supporting Information). All other
legends are the same as those in Figure 3.
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surface hydroxyl groups can greatly promote the oxidation of
SO2 by O2 over carbonaceous surfaces. Therefore, determi-
nation of the mechanism of the splitting of water molecules
into surface hydroxyls under ambient conditions is the key to
unraveling the role of water in promoting the conversion of
SO2 to sulfate on soot aerosols.
The reaction of water molecules with surface atomic oxygen

species (*O, where ∗ denotes a site on the surface) is the most
easily understandable pathway for producing surface hydroxyls
(i.e., H2O + *O → 2*OH). However, the reaction without
hydroxyl assistance is endothermic by 0.44 eV with a relatively
high barrier of 0.90 eV (Figure 4), implying that it does not
easily occur under ambient conditions. It is notable that, when
there is a hydroxyl group near the reaction site, the energy
barrier is reduced and the reaction becomes an exothermic
process. Surprisingly, the energy barrier is drastically decreased
to 0.50 eV with the assistance of two neighboring hydroxyl
groups. Therefore, the reaction of water splitting into hydroxyl
groups on carbonaceous surfaces becomes both thermody-
namically and kinetically favorable at room temperature with
self-catalysis by product hydroxyls.
The hydrogen-bonding energies show that, in comparison to

the reactants, the energies of the transition state and products
were decreased more significantly by the hydroxyl groups
through hydrogen-bonding interactions (Figure 5). Besides,
the distance between C2 and O2 is shortened in the transition
states (from 2.23 to 2.16 Å) and product complexes (from 1.51
to 1.49 Å), and thus, the C2···O2 bonding is enhanced by the
presence of adjacent hydroxyl groups. Both this effect and the
OH···O hydrogen bond are responsible for stabilizing the
structures of transition states and products and, hence, greatly
promote proton transfer, resulting in splitting of the water
molecule and the generation of hydroxyls. Therefore, water can
convert to hydroxyl groups by reacting with atomic oxygen
species on graphene-based carbon surfaces with self-catalysis.
The formed hydroxyls further promote the dissociation of O2
into surface O atoms and, hence, accelerate SO2 oxidation
(Figures 1 and 3).
The mechanism of the water-promoting oxidation of SO2 by

O2 over carbonaceous aerosols is summarized in eqs 6−8.

+ * → *O 2 2 O2 (6)

+ * → + *SO O SO2 3 (7)

+ * → *H O O 2 OH2 (8)

Molecular O2 is dissociated into two atomic oxygen species at
the ether (C−O−C) site (eq 6). Then, SO2 is easily oxidized
by the atomic oxygen species (eq 7). The surface atomic
oxygen species can also react with water molecules to form
surface hydroxyl groups through a self-catalyzed process (eq
8). In fact, there are a number of hydroxyl groups on soot
surfaces, originating from combustion and atmospheric aging
processes.43 The original hydroxyl groups are favorable for
initiating the self-catalyzed splitting of water. The surface
hydroxyl groups further promote O2 dissociation (eq 6) and
SO2 oxidation (eq 7). The energy barrier of SO2 oxidation by
epoxide groups is about 0.73 eV,32,52 which is higher than that
of the epoxide group reacting with water with two hydroxyl
assistance (0.50 eV; Figure 4). Therefore, some of the surface
atomic oxygen species would react with water to form surface
hydroxyls, especially when water and surface hydroxyls coexist
nearby. To facilitate the parametrization of this mechanism

into the current air quality models, the binding energies of O2,
H2O, and SO2 to various soot surfaces are provided in Table
S3 of the Supporting Information. The results indicate that
surface hydroxyl groups play an important role in enhancing
the interaction of O2, H2O, and SO2 with soot surfaces (Table
S3 of the Supporting Information) and reducing the reaction
barriers (Figures 1, 2, and 4). Both aspects are significant for
the catalytic oxidation of SO2. The overall barrier of O2
dissociation (1.25 eV) is much larger than the binding energy
of O2 to the surface (0.21 eV), implying that only a number of
O2 molecules would be dissociated into surface atomic oxygen
species under ambient conditions.
It has been widely observed that soot and sulfate particles

are aggregated with each other (i.e., internally mixed) in urban
and remote regions.53,54 Both in situ oxidation of SO2

