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DOI: 10.1039/x0xx00000x Hydrogen peroxide (H,0,) adsorption and dissociation mechanisms on MoO;(100) and Ho33Mo005(100) surfaces were

studied by means of density-functional computations. Mechanisms were examined on both fixed and relaxed clusters. On
www.rsc.org/ both fixed and relaxed molybdenum oxide clusters, H,O, adsorbs molecularly and does not dissociate. However, on the
surface of both the fixed and relaxed molybdenum hydrogen bronze (Ho33Mo00s) clusters, H,O, can dissociate through a
pathway involving either H-O or O-O bond cleavage. The barrier for direct H-OOH dissociation is 39.9 kJ/mol, leading to an
adsorbed H atom and a HOO group. The dissociation of the O-O bond leads to the most energetically stable products, two
OH species bound to the surface molybdenum atoms with the relative adsorption energy - 430.4 kJ/mol. The mechanism
on the relaxed cluster is slightly more complex due to additional stability of the molecularly adsorbed structure and ability
to form a geminal intermediate not found on the fixed cluster. On both the relaxed and fixed clusters, hydrogen cleavage
is kinetically favoured. Chemical reaction on the molybdenum hydrogen bronze surface is made possible by the increased
electron density at the surface with respect to the oxide due to the contribution from the HOMO orbital.

Introduction

Molybdenum oxides, in the pure form or mixed with other metal oxides are catalytically active towards oxidation of
hydrocarbons,l'4 alcohols,”” hydrocracking,8 hydrogenation9 and hydrodeoxygenation of aldehydes.10 In the MoOj crystal, the
(100) and (001) faces are responsible for hydrogen abstraction process, while nucleophilic addition of oxygen into the allylic
species occurs at the (010) plane.l’ ® The Mo05(100) surface has Lewis acid centers that are found to be important for olefin
adsorption and stabilization of intermediate species.11 A number of experimental and theoretical studies on the bulk and surface
properties of molybdenum oxides including their electronic structures have been done during the last 15 yearsm’ 1219 including
investigations of the decomposition of acetaldehyde,10 the adsorption of H,0 and CO,12 hydrogen adsorption, and allylic
oxidation®® on the (100) and (010) surfaces of MoOs;.

The reduction of MoO; with atomic hydrogen leads to formation of molybdenum bronzes with the general formula H,MoO;
(0<x<2). Since the average oxidation number of Mo in H,MoO;3 is less than 6, molybdenum bronzes are strong reducing agents
and have received attention as potential hydrogenation, dehydration and reduction catalysts.21'23 Depending on the amount of
hydrogen, four phases of H;MoO; have been identified.? According to early NMR studies, the H atoms in molybdenum bronzes
preferentially occupy the intralayer positions on a quasi-one dimensional zigzag line connecting the vertex-sharing oxygen atoms
of the MoOg octahedra.”> ?®* Once these sites are saturated, hydrogen atoms supposedly start to populate the interlayer
positions, coordinating to the terminal oxygen atoms. However, recent combined experimental and computational studies
indicate no hydrogen population of the intralayer sites.”’ Density function theory (DFT) calculations suggest that hydrogen will
bind to the symmetric bridging oxygen, the asymmetric bridging oxygen and to the terminal oxygen of the MoO; lattice with
adsorption energies ranging from 2.10 to 2.91 eV.”® 2 The most favourable hydrogen adsorption sites were found to be the
terminal and asymmetric oxygen atoms, which interact with hydrogen atoms with almost equal bond strength. The particular
hydrogen distribution in molybdenum bronzes seems to be dependent on the preparation method.

Information regarding the reaction chemistry of H,MoO; is scarce. Indeed, we were unable to locate any articles discussing the
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reaction of these materials with peroxides in any detail. Relevant papers include the use of molybdenum bronzes as an agent for
uranium removal, in which HyMoOj reacts with uranyl ions to form the mineral iriginite, UM0209-3H20.30 In a similar fashion, Th,
Nd and Pb ions can also be separated from water and immobilized by reaction with the bronze..*"** For peroxide compounds, it
was found that the molybdenum hydrogen bronze can successfully decompose triacetone triperoxide by reacting with the
peroxide groups and concomitantly oxidize the molybdenum reagent turning the initial deep blue colour to yeIIow.33 In this
paper, we have modelled adsorption and possible decomposition of hydrogen peroxide on the MoO3(100) and Hy 33M005(100)
surfaces using density-functional calculations to gain insight into the possible mechanisms for the decomposition reaction on the
bronze surface.

