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ABSTRACT: Hydroxyl (OH) species play a critical role in several
oxidative catalysis processes, including the oxidation of 5-
hydroxymethylfurfural (HMF) to produce valuable compounds
like 2,5-furandicarboxylic acid (FDCA). High OH coverage on
metal oxide surfaces significantly enhanced catalytic activity.
Herein, we investigated OH coverage on the β-MnO2(110)
surface generated through the decomposition of oxidant molecules
(O2, H2O2, and tert-butyl hydroperoxide, TBHP) using density
functional theory (DFT) calculations and ab initio thermodynamic
modeling. We studied the kinetics and thermodynamics aspects of
OH formation pathways, focusing on direct O−O and C−O bond cleavages and reactions with H2O, both in gas and solvent
environments. Computations reveal that TBHP and H2O2 exhibit lower dissociation barriers and favorable thermodynamics than O2,
yielding higher OH coverage under relevant reaction conditions. Phase diagrams constructed from thermodynamic models reveal
that TBHP maintains high OH coverage across a broader temperature range, suggesting its potential as an efficient oxidant for
catalytic applications. These insights support the development of β-MnO2 catalysts tailored for oxidation processes by guiding
oxidant selection and reaction conditions.

1. INTRODUCTION
Hydroxyl (OH) species are one of the most important
oxidizing agents for converting lignocellulosic compounds such
as 5-hydroxymethylfurfural (HMF) into valuable products
such as 2,5-furandicarboxylic acid (FDCA). The surface OH
acts as an active oxygen species on metal oxide catalysts and
plays a crucial role in the HMF oxidation reaction. As reported
in our previous work,1 the surface OH on β-MnO2 can
promote FDCA production from HMF, which showed a high
HMF conversion (≥99 mol %) and high FDCA yield (85−92
mol %) during continuous flow oxidation for 72 h at a pO2 of 1
MPa and 393 K, with a liquid hourly space velocity (LHSV) of
1 h−1. High OH coverage on the β-MnO2 surface shows high
catalytic activity for the HMF oxidation reaction. The OH
radical can facilitate dehydrogenation reactions during the
HMF oxidation process on transition-metal2,3 and metal oxide
catalysts.1 In addition, it plays a vital role in abstracting a
hydrogen atom from the C−H and O−H bonds of the
geminal-diol intermediate structure to form a carboxylic group.
Therefore, OH coverage on the catalyst surface is one of the
vital factors determining the HMF oxidation reaction.
The formation of the surface OH group occurs through

hydroxylation4 or by adding an OH source, typically from a
base or oxidant molecules.5−8 For instance, in the conversion
of HMF to FDCA on metal oxide catalysts, surface OH species
can be generated using oxidants such as dissolved oxygen gas
(O2),

9,10 hydrogen peroxide (H2O2),
5−7,11 or tert-butyl

hydroperoxide (TBHP),8,12 providing yields greater than

85%. Among these, O2 exhibits relatively low oxidative ability,
resulting in slower reaction rates and often requiring high
temperatures (≥100 °C) and pressures (≥10 bar) to achieve
significant yields.13−15 In contrast, TBHP displays higher
catalytic activity for HMF oxidation on Cu-doped MnO2
catalysts, resulting in superior HMF conversion (99.4%) and
a higher FDCA yield (96.3%) compared to O2 and H2O2,
respectively.8 These oxidants serve as resources to generate
surface OH species, which possess a strong oxidative ability for
the HMF oxidation reaction.
In general, O2, TBHP, and H2O2 are used as oxidizing agents

for various oxidation reactions. O2 and H2O2 are widely used
in various oxidation processes due to their mild nature and
ability to generate reactive oxygen species under suitable
conditions. However, they typically result in a rather low
oxidative power. For example, the use of O2 and H2O2 as
oxidants results in HMF conversion of less than 57% and very
low FDCA selectivity on Cu-doped MnO2 catalysts.8 In
contrast, TBHP, a rather strong oxidant, yields high HMF
conversion (>99%) and high FDCA selectivity (>96%).8

Received: November 11, 2024
Revised: March 6, 2025
Accepted: March 11, 2025
Published: March 18, 2025

Articlehttp://pubs.acs.org/journal/acsodf

© 2025 The Authors. Published by
American Chemical Society

12097
https://doi.org/10.1021/acsomega.4c10253

ACS Omega 2025, 10, 12097−12108

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bunrat+Tharat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panupol+Untarabut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anchalee+Junkaew"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suwit+Suthirakun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c10253&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10253?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10253?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10253?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10253?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10253?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c10253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


MnO2 has been considered as a promising oxidative catalyst
due to its low cost and effectiveness in the oxidation reaction.
Among various crystal structures, it has been reported that β-
MnO2 is the best-performing catalyst, where the oxidation of
HMF involves oxygen from the MnO2 surface.

