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Multiple Roles of Alkanethiolate-Ligands in Direct Formation of

H,0, over Pd Nanoparticles

Lin Chen,* Pedro Moura, J. Will Medlin, and Henrik Gronbeck*

Abstract: Coadsorbed organic species including thiolates
can promote direct synthesis of hydrogen peroxide from
H, and O, over Pd particles. Here, density functional
theory based kinetic modeling, augmented with activity
measurements and vibrational spectroscopy are used to
provide atomistic understanding of direct H,O, forma-
tion over alkylthiolate(RS) Pd. We find that the RS
species are oxidized during reaction conditions yielding
RSO, as the effective ligand. The RSO, ligand shows
superior ability for proton transfer to the intermediate
surface species OOH, which accelerates the formation
of H,O,. The ligands promote the selectivity also by
blocking sites for unselective water formation and by
modifying the electronic structure of Pd. The work
rationalizes observations of enhanced selectivity of
direct H,O, formation over ligand-funtionalized Pd
nanoparticles and shows that engineering of organic
surface modifiers can be used to promote desired
hydrogen transfer routes. )

Introduction

Hydrogen peroxide, H,O,, is used as a mild oxidizing agent
in a wide range of applications including waste water
purification, bleaching and within the healthcare sector.!!
The demand for hydrogen peroxide has grown significantly
worldwide owing to its use as disinfectant during the recent
COVID-19 pandemic.”! Oxidation using hydrogen peroxide
is an environmentally friendly process as the only by-
products are H,O and O,,”! which is a clear advantage with
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respect to nitric acid or chlorinated oxidizers. The produc-
tion of H,O, depends presently on the anthraquinone
process, which requires large-scale facilities.[! The anthra-
quinone process is an energy-intensive batch method that
involves sequential hydrogenation and oxidation steps.”!
Direct synthesis of H,O, from H, and O, over transition
metals at low temperatures (275-315K) has recently
attracted growing attention as an appealing alternative
production route thanks to its simplicity and low environ-
mental impact.’! Moreover, direct synthesis can be operated
at a small-scale where H,O, is produced close to the location
of usage.[*7

Palladium catalysts have shown promising activity and
selectivity towards the production of H,O, and, generally, a
better performance than other transition metal catalysts,
such as Pt® and Au.’) However, the selectivity reported to
date over supported Pd nanoparticles is low, ranging from
0% to 42%.1"1 The selectivity for Pd-based catalysts
appears to depend on several factors, such as reactant
pressures, particle size, support composition, acidity of
solvents (e.g. water or ethanol containing HCI or H,SO,)
and promoters (e.g. the presence of halides).[7 1>

The low selectivity over Pd arises from irreversible O—O
bond rupture of adsorbed intermediates (O, and OOH) and
the subsequent unselective hydrogenation to H,0.'"! As the
unwanted O—O bond breaking results in adsorbed O
species, destabilizing the O-intermediate relative to O, and
OOH may improve the selectivity.”! An alternative possi-
bility to enhance the selectivity is to restrict the available
adsorption sites. Adsorbed O generally occupies hollow
sites, whereas OOH wusually binds in atop or bridge
configurations.™ Thus, selective elimination of hollow sites
could prevent O—O scission.

There are mainly three strategies to eliminate the hollow
sites for adsorption on Pd catalysts. The first strategy is
alloying Pd with other transition metals, such as Au,"'*""
Ni,'¥ and Sn.'! The function of the additional metal is to
isolate the active Pd-sites forming single-atom sites and
electronically modify the Pd-metal.>*! The second strategy
is to operate the reaction at high H, partial pressures, which
effectively blocks hollow sites and thereby hinders O-O
bond scission and promotes the desorption of the
products.”'*211 The third strategy is to tune the three-
dimensional environment of the active site via surface-
bound ligands.'*'¥ Although it is clear that the ligands, for
example thiols, block sites on the Pd-surface, the underlying
mechanism of the improved selectivity for H,O, formation
over ligand-decorated Pd nanoparticle is largely unknown.
Lari et al." measured a high selectivity (up to 80%) for
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direct synthesis of H,0, on HHDMA ligand-decorated Pd
nanoparticle and rationalized the high selectivity as an effect
of an electrostatic interaction between intermediates and the
HHDMA ligand, which prevents the O—O bond breaking by
steering the adsorption geometries of the intermediates.
Related to kinetic effects of ligands is the influence of the
solvent. The importance of the solvent for direct H,O,
formation has recently been stressed by Adams et al.l”
Direct formation of H,0, over Pd nanoparticles in aqueous
methanol was investigated and it was demonstrated that
hydroxymethyl, which was produced from methanol in the
solvent may participate in the reaction as a redox mediator
to transfer both protons and electrons to the intermediates.
Refs. [10,22] suggest that surface-bound species play possi-
ble roles beyond site blocking.