Computational procedure

Unless noted, calculations were done with Gaussian 03 and 09 software.** Except when explicitly noted, simulations were
performed using Becke three parameter hybrid functionals®® with Lee, Yang and Parr correlation that includes both local and
non-local terms (B3LYP).36 The 6-311++G(d,p) valence triple zeta basis set with two diffuse functions and the polarization d-and
p-functions on non-hydrogen and hydrogen atoms respectively was employed for all O and H atoms.”” *® The Mo atoms were
modelled with the LanL2DZ basis set, which includes the D95 double-zeta basis set, combined with the Los-Alamos effective core
potentials.39'41 In some cases other DFT functionals and basis sets were also employed. In all cases, the wavefunction was
checked for stability due to difficulties observed during optimizations. In addition, vibrational frequency analysis was performed
for each configuration to confirm that all stable structures have no imaginary modes and all transition states possess exactly one
negative normal mode. The intrinsic reaction coordinate method was utilized to confirm that the computed transition state
connects the respective reagent to the correct product.

The Mo03(100) surface was represented by clusters containing either six or ten Mo atoms, while the Phase | molybdenum
bronze(100) or Hy 33M00;5 (100) surface was built from the smaller six atom cluster (Figure 1). A cluster approach was motivated
by our emphasis on the localized adsorption and dissociation of the peroxides. In forming the clusters, all dangling bonds were
terminated with either an H atom or an OH group to maintain the correct oxidation states of the Mo atoms. For the MoO; (100)
surface, the resulting cluster models are MogO,3H,9 and Mo,y,036H1, (Figures 1A and 1B). There are four phases of hydrogen
molybdenum bronzes with general HyMoO; formula that have been reported 2, Depending on the amount of hydrogen, the
hydrogens first attach to asymmetric bridging oxygen atoms, and then start to attach to terminal oxygen atoms. For the
Ho.33M00; bronze, all protons are attached to asymmetric bridging oxygen atoms. 2 Thus, the Hg33M005(100) surface was
created by adding an H atom to each of the two asymmetric bridging oxygen atoms of the MogO,3H,o clusters (Figure 1C).
Without including the terminating H and OH groups, the resulting ratio between the additional hydrogen and molybdenum
atoms is 1:3, the correct stoichiometry for the bronze.

Small clusters of transition metal oxides typically are very highly ionic and require geometric constraints for stability. The
optimizations were performed by allowing the hydrogen peroxide (H,0,) to first relax while keeping the geometric parameters of
the MoOj3; and Hg 33Mo00; clusters fixed at values obtained from the experimental geometries of either molybdenum trioxide®® or
hydrogen molybdenum bronze.”® ** Once the optimal geometry was obtained on the fixed cluster, the surface atoms (Mo and
0), and the O atoms in the —OH capping groups at the surface were relaxed along the surface normal. In addition, all terminating
H and O atoms and remaining terminating OH groups were fully optimized in all directions. For the hydrogen molybdenum
bronze, the optimization included the two H atoms attached to the asymmetric bridging oxygen atoms. Except when noted, the
results reported are obtained by this two-step optimization. Section 1 of the Supplemental Information provides more
information on the optimization procedure and Section 2 contains the optimal geometries for the oxide and bronze structures.
The degree of optimization in this paper is significantly greater than that typically employed for metal oxide clusters. For
example, more restrictive partial optimizations were used in two other studies examining adsorption of NO and NH; on the
Mo05(010) surface, respectively.“’ 4
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Figure 1: The MogO,3H10 (A) and Mo10036H1> (B) clusters used to represent the MoO3(100) surface. The Ho33M003(100) surface is represented by a cluster (C) formed
by adding two H atoms to the MogO,3H1g cluster (A). The Mo atoms are represented by larger blue spheres, the O atoms by red ones and the H atoms by small white
spheres. Given the size of structure (B), the cluster was fixed during the optimization.

Finally, the adsorption energy was computed as the difference between the total electronic energy of the adsorption model and
the isolated molecule and cluster. The basis set superposition error (BSSE)46 correction was calculated for all structures using the
standard counterpoise procedure built into the Gaussian 03 and 09 code. For the fixed clusters, the zero-point energy correction
is small and effectively cancels out when calculating the adsorption energies on the surface. This correction to the relaxed
structures is small (between 2% and 10% on selected structures). Thus, this correction was not included.