10,16 Also, the β-
MnO2(110) surface is the most stable low-index surface.17−21

Moreover, it is the most easily oxidized surface,10,22 and it
shows high oxidative abilities.10 The oxidation process
facilitated by lattice oxygen species depends on the reducibility
of the metal oxide catalysts, which is influenced by their oxygen
vacancy formation energy.10 Extensive experimental10,23 and
computational studies24 have been conducted on this aspect.
The literature has extensively studied OH generation from
oxidant molecules on metal and metal oxide25−27 catalysts.
However, a comprehensive theoretical investigation into the
coverage of the OH group from oxidant molecules on
transition-metal oxide catalysts, in particular the β-MnO2
surface, is still lacking. Understanding the formation of
hydroxyl groups from the decomposition of oxidant molecules
on β-MnO2 remains limited due to the complexity of its
structural diversity, mainly due to different bonding patterns of
MnO6 octahedra.

28−30 In addition to the structural diversity of
MnO2, the magnetic properties of Mn centers in the materials
need to be systematically modeled.31,32 Gaining a deeper
molecular-level understanding of OH coverage on β-MnO2
catalysts is crucial for the development and design of catalysts
with high activity for the HMF oxidation reaction.
From the limited understanding of surface OH formation on

β-MnO2 catalysts, this study aims to use first-principles
computations to model the thermodynamics of OH coverage
on the β-MnO2(110) surface under experimental conditions,
focusing on the influence of different oxidants. In particular, we
examine how OH coverage arises from the dissociation of
various oxidant molecules, including O2, H2O2, and TBHP. To
achieve this, we first explored the adsorption behavior of
oxidant molecules in the absence and presence of solvent
effects using an implicit solvent model. Then, we further
investigated the effects of temperature and pressure of the
oxidant molecules on OH coverage and provided a relationship
between experimental conditions and density functional theory
(DFT) calculations within the constructed thermodynamic
model. Finally, surface phase diagrams were generated by
considering the surface free energies of different OH coverages
and the chemical potential of the oxidant molecules. This study
provides a deeper molecular-level guidance for the design of
more efficient catalysts for the HMF oxidation reaction.

2. COMPUTATIONAL DETAILS
All calculations were carried out using the planewave-based
density functional theory (DFT)33 method as implemented in
the Vienna ab initio simulation package (VASP 5.4.4) with a
kinetic energy cutoff of 500 eV for the planewave basis.34,35

The exchange-correlation functional was described using the
Perdew−Burke−Ernzerhof functional (PBE) form of the
generalized gradient approximation (GGA).36 The projector
augmented wave (PAW) method was used to describe the
electron ion-core interactions.37,38 To describe the strongly
correlated d electrons of β-MnO2, the DFT+U approach was
used with Hubbard-like terms U = 2.8 eV and J = 1.2 eV for
Mn 3d electrons, as suggested by Mellan et al.19,39,40 An
antiferromagnetic state was used for the β-MnO2 model, as
reported by previous works.32,41 van der Waals interactions
were applied using the DFT-D3 method proposed by Grimme
et al.42

To construct the surface model, we first optimized the unit
cell of β-MnO2 using a 7 × 7 × 7 Monkhorst−Pack (MP)43 k-
mesh, which yielded the calculated lattice parameters of a = b =
4.396 Å and c = 2.871 Å. Then, we used the optimized unit cell
to build the 4 × 2 (110) slab model, with dimensions of 11.48
× 12.43 Å, containing three molecular layers of 48 Mn and 96
O atoms. A vacuum gap of 15 Å were added in the normal
direction to avoid spurious interactions between its periodic
images. The bottom layer was fixed to mimic the bulk lattice
positions.
All adsorbed intermediates on the surface were optimized

using an MP k-point grid of 2 × 2 × 1, with force and energy
convergence criteria of 0.02 eV/Å and 10−6 eV, respectively.
The climbing image nudged elastic band (CINEB)44 and
DIMER methods45−47 were employed for finding the
transition states (TS). The CINEB method requires multiple
images to form a path, while the DIMER method only needs
two images for searching transition states (TS). The string
method, using multiple images, is time-consuming. In this
work, we use the CINEB method as the main approach and
apply the DIMER method to refine the TS structures. The
transition state structures from both methods were confirmed
through frequency calculations showing only one imaginary
frequency. Conventional DFT calculations are typically
performed under vacuum, while reaction pathways and
adsorption processes occur in aqueous environments. This
work explores the activation of oxidant molecules on the β-
MnO2(110) surface, considering the influence of solvents on
reaction pathways and barriers.48,49 To account for solvation

Figure 1. Schematic representation of (a) unit cell of MnO2, (b) slab model of the β-MnO2 (110) surface projected along the (010) direction
(left); (100) direction (right); and (c) possible active sites on the β-MnO2(110) surface. The red and gray spheres represent O and Mn atoms,
respectively.
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effects, we used an implicit solvation model of VASPsol50−52

with a water dielectric constant (ε = 78.40). While the absence
of explicit water solvent molecules could lead to an
underestimation of specific local intermolecular interactions
and structural reorganizations, the implicit solvation model
provides a computationally efficient approach to include
solvation effects.