Herein, the reaction mechanism for direct formation of
H,0, from H, and O, over alkylthiolate(RS)-decorated Pd
catalysts is studied by combining density functional theory
calculations and first-principles based mean-field kinetic
modeling using methylthiolate-modified PdH(335) and a
Pdss cuboctahedron hydride as model systems. Thiolates are
chosen as RS self-assemble into relatively well-defined
monolayers on Pd.! Surprisingly, the results demonstrate
that the effect of the ligands extends beyond simple site
blocking to direct promotion of key elementary reaction
steps. An analysis of the catalyst state under reaction
conditions by both computational and experimental techni-
ques shows that the thiolates are oxidized to RSO,, which
constitutes the effective ligand. The ligands block sites and
reduce the O—Pd bond strength, which hinders O—O bond
rupture. Furthermore, the RSO, ligands mediate proton
transfer from the Pd-surface to the intermediate oxygen-
containing species, which accelerates the formation of H,0,.
The simulated high selectivity is consistent with our new
measurements showing a higher selectivity of ethanethio-
late-coated Pd nanoparticles as compared to the uncoated
case. Thus, our study uncovers multiple roles of RS-ligands
in the direct formation of H,O, over Pd catalysts and
explains how ligands can simultaneously act as catalyst
poisons (for O, and OOH dissociation) and promoters (for
proton transfer), where the promoting RSO, moiety is
generated in situ during reaction conditions.

Results

Pd(335) and Pdss in a cuboctahedral structure are chosen as
model systems for direct H,O, formation over Pd nano-
particles, Figure 1. A high index surface is used to model
large-size nanoparticles instead of Pd(111), as surface steps
are required to adsorb O, over Pd at high hydrogen
pressures and low temperatures.">*! Pd(335) has micro
terraces large enough between the repeated steps to model
both edge and terrace sites. The Pd(335) system is treated in
a four-layer (2x1) cell. The Pdss cuboctahedron nanocluster
is used to model a small Pd nanoparticle. The diameter of
Pdss is about 1.1 nm, whereas the average Pd nanoparticle
diameter experimentally is about 1.3 nm.'* Both systems
are treated in the f-hydride phase, which is the thermody-
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Figure 1. Considered Pd-systems. a) methylthiolate-decorated Pd(335);
b) methylthiolate- decorated PdH (335). The left figures are top-views
and the right figures are side-views. Pd(335) is coated with three CH,S-
ligands in the surface cell yielding a coverage of 0.38. c) methylthiolate-
decorated Pdss cuboctahedron; d) methylthiolate-decorated Pds; in
hydride phase. The nanoparticle is coated with 25 ligands, which
corresponds to a coverage of 0.6. Atom color codes: Pd (blue), S
(yellow), C (grey) and H (white).

namically preferred state during reaction conditions.™ As
reported previously,®! the unmodified Pd/Al,O; catalyst has
a Pd dispersion close to 30 % and a mean particle size of
approximately 4 nm. Despite this relatively large particle
size, prior work on SAM-coated catalysts has shown that
activity for certain reactions can be dominated by edge
sites.” For example, whereas alkanethiols strongly block Pd
terraces and limit furfuryl alcohol decarbonylation, alkane-
thiols have been shown to allow for activity over step and
edge sites.*