Results and discussion
Method Validation

Geometry optimization of an isolated H,0, molecule was performed using the 6-311++G(d,p) basis set with B3LYP and ab initio
methods (MP2 and CCSD(T)). All optimized geometries were very close to the experimental results.*” *  For the B3LYP
functional, the difference between the computed and experimental bond lengths is only 0.002 A and the calculated ZOOH
angles are only 0.5° larger than experimental results. To further test the applicability of the selected computational method to
the hydrogen peroxide adsorption on the MoOj; surface, H,O, adsorption was modelled on a small MoOsH, cluster using B3LYP
and ab initio MP2 as well as CCSD(T) with a 6-311++G(d,p) basis set. The CCSD(T) calculation was a single-point computation at
the B3LYP optimized geometry. The adsorption energies calculated with MP2 and CCSD(T) were within 3.2 kJ/mol and 5 kJ/mol,
respectively, of the DFT results. A B3LYP computation with a much larger aug-cc-pVTZ basis set,47‘ “8 which includes the aug-cc-
pVTZ-PP basis set for Mo atom, 9 was within 2.8 kJ/mol of the 6-311++G(d,p) results. This basis set was previously utilized to
adequately simulate the potential energy surfaces for hydrolysis of molybdenum oxide clusters™® indicating that the chosen
functional and the basis set are sufficient for our computations. The chosen level is consistent with a Mo;,5056H,, cluster study
Tokarz-Sobieraj et al.” and a Mo30, study by Pudar et al.>! It is also consistent with studies examining the hydrodeoxygenation
of acrolein,52 NH3 adsorption44 and NO adsorption45 on MoO; cluster models.

R,
®
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Figure 2: The computed HOMO for the MogO,3H1 cluster (A) and for the MogO,3H1, cluster (B). For clarity, a wireframe is used for the molecular structure.
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Electronic structure of the MoOj; and H, 33M00; model clusters
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The highest occupied molecular orbital (HOMO) of the MoO5(100) surface, modelled by the MogO,3H;( cluster (Figure 2A), shows
almost no electron density on the surface molybdenum or oxygen atoms, indicating low likelihood for surface covalent bonding
with an incoming adsorbate. The lowest unoccupied molecular orbital (LUMO) of the same clusters is comprised primarily of
empty d orbitals on the surface molybdenum atoms. These empty d orbitals suggest that adsorption can occur via formation of a
dative bond between the empty orbital and an oxygen lone pair on the H,0, molecule. The addition of two hydrogen atoms to
the bridging oxygen atoms of the MogO,3H;, cluster, forming a bronze, (Figure 1C) dramatically changes its surface reactivity and
electronic structure. Unlike MoOj3, the HOMO of the molybdenum bronze cluster (Figure 2B) shows significant electron density
on the two surface Mo atoms, which corresponds to the Mo 3d unpaired electrons. These electrons are extremely reactive and
possibly could produce strong covalent bonds with the products of HOOH dissociation. As in the oxide, the LUMO of the bronze
is also comprised primarily of empty Mo 3d orbitals with some contributions from the O 2p orbitals indicating the possibility of
dative bond formation with an adsorbed H,0, species.

Possible molecular adsorption configurations of H,0, on the MoO3(100) surface are shown in Figure 3 and summarized in Table
1. Section 3 of the Supplemental Information contains the optimal geometries and energies of all stable structures and
transition states. As discussed above, the H,0, can molecularly adsorb on a MogO,3Hy, cluster through the lone pairs of the
oxygen atoms. There are two possible geometries. The non-bonding oxygen atom can either face away from the cluster (Figure
3A) or into the cluster (Figures 3B and C). The first configuration (HOOH1) contains one hydrogen bond formed between a
peroxide hydrogen atom (H,) and lattice oxygen atom, while the second (HOOH2) has both hydrogen atoms on the peroxide
forming hydrogen bonds with oxygen atoms of the cluster. This extra hydrogen bonding in the HOOH2 structure results in it
having an adsorption energy that is slightly more exothermic or favourable than HOOH1 by 9.2 kJ/mol (see Table 1).

(A) (B) (C)

Figure 3: Molecule adsorption geometries for H,0, on the MogO,3H1o cluster, HOOH1 (A) and HOOH2 (B). HOOH3 (C) is an additional structure found for the larger
Mo10036H1 cluster. Due to the size of (C), the cluster was fixed during the optimization.