3. RESULTS AND DISCUSSION
3.1. Structure of the β-MnO2(110) Surface. The crystal

structure of β-MnO2 develops a rutile-type tetragonal structure
with space group P4/mnm.53,54 It is one of the most
thermodynamically stable MnO2 allotropes, formed by a single
chain of edge-sharing MnO6 octahedra.55,56 The optimized
unit cell, as shown in Figure 1a, exhibits lattice parameters of a
= b = 4.396 Å and c = 2.871 Å, which are within 0.07% error
from the experimental values (a = b = 4.398 Å, c = 2.873 Å).57

A 4 × 2 β-MnO2 (110) slab was constructed using the
optimized bulk unit cell, as illustrated in Figure 1b. The (110)
surface of β-MnO2 is particularly interesting due to its low
surface energy,19,57 offering various active sites that can
facilitate the adsorption of oxidant molecules. Therefore,
calculations for equilibrium geometries and energies were
conducted by using this surface. These active sites include the
atop site of four-fold Mn (top-Mn4c), the atop site of five-fold
Mn (top-Mn5c), and the bridge site between two four-fold Mn
atoms (bridge-Mn4c), as shown in Figure 1c.
These active sites are characterized as Lewis acid sites58,59

that can effectively bind to electronegative atoms, such as the
oxygen atoms in oxidant molecules, making the β-MnO2 (110)
surface catalytically active for oxidation reactions. In particular,
the top-Mn4c site, with its lower coordination number, exhibits
a higher degree of unsaturation, making it more prone to
interact with oxygen atoms, while the top-Mn5c site is slightly
more saturated but could serve as a potential active site. The
bridge-Mn4c site, located between two Mn4c atoms, offers
unique interaction possibilities due to its ability to engage two
Mn centers simultaneously.
3.2. Adsorption of Oxidant Molecules on β-MnO2. It

has previously been reported that surface OH species,
generated by the added oxidants, play an important role in
the HMF oxidation reaction.8,60−62 It is crucial to understand
the effect of oxidant molecules on the production of surface
OH species under reaction conditions. To obtain such insight,
we first study the adsorption of oxidant molecules on the
catalyst's surface including O2, H2O2, and TBHP. Then, we
calculated the energy barrier and reaction energy for the
decomposition of oxidant molecules on the β-MnO2 surface
(Section 3.3). Lastly, we constructed an ab initio thermody-
namic model to predict OH coverages generated by different
oxidants under experimental conditions (Section 3.4).
First, we explored the adsorption of oxidant molecules,

where various adsorbed configurations are considered, as
detailed in the Supporting Information (SI) Section S1. The
stability of the adsorbed molecules can be determined by
calculating the adsorption energies, Eads, as follows

E E E Eads gas MnO MnO gas2 2
= (1)

where Egas‑MnOd2
is the total energy of the surface with an

adsorbed oxidant molecule, EMnOd2
is the total energy of the

bare β-MnO2(110) surface, and Egas is the total energy of an

isolated oxidant molecule. The more negative Eads indicates a
stronger interaction between the molecule and the surface.
As shown in Figure 2 and summarized in Table S1, we find

that all considered oxidant molecules prefer to adsorb with

both of the O atoms of the oxidant molecule located on the
bridge-Mn4c site due to the unsaturated nature of two Mn4C
atoms, as shown in Figure S1. The calculated adsorption
energies reveal that TBHP (Eads = −1.29 eV) interacts most
strongly with the surface, which is comparable to that of H2O2
(Eads = −1.19 eV), while O2 (Eads = −0.75 eV) adsorbs
somewhat weaker than the other two molecules. In addition,
adsorption of oxidant molecules becomes stronger in the
presence of solvent media treated using the implicit solvent
model, as shown in Figure 2a.
Next, we further analyzed the correlation between the

adsorption strength and the structural and electronic properties
of the adsorbed molecules. As shown in Figure S2, the
projected density of states of the adsorbed systems reveals
good overlap between the O 2p states of the oxidants and Mn
3d states of the surface at the valence band for all oxidant
molecules.
To quantify the overlapping bonding interactions at the

valence band, we calculated the integrated values of the Crystal
Orbital Hamilton Population (ICOHP).37,63,64 More negative
ICOHP values indicate stronger bonding interactions. Our
analysis reveals a strong correlation between the ICOHP values
and the bond length between the surface Mn atom and the
oxygen atom of the adsorbed molecule (Mn−O bond); i.e., a
more negative ICOHP value corresponds to a shorter Mn−O
bond length, indicating stronger bonding, as shown in Figure
2b and Table S2.