The state of the catalyst during the reaction conditions

We conducted thermodynamic analyses to determine i) the
coverage of the thiolates; ii) the state of Pd (metal or
hydride) and iii) the stability of the thiolates under typical
reaction conditions. The adsorption energy of one RS ligand
in the surface cell of Pd(335) is —2.07 eV. The differential
adsorption energy drops dramatically after a coverage of
0.38 (three RS in the surface cell), which is closed to the
experimentally observed 1/3 monolayer coverage of C,SH
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on Pd nanoparticles.'?”’ The Pdss cuboctahedron has six
(100) facets and eight (111) facets. The adsorption energy of
one RS ligand at the (100) and the (111) facet is calculated
to be —2.11 eV and —1.66 eV, respectively. Thus, the RS-
ligands are preferably bound to the (100) facets at low
coverage. The sequential adsorption energies of RS-ligands
with increasing coverages over Pds; have been calculated
and the corresponding structures are shown in Figure S1 in
the Supporting Information. The (111) facets start to be
populated at coverages above 0.3. The differential adsorp-
tion energy drops after a coverage of 0.6 as atop sites are
populated. Previous experimental studies have shown that
n-alkanethiolate monolayers form /3x,/3 R30 overlayers on
Pd(111) terraces; higher coverages are expected on small
nanoparticles.”” Submonolayer coverages of sulfides are
also known to coexist with alkanethiolates on Pd nano-
particle surfaces, increasing the total sulfur coverage.”” To
establish the relevant coverage during reaction conditions,
we perform a thermodynamic analysis (see Figure S2). We
find that the relevant coverage for Pdss is 0.6 in a wide
temperature range. In an experimental study,™ a hexane-
thiolate-coated Pd nanoparticle (919 atoms) was prepared at
~40°C and the RS-coverage was estimated to be about 0.5.
Our predicted coverage of RS-coated Pds; is in fair agree-
ment with the experimental coverage, especially given that
the saturation thiolate coverage is expected to decrease with
increasing particle size.

The Pd catalysts have shown to be in a hydride phase
during the typical reaction condi-tions.™ Thus, to describe
the reaction over RS-decorated Pd at low temperatures and
high H, pressures, a hydride phase is considered. The
surface sites are occupied at once when Pd is exposed to H,
and bulk sites are eventually occupied until a total coverage
of ~0.7 is reached (B-phase)."™ To avoid the configurational
complexity, we modeled the hydride phase with a coverage
of 1. Thus, each octahedron in the surface slab or core of the
Pdss is occupied with one hydrogen atom. In addition, each
hollow fcc site on the surface is occupied by hydrogen. The
RS-decorated Pd(335) model contains 27 H atoms and RS-
decorated Pdss contains 32 H atoms. The average adsorption
energy for hydrogen is —0.46 (—0.39) eV for RS-decorated
Pd(335) (Pdss). The average adsorption energy for H is
—0.56 and —0.97eV for non-decorated PdH(335) and
PdssHg, with one monolayer of hydrogen, respectively.

The stability of the adsorbed thiolates in an oxygen
environment should be investigated as oxidation of Pd-, Ag-
and Cu-bound thiolates to RSO, and RSO; has been
observed in ambient conditions.””*! As the direct formation
of H,0, proceeds at (sub)ambient temperature,'” the
oxidation of the RS-ligands over Pd catalysts should be
considered.

The potential energy landscape for the oxidation of
thiolates on Pd(335) is shown in Figure 2(a). O, adsorbs
with an adsorption energy of —0.47 eV at the bridge site on
the edge. The thiolates strongly decrease the adsorption
energy of O, as the adsorption energy on the bare Pd(335)
surface is —1.38 eV. O, dissociates with a low barrier of
0.25 eV forming RS*O and adsorbed oxygen (O*). This step
is exothermic by —1.16 eV. Dissociation of O, to 20* is
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associated with a high barrier of 1.44 eV. Thus, the oxidation
of the RS-ligand is clearly favored as compared to the
formation of 20*. Further oxidation of RS*O to RS*O, has
a low barrier of 0.29 eV. RS*O, desorption is prevented by a
strong adsorption energy of —2.22 eV. The adsorption of an
additional O, close to RS*0O, is exothermic by —0.15 eV and
the subsequent oxidation of RS*O, to RS*Os(surfonate)
proceeds with a barrier of 0.43 eV. The formation of RS*O,
is strongly exothermic (—2.00 eV).