Table 1. B3LYP/LanL2DZ + 6-311++G(d,p) optimized adsorption bond lengths (A) and energies (kJ/mol) for H,0, absorption on model MoOj; (100) surface. The parameters for H,0,
are included for comparison. Geometrical models for these surfaces are shown in Figures 3 and 4. The MogO,3H1 structures were obtained using relaxed clusters, while the larger
clusters, given their size, were fixed (see text).
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Model dwoo  doroz  dorms  doanz  dopayss  dopay-nz Eaas
Absorbate
H,0, 1.454 0.967 0.967
Mog023H10
HOOH1 2.528 1.442 0.981 0.969 1.866 -41.8
HOOH2 2.464 1.446 0.976 0.983 2.077 1.824 -51.0
Mo010036H12
HOOH1 2.426 1.446 0.984 0.968 1.836 -69.0
HOOH2 2425 1.449 0.981 0.983 2.022 1.847 -74.1
HOOH3 2422 1.437 0.980 0.984 1.983 1.808 -80.6
HO-OH1 2210 0.975 0.975 2.181 2.159 +275.7*

*BSSE correction was not computed for this structure

In both cases, one of the O atoms of the H,0, forms a dative bond with a Mo-O bond length of approximately 2.53 and 2.46 A,
respectably. This value is close to the Mo-O dative bond length of 2.487 A obtained from DFT calculations for H,0 adsorption on
MoO; surface.” Comparing these adsorbed structures to the gas phase H,0, species, one finds that the O-H bonds involved in H
bonding are slightly elongated. The O-H bond length remains very close to that in the gas phase results for the non-hydrogen
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bonding peroxide hydrogen atom for both configurations. However, the H bonding results in a slightly shorter O-O bond length
than in the gas-phase peroxide, implying that the H bond is responsible for a significant faction of the adsorption energy. Since a
typical value of O-H - O hydrogen bond strength in water is 23.4 kl/mol** the total contribution of hydrogen bonding to the
resulting adsorption energy is approximately 40% (see Table 1).

Since the adsorption process for HOOH1 and HOOH?2 creates new adsorbate-surface bonds without dissociation, the adsorption
is expected to be barrierless. A set of optimizations was performed as a function of the Mo-O bond length to simulate the
approach of the H,0, molecule to the surface. No barrier was observed for either structure. The conversion of less favourable
HOOH1 to HOOH2 by rotation around the Mo-O bond requires the breaking of one H bond. There are two transition states
formed by rotation either counter-clockwise or clockwise with respect to the HOOH1 structure. These transitions states are
labelled TS1-Oxide and TS2-Oxide, respectively, in the Supplemental Information, Section 2. The rotational barriers are 10.3 and
14.8 kJ/mol, depending on the rotation direction, and are consistent with the breaking of a hydrogen bond during the rotation.

H

9

Figure 4: The M01903601; cluster with two adsorbed OH groups (HO-OH1). Given the size of this structure, the cluster was fixed during the optimization.

The effect of surface relaxation (optimization of the cluster) on the energetics can be inferred by comparing the final results with
those initial results obtained using a fixed MogO,3H;o cluster. In both case, a reduction in the adsorption energies by
approximately 20 kJ/mol is observed for both HOOH1 and HOOH2 structure, with respect to the fixed cluster. This decrease is
attributed to an increase in intracluster binding leading to a decrease in the electron density available to form additional
chemical binds with the adsorbate. It is possible to allow the terminal —OH groups to fully relax (see Section 1 of the
Supplemental Information for information on the optimization procedure). Such optimizations result in these groups moving
further upward, with the terminal oxygen atoms now in unrealistic positions with respect to that expected for an extended
surface. In addition, the adsorption energy of both HOOH structures and the magnitude of the transition barrier (TS1) decreased
by several klJ/mol due to the resulting steric repulsion. Thus, full optimizations of the terminal-OH groups at the surface were
not performed for all further computations.

To examine possible size effects, computations were performed on a larger Mo,7036H1, cluster with ten Mo atoms. For this large
cluster, the cluster atoms were fixed at the experimental positions. When compared to an optimization on the smaller cluster
with cluster atoms fixed at the experimental positions, there was practically no difference in the adsorption energies. There was
less than 5 kJ/mol difference between the HOOH1 (Figure 3A) and HOOH2 (Figure 3B) configurations on MogO,3H,, and
Mo019036H;, clusters. Thus, the effect of cluster size is minimal due to the localized bonding in these oxides. Another
configuration, HOOH3 (Figure 3C), is possible on the larger Mo,3036H1, cluster. This configuration forms a dative bond from the
central Mo to one of the H,0, O atoms and two H bonds to the lattice O atoms. With the exception of one of the H bonds being
to a surface O atom instead of a lattice O atom, this structure is very similar to HOOH2. Indeed, the adsorption energy of this
new geometry, again with the cluster atoms fixed due to the size, is only 8.0 kJ/mol lower than that computed for HOOH2 on the
smaller MogO,3H4q cluster. This result is attributed to the localized nature of bonding in the oxide cluster. Given these results,
we utilized the smaller cluster for all further computations