Figure 2. (a) Adsorption energies of oxidant molecules with and
without treatment of the implicit solvent model. (b) Correlation
between Mn−O bond length (Å), integrated crystal orbital Hamilton
population (ICOHP) (eV), and charge transfer (e−).
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Furthermore, the structure of the adsorbed molecules is
closely related to the degree of charge transfer. As shown in
Figure 2b, shorter Mn−O bond lengths are associated with a
higher degree of charge transfer. These findings suggest that
the electronic properties, including the ICOHP values and the
extent of charge transfer during adsorption, are strongly
influenced by the structural characteristics of the adsorbed
oxidant molecules. It is worth noting that the charge transfer
analysis shows that after O2 is adsorbed, electrons transfer from
the catalyst to the O2 molecule. In contrast, for H2O2 and
TBHP, the electrons transfer from these molecules to the
catalyst’s surface, as shown in Figure S1. This result indicates
that molecular oxygen (O2) is an electron acceptor due to its
high electronegativity. When O2 adsorbs onto the β-
MnO2(110) surface, it interacts with Mn atoms that have
partially filled d-orbitals, which leads to the transfer of
electrons from the catalyst surface to the oxygen molecule.
Additionally, the surface of the β-MnO2(110) catalyst has Mn
atoms that are not fully coordinated, which means that they
have dangling bonds or active sites that can interact with
adsorbed species. These sites are capable of accepting or
donating electrons, resulting in electron transfer that helps
stabilize the adsorbed O2, H2O2, and TBHP molecules. It is
noteworthy that the active site on the β-MnO2(110) surface is
suggested to involve Mn and O atoms as Lewis acid−base
pairs.24 They are responsible for the activation of C−H bonds
in various molecules.65−67 In addition, charge transfer supports
the idea that Mn active sites act as Lewis acid sites, as after the
adsorption of TBHP and H2O2, charge transfer occurs from
the oxidant molecules to the Mn center. This calculation shows
electron-deficient regions at the active sites.

Interestingly, we found no clear correlation between the
adsorption energies of the adsorbed molecules and their
electronic or structural properties. For example, although O2
has the weakest adsorption energy among the oxidants
considered, it shows the shortest Mn−O bond length, the
most negative ICOHP value, and the highest degree of charge
transfer. In contrast, TBHP and H2O2 display relatively longer
Mn−O bond lengths, less negative ICOHP values, and lower
degrees of charge transfer, yet they have stronger adsorption
energies. These results suggest that the stronger adsorption of
TBHP and H2O2 is primarily due to nonbonding interactions,
which involve a lower degree of charge redistribution. The
calculated adsorption energy without van der Waals
corrections supports this statement, where the adsorption
energy of O2 (−1.19 eV) becomes the most stable, followed by
H2O2 (−1.15 eV) and TBHP (−0.88 eV).
It is expected that the adsorption of oxidant molecules

would result in the activation of the O−O bond. For example,
when O2 adsorbs onto the surface, its O−O bond lengthens
from 1.233 to 1.309 Å. This elongation can facilitate the
cleavage of the O−O bond, leading to the formation of surface
OH species. This observation agrees with previous studies that
when O2 adsorbs onto the β-MnO2 surface, it takes on a
superoxo-like O2

− state, characterized by vibrational frequen-
cies near 1140 cm−1 and an O−O bond length of 1.33 Å.39

Nevertheless, the adsorption energy of O2 on β-MnO2(110) is
relatively weaker than that adsorbed on other metal oxides
including Co3O4(001) (−1.91 eV),68 Au/RuO2(110) (−1.78
eV),69 α-MnO2(211) (−2.88 eV),70 and Zr/α-MnO2(211)
(−3.13 eV).70

In contrast, the adsorption of H2O2 and TBHP results in a
slight shortening of their O−O bonds�from 1.483 to 1.479 Å

Figure 3. Free energy profiles and the most stable configurations of transition states (TS), and intermediates for (a) O2, (b) H2O2, and (c) TBHP
decomposition on the β-MnO2(110) surface at 393 K with and without treatment of an implicit solvent model. The ΔGi

‡ values in eV are displayed
in square brackets.
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for H2O2 and from 1.493 to 1.490 Å for TBHP (Figure S1 and
Table S1). Despite this slight bond shortening, the cleavage of
the O−O bond in H2O2 and TBHP is still expected to be more
favorable than that of O2, owing to their inherently longer
initial O−O bond lengths.
Based on the calculated results, we find that the relatively

strong adsorption of H2O2 and TBHP is attributed to
nonbonding interactions, while the effect of nonbonding
interactions for smaller molecules like O2 is less pronounced.
Furthermore, O2 adsorption leads to significant O−O bond
lengthening, facilitating cleavage, whereas H2O2 and TBHP
exhibit slight bond shortening but still favor O−O bond
cleavage due to their longer initial bond length. The
mechanism and energetics of the O−O bond activation are
discussed in Section 3.3.