To investigate the potential energy surface also in the
presence of hydrogen, we studied O, adsorption over ligand-
coated PdH(335) [Figure 2(b)]. O, adsorbs at the edge with
an adsorption energy of —0.29 eV, which shows that the
hydride phase further weakens the interaction between O,
and Pd. The adsorbed O, can either pick up one proton
from the surface forming an O*OH species with a barrier of
0.31 eV or oxidize the RS-ligand, which is associated with a
barrier of 0.53eV. The oxidation of RS* to RS*O is
thermodynamically favorable compared to O*OH formation
by 0.62 eV. Further hydrogenation of O*OH to H,O, is
associated with a barrier of 0.67 eV, whereas oxidation of
RS*0O to RS*0O, has a barrier of 0.54 eV. The formation of
RS*0O, is energetically preferred with respect to formation
of H,0, by 1.91 eV. The oxidation of RS*O, to RS*O; is
energetically preferred (—1.65eV) and proceeds via a
barrier of 0.75 eV. We also calculated the reaction path for
thiolate oxidation over the hydrogenated Pdss particle (see
Figure S3). RS*O, formation is also in this case strongly
preferred. Importantly, the moderate barriers for the RS-
oxidation indicate that RS will be converted to RSO, or
RSO; during reaction conditions or during storage of the
thiolate-protected Pd catalysts under ambient conditions.

To analyze the equilibrium state of the catalyst during
reaction conditions, we built a reaction network for the
oxidation reaction and analyzed the equilibrium coverages
over Pd(335) and PdH(335) at relevant temperatures (275 to
315K). The analysis (Figure S4) shows that thiolates are
oxidized to sulfonates (RSO;) over Pd(335), which is in
agreement with experimental observations.?”’ However, we
find that RS*O, is the preferred species in the presence of
H, over PdH(335). Thus, RS*O, should be considered as the
effective ligand for direct H,O, formation over thiolate-
coated Pd nanoparticles. The reason for the difference
between Pd(335) and PdH(335) is the higher barrier of the
oxidation of RSO, to RSO; in the hydride case.

To experimentally verify that low-temperature exposure
to O, and H, leads to formation of oxidized RSO, groups,
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is performed on n-hexanethiol-coated Pd/Al,O;
(experimental details in Supporting Information). Under O,
flow we observe the appearance of distinct features in the
spectral range between 1000 and 1200 cm™' (see Figure 3-
(a)). The wavenumbers are consistent with IR assignments
to sulfinates and sulfonates.”” DRIFT spectra in the C-H
region (Figure 3(b)) show a significant decrease in intensity
for both methylene (v, 2923 cm™ and v 2854 cm™') and
methyl (v, 2962 cm™' and v;: 2878 cm™') stretches, possibly
indicating some desorption of thiol-derived species. Follow-
ing a subsequent H, exposure, we observe the formation of
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Figure 2. Potential energy landscape for the oxidation of thiolates over Pd(335) (a) and PdH(335) (b). All energies are zero-point corrected. Atom

color codes: Pd (blue), S (yellow), O (red), C (grey) and H (white).

a new peak at 1238 cm™!, attributed to an O—H bend, and an
increase in intensity for the remaining features (Figure 3(a)).
The significant intensity of peaks in the RSO, stretching
region suggests that oxidized species are retained at
reducing conditions, consistent with the high barriers for
reduction of RSO, shown in Figure 2. Both the calculations
and experi- ments indicate that long-term stability of the

Angew. Chem. Int. Ed. 2022, 61, €202213113 (4 of 9)

thiol ligands over Pd may be an issue, as RSO; formed by
deep oxidation may desorb into the solution. Controlling the
selectivity via the decorated ligands may thus require
continuous replenishment via the feeding of dilute levels of
the ligand.*!