The possibility that H,0, dissociation occurs on the Mo0O3(100) surface was also investigated. In general, there can be two
possible bond-breaking mechanisms. The first involves hydrogen abstraction and results in adsorbed OOH and H. However, no
stable structures could be found on the Mog0,30,4 cluster for trial geometries with the H atom attached to a surface O atom. In
the O-0 bond cleavage mechanism, the reaction results in two absorbed OH groups. Again, no stable structures could be found
for geometries with adjacent OH groups. A stable geometry with the two OH groups on opposite sides of the larger Mo,4036H1>
cluster (Figure 4) could be found. However, the computed adsorption energy (275.7 kJ/mol) was positive, indicating that

This journal is © The Royal Society of Chemistry 20xx RSC Advances, 2013, 00, 1-3 | 5
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adsorption is energetically unfavorable. Thus, the dissociation of H,O, on Mo03(100) is not feasible and only molecular
adsorption is expected. These results are consistent with the HOMO (Figure 2A) providing limited electron density at the
surface.

Table 2. B3LYP/LanL2DZ + 6-311++G(d,p) optimized adsorption bond lengths (A) and energies (kJ/mol) for H,0, absorption on the Hg33M00; (100) surface. Geometrical models
for these surfaces are shown in Figures 5, 6, and 7. All optimizations were performed allowing the surface of cluster to relax (see text).

Page 6 of 12

Model dmo-0 do1-02 doi.n1 doz-n2 dO(Iat)-H Eags
HOOH1  2.181 1.442 0.991 0.970 1.762 -105.9
HOOH2  2.188 1.452 0.988 0.991 1.926 -119.6

HOO-H1 1956 1.433 0.981 0.976 -110.0
HOO-H2 1.884 1384 0.998 1.670 -25.4
HO-OH2  1.866 0.981 0.972 1.959 -430.4
HO-OH3  1.971 0.965 0.997 -109.2
HO-OH4 1980 2.306 0.969 0.969 -212.0
HO-OH5 1.870 0.980 0.965 2.066 -414.5

Table 3. Transition states optimized adsorption bond lengths (A) and energies (kJ/mol) for H,0, on the Hy33M00j3 (100) surfaces. Pathways scheme for the absorption and
dissociation of H,0, on the Hp 33M00s is shown in Figure 8 with reaction energetics shown in Figure 9. Geometrical models for these surfaces can be found in the Supplemental
Information. All optimizations were performed allowing the surface of the cluster to relax (see text).

Model dwvo-0 doi.02 do1-n1 doz.n2 do(lat)-H Eads
TS1 2,265 1.438 0.977 0.972 2199 -67.4
TS2 2.257 1451 0.976 0.971 -74.2
TS3 2.351 1462 1410 0.974 +145.2
TS4 1.902 1.401 0.995 1.551  +115.7
TS5 2.091 1.446 1.286 0.983 1.195 -79.7
TS6 1915 2192 0.966 0.973 +18.2
TS7 1.893 0.980 0.970 2.004 -36.9
TS8 2.158 1.850 0.973 0.977 2.244 +6.7
TS9 1.922 0.969 0.968 -151.1
TS10 1.873 0.978 0.960 2.075 -407.2

H,0, adsorption and dissociation on the H, 33M00;(100) surface

Similar to that of the Mo0O3(100) surface, the LUMO for the Hy 33M005(100) surface contains empty Mo 3d orbitals that can form
a dative bond with an oxygen lone pair from the H,0, molecule. However, the presence of surface density from the HOMO
implies that covalent bonds are also possible. Computations were performed starting with the HOOH1 and HOOH2 geometries
obtained from the oxide surface. The dissociation of the H,0, can lead to several structures containing adsorbed H atoms, OOH
and OH groups. These dissociative structures are shown in Figures 5, 6 and 7. The overall reaction scheme and computed
reaction pathway energetics are shown in Figures 8 and 9, respectfully. The stable structures are reported in Table 2, while the
transition state energies are tabulated in Table 3. Section 4 of the Supplemental Information contains the optimal geometries
and energies of all stable structures and transition states.