3.3. Activation of Oxidant Molecules upon Adsorp-
tion. The activation of the O−O bond in oxidant molecules is
a crucial step for the formation of surface OH species. In this
section, we explore the mechanisms and energy barriers
involved in the cleavage of adsorbed oxidant molecules to
produce surface OH species. We consider two different
pathways: (i) direct O−O bond dissociation, and (ii) for the
adsorbed O2 molecule, an additional pathway involving the
reaction of O2 with H2O to form surface OH species.
3.3.1. Direct O−O Bond Dissociation of Oxidant

Molecule. The cleavage of the O−O bond of adsorbed O2,
H2O2, and TBHP takes place over the bridge-Mn4c sites. Their
free energy profiles, structures of key intermediates, transition
states, and an energy profile at 0 K are shown in Figures 3 and
S3. Activation energies (Ea and ΔGi

‡) and reaction energies
(ΔE and ΔGr) for all elementary steps of the decomposition of

Figure 4. Free energy profiles at 393 K for the OH formation on β-MnO2 from the dissociation of coadsorption between O2* and H2O* molecules
with structures of transition states and intermediates for (a,b) pathway-A and (c,d) pathway-B. The ΔGi

‡ barriers in eV are displayed in square
brackets. Bond lengths are given in Å.
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O2, H2O2, and TBHP molecules on the β-MnO2(110) surface
are listed in Table S3.
First, the direct O−O bond cleavage of O2 (O2* → 2O*) is

thermodynamically favorable, with an exergonic reaction free
energy of −1.47 eV and a barrier of 0.47 eV, as shown in
Figure 3a. The inclusion of the implicit solvation model
stabilizes the adsorbed O* intermediate, resulting in a more
exergonic reaction of −1.75 eV, while it destabilizes the O2*
and TS of O−O bond breaking, leading to an increase in the
energy barrier to 0.53 eV. Our calculated O2 dissociation
barrier is lower than that on Co3O4(001) (1.69 eV),68

Co3O4(110) (4.02 eV),68 and Co3O4(111) (3.58 eV).68 This
result suggests that the formation of 2O* on the β-MnO2(110)
surface is more kinetically favorable than that on other metal
oxides.
As expected, the O−O bond for H2O2 and TBHP is both

thermodynamically and kinetically more favorable than that of
O2. For H2O2, the reaction has a free energy of −3.27 eV with
a low barrier of 0.14 eV, while for TBHP, the reaction free
energy is −3.53 eV with an even lower barrier of 0.11 eV. This
is due to their inherently longer O−O bonds of adsorbed H2O2
(1.48 Å) and TBHP (1.49 Å) compared with that of adsorbed
O2 (1.32 Å), which result in lower bond dissociation barriers
and more exergonic reaction energies, as shown in Figure 3.
The inclusion of solvent effects generally raises the barriers

for the scission of the O−O bond while destabilizing the
intermediates formed during bond cleavage for both H2O2 and
TBHP, as shown in Figure 3b,c. This results in increased
energy barriers for both H2O2 and TBHP, which rise to 0.27
and 0.33 eV, respectively. The destabilization of the bond-
breaking intermediates in the solvent environment also makes
the reactions less exergonic, with reaction energies decreasing
to −2.86 eV for H2O2 and −2.16 eV for TBHP. This suggests
that the dielectric constant applied using implicit solvent
model not only makes the bond cleavage process less favorable
by increasing the energy barriers but also reduces the overall
driving force of the reaction by decreasing the stability of the
intermediate states. Consequently, the solvent environment
alters both the kinetics and thermodynamics of the bond
cleavage process, making it less favorable than that in the gas
phase. It is noteworthy that the O−O bond cleavage of H2O2
on the β-MnO2 surface has an energy barrier lower than that
on YFeO3 (1.41 eV),

71 Ti-YFeO3 (0.98 eV),
71 and Fe3O4(311)

(0.76 eV).72

Overall, the O−O bond cleavage of O2, H2O2, and TBHP on
the β-MnO2(110) surface plays an important role in generating
active surface O and OH species essential for oxidation
processes. H2O2 and TBHP exhibit more favorable cleavage
with lower energy barriers and more exergonic reactions than
O2 due to their longer O−O bonds. The presence of a solvent
generally increases the energy barriers and decreases the
exergonicity of the reactions by destabilizing intermediates,
making the cleavage less favorable than that in the gas phase.
Despite this, β-MnO2(110) shows more favorable O2 and
H2O2 dissociation kinetics compared to other metal oxides,
suggesting its potential for catalytic applications. Alternatively,
the surface OH groups from adsorbed O2 molecules can be
produced by reacting with H2O molecules in the solvent. The
detailed mechanisms of these reactions are discussed in the
next section.
3.3.2. Formation of Surface OH Species via O2 and H2O