22,53 and
the condensation of sulfate species from gas- and aqueous-
phase oxidation18,55 are responsible for the internal mixing of
soot with sulfate. However, current standard air quality models
that have implemented the oxidation of SO2 by the OH radical,
H2O2, and O3 generally underestimate the production of
sulfate in northern China by more than 50%,10,12 implying that
the heterogeneous oxidation of SO2 on soot particles is a
potentially important source of sulfate. Internal mixing with
sulfate would enhance the hygroscopicity of soot, with
consequences of uptake of water, dissolving sulfate, and
releasing active sites, all of which are favorable for the soot-
catalyzed sulfate-producing process. Novakov et al. first
experimentally observed that soot particles can catalyze the
oxidation of SO2 by O2 to form sulfate in polluted
atmospheres,22 and this process can be efficiently promoted
by the presence of water.25 Also, Long et al. found that
graphene oxide (the main structure of aged soot) can act as the
catalyst to catalyze SO2 oxidation and the reaction was more
rapid under aqueous conditions.23 Our laboratory has also
observed that the conversion of SO2 to sulfate over soot
particles was enhanced with increasing relative humidity.24

With the combination of field measurements and laboratory
experiments, a newly published study showed that the soot-
catalyzed SO2 oxidation accounts for about 90−100 and 30−
50% of the sulfate production during moderate and heavy haze
events, respectively.56 All of these experimental observations
confirm that the soot-catalyzed SO2 oxidation mechanism
proposed in this study would be an important source of sulfate
in the atmosphere, particularly under polluted conditions.

4. IMPLICATIONS
This study reveals the vital role of water in promoting the
oxidation of SO2 to SO3 (the major precursor of sulfate
aerosols) by O2 over carbonaceous surfaces at the atomic level.
Different from the aqueous oxidation of SO2 by NO2, this
water/hydroxyl-assisted catalytic oxidation pathway proposed
here is expected to be applicable to both gas- and aqueous-
phase conditions and is independent of pH. Moreover, this
channel uses ubiquitous O2 as the ultimate oxidant and, hence,
is an alternative important source for the formation of
persistent sulfate haze in the atmosphere. The self-catalyzed
water-splitting mechanism provides a previously unreported
conversion pathway of water to hydroxyl groups, which is
expected to occur extensively on the surface of atmospheric
carbonaceous particles and graphene-based materials under
ambient conditions. The findings in this study indicate that
humidity plays an important role in enhancing the atmospheric
oxidation capacity and exacerbating severe haze development.
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Also, because various oxygen-containing functional groups are
known as active centers, oxidants, or key promoters in
carbocatalysts,35 the newly identified mechanism of surface
hydroxyl-assisted O2 and H2O dissociation is fundamental to
the oxidation of pollutants over metal-free carbocatalysts.
In summer, as a result of the high concentration of the OH

radical, H2O2, O3 and other oxidants in the atmosphere as well
as the high temperature, gas- and aqueous-phase oxidation
pathways are major contributors for the conversion of SO2 to
sulfate. However, severe haze events in China mostly occur in
winter; therefore, the carbon-catalyzed mechanism is expected
to play an important role during winter, especially under
polluted conditions, where both SO2 and particulate carbon
concentrations and relative humidity are high. In the coming
decades, SO2 emissions are expected to increase in the
developing world, such as China and India. Particulate carbon
emissions in these countries are also high. Thus, we believe
that more attention should be paid to the carbon-catalyzed
mechanism for accurate estimation of the current and future
sulfate distribution and its impact on the air quality, climate,
and human health.
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