For the HOOH1 configuration, an analogous molecular adsorption configuration is found on the Hj 33Mo00O; cluster. However, the
adsorption energy (-105.9 kJ/mol) is 64.1 klJ/mol lower than that found for the MogO,3H; clusters. This lower energy is reflected
in the significant contraction of the Mo-O adsorption bond length, which is shorter for the Mo bronze by 0.35 A (Table 2). Since
the adsorption process for HOOH1 involves no bond breaking, the adsorption is expected to be barrierless. To confirm this
expectation for the oxide clusters, the adsorption pathway for this structure was simulated by a set of optimizations performed
as a function of the Mo-O bond length, in effect bringing the H,0, species slowly towards the surface, and no barrier was
observed. In addition, similar to what was found for the MoO; cluster, the HOOH1 structure can convert into a slightly more
stable HOOH2 configuration.

All attempts to perform geometry optimization on the analogous HOOH2 adsorption configuration using a fixed cluster failed.
Computations of the HOOH2 geometry with the Mo-O bond constrained perpendicular to the surface and the cluster fixed, led
to a stable structure with a negative adsorption energy of -108.8 kJ/mol. A possible barrier to dissociation was investigated by
simulating the adsorption process by a set of optimizations performed as a function the Mo-O bond length to bringing the H,0,
species slowly towards the surface. No barrier was observed. Once the cluster is allowed to relax, the optimal distance between
the lattice or surface oxygen and hydrogen atom of the H,0, increases, allowing a stable species to be located. The adsorption

6 | RSC Advances, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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energy of this structure is -119.6 kJ/mol, which is not too different from the -108.8 kl/mol value estimated using the fixed
cluster. The increased absolute value of absorption energy of HOOH2 with respect to the oxide surface is reflected in the
significant contraction of the Mo-O adsorption bond length by 0.28 A (Table 2). Finally, the adsorption energy is lower than that
for the HOOH1 geometry. Similar to the oxide clusters, this reduction is attributed to additional hydrogen bonding with the
lattice oxygen.

HOOH1 and HOOH2 configurations on the Hg33Mo00; (100) surface can interconvert through two transition states (TS1 and TS2)
corresponding to clockwise and counter-clockwise rotation of the molecularly adsorbed HOOH species. The transition barrier
magnitudes are 38.5 kJ/mol in case of clockwise rotation (TS1) and 31.7 kJ/mol for the counter-clockwise rotation (TS2). The
interconversion barriers are approximately 20 to 25 klJ/mol more than the corresponding barrier on the MoO3(100) cluster.

(A) (B)

Figure 5: Dissociation formed by O-H bond cleavage on the H33M003(100) surface. Structure (A) results from an H atom migrating to an O atom (HOO-H1), and (B)

results from the hydrogen migration to a surface molybdenum atom (HOO-H2).

Starting from either of the two molecularly adsorbed structures (HOOH1 or HOOH2), there is both a direct and an indirect
hydrogen abstraction pathway (see Figures 8 and 9) to form HOO-H1 (Figure 5A). Once HOOH2 forms, an H atom from the H,0,
can migrate to a lattice O atom over a barrier of 39.9 kJ/mol (TS5). Thus, HOO-H1 is easily accessible. On the relaxed structures,
HOO-H1 is less stable than HOOH2 by about 10 klJ/mol. With a fixed or unrelaxed cluster, the opposite is true. Given that the
relaxed cluster may overestimate the flexibility possible in an extended system and the small energy difference between HOOH2
and HOO-H1, we expect that both HOOH2 and HOO-H1 could both co-exist on the bronze surface. The indirect hydrogen
abstraction pathway starts with HOOH1 and involves the migration of a hydrogen atom over a relatively large (251.1 ki/mol)
barrier (TS3) to a surface molybdenum atom forming an intermediate state (HOO-H2). This configuration is shown in Figure 5B.
Given that the Mo-H bond is relatively weak (bond length of 1.679 A), the relative stability of this structure with respect to the
molecular species is due to the hydrogen atom forming a strong hydrogen bond with the surface lattice oxygen (bond length of
1.670 A). As in the case of HOO-H1, there is significant contraction of the Mo-O bond length, in this case from 2.18 to 1.88 A,
indicating a strong chemical bond with the OOH species. However, the barrier (251.1 kJ/mol) is significantly larger than the
adsorption energy (-105.9 kJ/mol). In addition, the adsorption energy of this intermediate (HOO-H2) is -25.4 kJ/mol, larger than
either the HOOH1 or HOOH2 configuration. A similarly large energy barrier is also found for the fixed cluster. In the unlikely
event that this intermediate forms, the same final structure (HOO-H1) as that found for the direct pathway can be obtained by
passing through a 141.1 kJ/mol barrier (TS4). The large transition state barrier (TS3) found on both the relaxed and fixed clusters
with respect to the adsorption energy, makes the indirect H dissociation energetically unfavorable.