Reaction. The surface OH species can be generated not only
through the direct cleavage of the O−O bonds of oxidant

molecules but also via the reaction of adsorbed O2 with H2O.
Two proposed mechanisms were explored in this study
including pathway-A via formation of the H2O2 intermediate as

i. O H O OOH OH2 2* + * * + *
ii. OOH OH H O H O 2OH2 2 2* + * + * * + *
iii. H O 2OH 4OH2 2* + * *

and pathway-B via the direct O−O bond cleavage of the
adsorbed O2 molecule:

i. O 2O2* *
ii. 2O H O 2OH O2* + * * + *
iii. 2OH O H O 4OH2* + * + * *
The relative energy profile at 0 K, along with the most stable

configurations, including transition states (TS) and inter-
mediates, for pathways A and B, is shown in Figure S4, where
all barriers and reaction energies are summarized in Table S3.
The free energy profile of pathway-A (Figure 4a) shows that

the initial step involves the transfer of H from H2O* to O2* to
form OOH* and OH* intermediates (step-i). This step is
exergonic with a free energy change of −0.10 eV and a barrier
of 0.28 eV. Then, the OOH* intermediate further reacts with
an additional H2O molecule to produce H2O2* and another
OH* (step-ii), which is slightly exergonic with a free energy
change of −0.09 eV and a relatively low barrier of 0.23 eV.
Finally (step-iii), the H2O2* intermediate undergoes O−O
bond breaking to form two more OH groups on the surface,
with a barrier of 0.42 eV and an exergonicity of −3.72 eV.
It is noteworthy that the OOH* formation via step-i on the

β-MnO2 surface exhibits a lower energy barrier compared to
the O−H bond breaking of H2O2 to form OOH* on the
Fe3O4(311) (Ea = 0.52 eV),72 YFeO3 (Ea = 1.08 eV),71 and Ti-
YFeO3 (Ea = 0.40 eV)71 surfaces. This result implies that the
coadsorption between O2* and H2O* can easily produce
OOH* species on the β-MnO2 surface.
As discussed in the previous section, the inclusion of an

implicit solvent model generally destabilizes intermediates and
transition states. Similarly, the inclusion of an implicit solvent
raises both the reaction energies and barriers for all elementary
steps. For example, for step-i, the inclusion of the implicit
solvent model destabilizes the H2O−O2 configuration, causing
two H atoms to point away from the *O2, as shown in Figure
4b. This leads to an increase in the distance between H atoms
of H2O and *O2 from 2.36 to 2.75 Å, resulting in a higher
barrier for hydrogen transfer in step-i and step-ii. In addition,
for the O−O bond breaking of H2O2* in the step-iii, the
implicit solvent model destabilizes both the H2O2* and TS6′
structures, leading to the formation of the less stable 4OH*. It
should be noted that the O−O bond dissociation of H2O2 via
TS6’ with the coadsorption of OH* on the surface has a barrier
lower than that of direct O−O bond breaking via TS2’. This
result indicates that in addition to the implicit solvation model,
the hydroxyl groups surrounding H2O2* play a crucial role in
promoting O−O bond dissociation. Consequently, the barriers
for steps i, ii, and iii increase to 0.59, 0.49, and 0.49 eV,
respectively. The overall reaction also become less exergonic,
with a free energy change of −2.74 eV.
We then considered the OH production via pathway-B in

the gas phase, where it starts with the O−O bond cleavage of
adsorbed O2 in the first step (step-i), as shown in Figure 4c. As
previously discussed, direct O−O bond breaking is rather
difficult, with a high barrier of 0.66 eV, but the formation of
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O* is highly stable, with a reaction free energy of −1.80 eV.
Next (steps ii and iii), H atoms from two H2O* transfer to
adjacent O* species, producing four OH* on the surface. The
first H transfer (step-ii) proceeds without a barrier, while the
second one (step-iii) exhibits a barrier of 0.42 eV, with reaction
free energies of −1.27 and −0.84 eV, respectively.
It is noteworthy that the implicit solvation model

destabilizes the initial structures of both H2O* and O2*,
resulting in a decrease in the O−O bond distance from 1.33 to
1.31 Å, as illustrated in Figure 4d. The barrier for direct O−O
bond cleavage is dramatically reduced to 0.17 eV when using
an implicit solvent model. This reduction can be attributed to
the substantial destabilization of the coadsorbed O2* and
H2O* intermediates, while the destabilization of the TS is less
pronounced. In addition, the subsequent two steps of
hydrogen transfer (steps ii and iii) from H2O* to O* exhibit
higher energy barriers of 0.69 and 0.63 eV, with less exergonic
reaction energies of −0.35 and −0.82 eV, respectively. The
cleavage of the O−O bond to form OH via pathway B shows a
high energy barrier due to the destabilization of H2O
surrounding the O* species. In addition, the implicit solvent
model consistently leads to higher barriers and reduced
exergonicity throughout all calculations in pathway B. Our
results reveal that the coadsorbed O2* and H2O* facilitate an
energetically favorable pathway that efficiently promotes the
dissociation of H2O and stabilizes the resulting O* and OH*,
which corresponds with previous DFT calculations.26 In
addition, O anions and metal cations on metal oxide surfaces
could act as Lewis pairs, facilitating H2O dissociation and
promoting OH* formation on the surface.25,27

3.4. Thermodynamics Model of OH Coverages on β-
MnO2. In this section, we determined the surface OH
coverages generated from different oxidant species using the
ab initio thermodynamics model.73−76 First, we calculated OH
formation energies (Ef,OH) at various OH coverages for all
considered oxidant species according to the following chemical
reactions.
For O2

E E E E E

O 2H O (OH)

( 2 )

2 2 4

f,OH
O

(OH) O H O
2

4 2 2

+ + * *

= + + ** (2)

For H2O2

E E E E

H O (OH)

( )

2 2 2

f,OH
H O

(OH) H O
2 2

2 2 2

+* *

= + ** (3)

For TBHP

E E E E E

(CH ) COOH 2 (CH ) CO OH

( ) ( 2 )

3 3 3 3

f,OH
TBHP

(CH ) CO OH (CH ) COOH3 3 3 3

+ * * + *

= + + ** *

(4)

where EOH*, E(OH)d2*, and, E(OH)d4* are the total energies of the
surface with one, two, and four OH species, respectively. E*
and E(CHd3)d3CO* are the total energies of the β-MnO2 surface in
the absence and presence of the (CH3)3CO* intermediate.
EOd2

, EHd2O, EHd2Od2
, and E(CHd3)d3COOH are the total energies of

isolated O2, H2O, H2O2,and TBHP molecules, respectively.
To examine the effect of surface coverage (θ), we calculated

the OH formation energy as a function of OH coverage up to a

monolayer, as shown in Figures S5−S8. The surface coverage
of OH (θ) can be calculated using the following equation.

N
N

OH

Mn active site
=

(5)

where NOH and NMn‑active site represent the numbers of adsorbed
OH species and Mn active sites on the β-MnO2 surface,
respectively. To obtain a monolayer coverage, we first adsorb
OH at its most stable adsorption site at bridge-Mn4c. After the
bridge-Mn4c site is fully occupied, OH is adsorbed at the top-
Mn5c site until the monolayer coverage is obtained.
As shown in Figure 5, we find that as the OH coverage

increases, the OH formation energy also rises. Although the

reaction energy per OH molecule remains negative, the initial
OH coverage is more energetically favorable than higher
coverages. Figure 5 reveals that the OH formation energy from
O2 dissociation (−5.85 eV) is more stable than that from
TBHP (−3.79 eV) and H2O2 (−3.73 eV) at a low OH
coverage of θ = 0.25. At a high OH coverage up to a
monolayer, the OH formation energy from TBHP dissociation
(−3.14 eV) is more stable than those from O2 (−2.96 eV) and
H2O2 (−2.42 eV). This implies that at a high OH coverage up
to a monolayer, the OH formation energy from TBHP
dissociation is more stable than that from O2 and H2O2. This
could be due to the stronger interaction between the
(CH3)3CO intermediate and the β-MnO2 surface upon the
dissociation of TBHP. Such stably adsorbed (CH3)3CO
intermediate could lead to further stabilization of the produced
OH* at high coverages.
Next, to account for the effect of temperature and pressure

on the production of surface OH species, we employed the ab
initio thermodynamic model to determine the OH coverages
on the surface. We computed and compared the surface free
energy as a function of temperature and pressure, σ(T, P), at
various OH coverages as follows:
For O2

T P
A

E T P T P( , )
1

( , ) 2 ( , )f,OH
O

O H O
2

2 2
= [ ]

(6)

For H2O2

Figure 5. Calculated reaction energy per oxidant molecules for the
dissociation of oxidant molecules on the β-MnO2 surface as a function
of the surface coverage of OH with solvent effect.
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T P
A

E T P( , )
1

( , )f,OH
H O

H O
2 2

2 2
= [ ]

(7)

For TBHP

T P
A

E T P( , )
1

( , )f,OH
TBHP

(CH ) COOH3 3
= [ ]

(8)

where A is the surface area. The chemical potential of oxidant
molecules, which includes the temperature- and pressure-
dependent free energy contributions of isolated oxidant
molecules, is described by Δμgas(T, P; gas = O2, H2O, H2O2,
(CH3)3COOH) and was calculated from first-principles using
rotational, translational, and vibrational partition functions of
isolated oxidant molecules. In addition, the pressure depend-
ence of Δμgas(T, P) is obtained assuming the gas phase is ideal
and can be calculated as