This journal is © The Royal Society of Chemistry 20xx RSC Advances, 2013, 00, 1-3 | 7
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Figure 6: Dissociation structures formed by O-O bond cleavage on the Hp33M005(100) surface. Structure (A) HO-OH2, results from the migration of an OH group to a
Mo atom and (B), HO-OH3, results from the migration to a surface O atom.

The second class of dissociative mechanisms for the molecular HOOH1 configuration involves O-O bond cleavage to form a final
product (HO-OH2) with two OH groups attached to Mo atoms (see Figures 8 and 9). HO-OH2 (Figure 6A) is the most stable
configuration studied with an adsorption energy of - 430.4 kl/mol. Both the strong bonding between the O atoms of the
peroxide and the Mo atoms (bond length of 1.87 A) and the hydrogen bonds between the adsorbed OH species and the lattice O
atoms contribute to its stability. The first O-O bond cleavage pathway to form HO-OH2 starts with an OH species migrating from
the adsorbed H,0, molecule to the surface lattice oxygen atom over a barrier of 124.1 klJ/mol (TS6) producing an intermediate
configuration HO-OH3 (Figure 6B) with an adsorption energy of -109.2 kJ/mol. The bond length between the migrating OH group
and the lattice oxygen is 1.412 A, shorter than the bond length in the H,0, molecule and the molecular absorbed species
(HOOH1 and HOOH2). Another migration of the OH group through TS7 (72.3 klJ/mol) from a surface OH bonded to O atom forms
HO-OH2. The initial energy barrier (TS6) is slightly larger (18.2 kJ/mol) than the adsorption energy for the HOOH1 structure. In
addition, the energy of the HO-OH3 species is also slightly larger than the initial HOOH1 configuration. On a fixed cluster, TS6 is
lower by 54.8 klJ/mol and the energy the HO-OH3 structure is 123.3 kJ/mol lower in energy than that of a relaxed cluster. This
large energy difference between the fixed and relaxed HO-OH3 structures is partially due to stronger hydrogen bonding between
H of the OH group attached to the surface oxygen and the oxygen of the OH group bonded to the surface Mo atom (1.616 A
versus 1.688 A for the relaxed cluster). Thus, assuming the relaxation is overestimated on the relaxed cluster, this pathway could
be possible on the bronze surface.

(A) (B)

Flgure 7: Addltlonalgﬁm Phsélictures formed by 0-O bond cleavage on the Hp 33M003(100) surface. Structure (A), HO-OH4, results from the dissociation of the

0-0 bond to form a

structure and (B), HO-OHS5, results from the migration of an OH group to another surface Mo atom and is energetically close to
HO-OH2

The other O-O bond cleavage pathway from HOOH1 to HO-OH2 involves the formation of geminal Mo-(OH), species (HO-OH4)
shown in Figure 7A. Refer to Figure 9 for the the reaction steps and energetics. The reaction occurs over a barrier of 112.6
kJ/mol (TS8), 6.7 kJ/mol greater than the adsorption energy of HOOH1. Once HO-OH4 is formed, the OH group can migrate over
TS9 (barrier of 60.9 kJ/mol) to form HO-OH5 (Figure 7B). The energy of this structure and the barrier (through TS10) to form the
final HO-OH2 configuration are small. The analogous pathway on a fixed cluster involves the direct conversion between the
HOOH1 structure and the HO-OH2 structure over a 94 ki/mol barrier, which is less than the absorption energy of HOOH1. The
lack of surface flexibility on the fixed clusters prevents the formation of a stable geminal configuration and instead favored direct

8 | RSC Advances, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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dissociation into two surface OH groups. Since the initial barrier (TS6) on the relaxed cluster is only 6.7 kJ/mol larger than the
desorption energy of the HOOH1 species on the relaxed structure and the dissociation is favorable on the fixed clusters, it is also
reasonable to expect that this pathway can occur on the bronze surface.

Adsorption Dissociation
MoO; Cluster + H,O, i HOOH1 or HOOH 2=l  No Dissociation
Figure 3A or 3B

Adsorption Dissociation
Ho.33M00Q; Cluster + H;O, wlp HOOH1 or HOOH?2 =y O-H or O-O bond cleavage
(Similar to Figure 3A or 3B)

O-H bond cleavage P HOO-HI1 (Figure SA)

O-H bond cleavage =w==slp HOO-H2 (Figure 5B) wmmmp HOO-HI (Figure SA)

0-0O bond cleavage ===fp- HO-OH3 (Figurc 6B) mmmmp HO-OH2 (Figure 6A)

0-0 bond cleavage wmmmp- HO-OH4/5 (Figure 7A& B jummp- HO-OH2 (Figure 6A)
Figure 8: Overall reaction scheme for the different pathways on the Mo0O3(100) and Hy33M005(100) surfaces represented by cluster models. The energies for the
reactions on the Ho33M003(100) cluster are shown in Figure 9.

200 ——
150 4 Hydrogen Dissociation Pathway —
J TS3

1009 yoon
= %7 MogOy3Hjg+2H
=) 0 - \ /
§ -50 4 TSI & TS2 HOO-H2
=
=~ -100 A
> TS5
20150 4 HOOHI HOOH2 HOO-HI
Q
5 150 4 Oxygen Dissociation Pathway
=1
2 oA TS8 TS6 Ts7
£
2 150
% HOOH1

300 4 HO-OH4

HOOH
1 MogO23H ¢t2H
450 Bl HO-OH5 HO-OH2

Reaction coordinate (a.u.)

Figure 9: Energy profile for different dissociation pathways on the Hy33M003(100) surface. Energies for the stable structures can be found in Table 3, while the
transition states are listed in Table 2.

Conclusions

Hydrogen peroxide can adsorb molecularly on the MoO3(100) surface via dative bond formation between the lone pair of the
oxygen atom and the empty d-orbital of the surface molybdenum. Consistent with the lack of electron density at the surface by
the HOMO of the oxide, no dissociation is feasible. Geometry optimizations performed on configurations containing possible
H,0, dissociation products either led to their recombination or to a structure with a positive adsorption energy. Identical trends
were found on both fixed and relaxed clusters. The addition of hydrogen atoms into the MoOj crystal structure results in a
molybdenum bronze or Hy33M005(100) surface with a dramatically different HOMO. The existence of surface electron density
provided by the HOMO on the bronze surface allows formation of strong covalent bonds between surface Mo or O atoms and H
or OH species. Thus, molecularly adsorbed HOOH can dissociate into the two OH fragments or into H and OOH species on the
surface. Again, the degree of relaxation of the surface of the cluster does not change this conclusion. However, there is one
significant difference: on the fixed cluster one of the two molecular adsorption structures directly dissociates into an absorbed H
atom and OOH group.

In the case of H,0, adsorbed on the Hj33Mo005(100) clusters, the ultimate dissociation products are HOO-H1 via a hydrogen
dissociation and HO-OH2 via an oxygen cleavage pathway. While cleaving the O-O bond in the H,0, molecule to form HO-OH2
with two adsorbed OH groups results in the most energetically-favored configuration among all possible dissociated structures,
the actual reaction kinetics strongly depends on the transition barrier heights. There are two possible hydrogen dissociation
mechanisms. One is a direct dissociation on the relaxed cluster from either the HOOH2 structure formed by direct absorption or

This journal is © The Royal Society of Chemistry 20xx RSC Advances, 2013, 00, 1-3 | 9
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from HOOH1 to form an adsorbed H atom and a OOH group through a small 39.9 kJ/mol transition barrier. As mentioned above,
the HOOH2 adsorption structure dissociated directly into a H atom and a OOH group on the fixed cluster. The other hydrogen
dissociation pathway involves an intermediate containing a Mo-H bond. This second pathway is unlikely due to the large
transition barrier to form this intermediate (HOO-H2). The O-O bond dissociation pathway occurs either through the HOOH1
structures forming an intermediate with an OH group attached to the lattice oxygen or through an intermediate with two OH
groups bound to one Mo surface atom. On the fixed cluster, the second pathway dissociates directly into the final structure due
to the lack of flexibility of the surface Mo atom, which is required to form the geminal structure. Comparing the O-H bond
dissociation pathways with the O-O dissociation, the O-O bond cleavage leads to the most energetically stable product, HO-OH2.
However, the activation barrier for the O-H bond cleavage is significantly smaller (39.9 kl/mol), which makes it kinetically more
favorable. Given the computed energies and barriers heights, both products would be expected experimentally and a detailed
study of the dynamics is required to determine the ratio between them, which is beyond the scope of this paper.
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