T P T P k T P
P

( , ) ( , ) lngas gas 0 B
0

= +
(9)

where P0 = 1 atm, and kB and P are the Boltzmann constant
and the pressure of the gas molecule, respectively. We plotted
the pressure of oxidant molecules against the chemical
potential at various temperatures to reveal a relationship
between experimental conditions and DFT calculations, as
shown in Figure 6. The region indicated by the green dashed
lines represents the chemical potential of oxidant molecules
under the experimental conditions1,8 of HMF oxidation
reactions, where the reaction is operated at 10 bar with
temperatures ranging from 350 to 400 K.
Then, we determined the OH coverages on the β-MnO2

surface from the estimated chemical potential of oxidants
under the reaction conditions of HMF oxidation. As shown in
Figure 7a, computations reveal that as the chemical potential of
O2 increases, the surface energy of OH coverages becomes
more negative. This indicates that the greater chemical
potential of O2, i.e., the higher concentration and more
reactive O2 oxidant, the more stable OH production on the
surface. Under the reaction conditions, the predicted OH
coverage is 0.75.
The OH coverage resulting from H2O2 and TBHP

dissociation is represented in Figure 7b,c, respectively. We
find that the OH coverage on the β-MnO2 surface from H2O2
and TBHP (θ = 1.00) dissociation is higher than that from O2
(θ = 0.75) under the reaction conditions. The H2O2 and
TBHP molecules can generate an OH monolayer on the β-
MnO2 surface under the reaction conditions. However, TBHP
can generate a higher OH coverage on the catalyst surface with
a lower surface energy than H2O2 and O2. This result implies
that the high OH coverage from TBHP on the β-MnO2 surface
is thermodynamically more favorable than that from H2O2 and
O2 under the reaction condition.
To better illustrate the relationship between OH coverage

and reaction conditions, we constructed a phase diagram using
the ab initio thermodynamic model, as described above. As
shown in Figure 8a, for OH formation resulting from O2
dissociation, the β-MnO2(110) surface was occupied by OH at
a 0.75 coverage under the reaction conditions at 10 bar and
temperatures ranging from 350 to 400 K. At higher
temperatures, the OH coverage changed from 0.75 to 0.50 at
temperatures higher than 400 K, as shown in Figure 8a. For the
H2O2 oxidant, the β-MnO2(110) surface exhibits full OH
coverage under the reaction conditions. However, as the
temperature increases, particularly in the region above 400 K,

the coverage decreases from 1.00 to 0.88 before halving at
temperatures exceeding 800 K, as depicted in Figure 8b. For
the TBHP oxidant, Figure 8c reveals that the OH coverage
changes from 1.00 to 0.94 at temperatures higher than 900 K.
This result implies that using the TBHP oxidant leads to the
formation of OH on the surface constituting a monolayer and
exhibits a higher OH coverage compared to H2O2 and O2 at
high temperatures. Although TBHP shows higher dissociation
barriers (0.33 eV) than H2O2 (0.27 eV), resulting in slower
OH production kinetics, such OH production is thermody-
namically more favorable when TBHP is used as the oxidant.
The slower OH production kinetics of TBHP decomposition
are highly suitable for the oxidation reaction, as they enable a
continuous supply of OH throughout the process. This steady
OH availability contributes to the high selectivity of FDCA
(96.3%) during the oxidation of HMF with the Cu-doped

Figure 6. Pressure of oxidant molecules against the different chemical
potentials at different temperatures of (a) O2, (b) H2O2, and (c)
TBHP.
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MnO2 catalyst.8 It is noteworthy that although TBHP is
identified as a more efficient oxidizing agent for generating OH
coverage on the β-MnO2 surface compared to O2 and H2O2,
the use of TBHP has been greatly limited due to safety
concerns over its shipping, handling, and storage, particularly
at the production scale.77

4. CONCLUSIONS
In this work, we employed density functional theory
calculations and ab initio thermodynamic modeling to study
the effects of different oxidant molecules, including O2, H2O2,
and TBHP, on the kinetics and thermodynamics of OH
production on the β-MnO2(110) surface. Computations reveal
that TBHP is the most effective oxidant for stable OH
coverage, with low bond dissociation barriers and highly
exergonic reactions, followed closely by H2O2, while O2 is the
kinetically least favorable.

To further illustrate the OH coverage under different
reaction conditions, we constructed phase diagrams that show
the effects of the temperature and pressure on OH formation
for each oxidant. Under the reaction conditions of HMF
oxidation, using O2 as an oxidant yields an OH coverage of
0.75 at 10 bar and 350−400 K. This coverage decreases to 0.50
as temperatures exceed 400 K, indicating that O2 is effective
within moderate temperature ranges. In contrast, H2O2
maintains full OH coverage (1.00) under the reaction
conditions, although the coverage reduces to 0.88 as
temperatures exceed 400 K and further reduces at 800 K,
suggesting temperature sensitivity. TBHP, the most robust
oxidant, maintains a near-monolayer OH coverage of 1.00
under reaction conditions and decreases only slightly (to 0.94)
at temperatures above 900 K, indicating its high stability across
a broad temperature range. Overall, these findings reveal
TBHP as the most favorable oxidant for generating a stable
and high OH coverage on β-MnO2(110), making it an effective

Figure 7. Surface energy of OH formation versus chemical potential of oxidants at various OH coverages on the β-MnO2 surface within the
treatment of the implicit solvent model resulting from the dissociation of (a) coadsorption between O2 and H2O, (b) H2O2, and (c) TBHP.
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oxidant for oxidative catalytic applications such as the HMF
oxidation process.
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