Our analysis of the system during reaction conditions for
direct formation over the RS-decorated Pd nanoparticle
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Figure 3. DRIFT Spectra of hexanethiolated Pd on Al,O; at room temperature (298 K). After argon purge (black); O, flow for 9 h following initial
purge (red); H, flow for 9 h following oxidation (blue); pointing arrows indicate the order of exposure for gas flows throughout the experiment.

a) S—O Region: Potential candidates for S—O stretches are highlighted with reference dotted lines; peak formed after H, exposure is indicated with
a solid line. b) C—H Region: Features associated with C—H stretches are highlighted with dotted reference lines. Note that figure (a) reports both
spectra using the pre-oxidized infrared spectrum as a background to make changes due to surface oxidation more apparent, whereas figure (b)
reports spectra relative to a background collected for an uncoated catalyst to illustrate relative intensities for C—H stretching.

shows that: i) the coverage of thiolates is 0.38 over Pd(335)
and 0.6 over Pdss; ii) palladium is in a hydride phase and
iii) thiolates are oxidized to RS*O, with RS*O, being the
favorable state under direct H,O, synthesis conditions.

Direct formation of H,O, over RS-decorated Pd(335) and Pd;;

The hydrogen transfer and O—O scission steps during direct
synthesis of H,0O, over hydrogenated, RS-decorated Pd(335)
and Pdss are shown in Figure 4. We focus on these steps as
they determine the selectivity of the reaction. The entire
potential energy landscapes are shown in Figure S5 and the
relative energies for each step are listed in Table S2. For
simplicity, only the thiolates close to the site for O,
adsorption are considered to be in the oxidized state.

At the thiolate-decorated stepped PdH(335), the hydro-
genation of O*O to O*OH has a barrier of 022eV
(Figure 4(a)). The decomposition of O*O is endothermic
and associated with a high barrier of 1.68 eV. The further
hydrogenation of O*OH to HO*OH is energetically favor-
able. There are two possibilities for the second hydrogen-
transfer step. The surface-mediated route when a hydrogen
atom is picked up from the surface has a barrier of 0.71 eV.
An alternative possibility is to transfer the proton via the
RS*0, ligand. In this ligand-mediated process, the RS*O,
ligand picks up the surface hydrogen atom in an exothermic
step with a barrier of 0.41 eV forming RS*O,H (a detailed
structure is shown in Figure S6). The formation of such
RS*O,H complexes is consistent with the observed effect of
hydrogen in the DRIFTS experiments (see Figure 3(a)).
Once RS*O,H has formed, the subsequent transfer to
O*OH forming HO*OH proceeds spontaneously. Thus, the
barrier for HO*OH formation via the ligand-mediated route
is only 0.41 eV. The decomposition of O*OH species to
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O*H and O¥* is hindered by a high barrier of 1.62 eV. The
unselective hydrogenation of O*OH species to H,O and O*
proceeds via a barrier of 0.68 eV.

Due to the heavy computations connected to calculations
of barriers over the palladium nanoparticles, only the critical
steps of O*O dissociation (step S*O,—O*0O to S*O,—20%),
O*OH dissociation (step S*O,—O*OH to S*O,~O*H-0O%)
and the hydrogenation of O*OH and HO*OH (pink lines)
are considered explicitly for Pdss; (Figure 4(b) and Fig-
ure S5). One difference with respect to PdH(335) is the
dissociation of RSO,—O*0O to RS*O,—20%*. The dissociation
of O*O to 20* on the stepped surface is endothermic by
0.13 eV, whereas it is exothermic by 1.11eV over the
nanoparticle. The large difference could be explained by the
structural flexibility of the nanoparticle. As O* prefers to
locate at the hollow site, it is connected to larger local
structural distortions on the stepped surface than on the
nanoparticle. In addition, the coverage of the O, on the
nanoparticle is lower than on the stepped surface. The
exothermicity of O, dissociation over Pdss gives rise to a
lowering of the dissociation barrier to 0.72 eV. The decom-
position barrier for O*OH to O*H and O* over the
nanoparticle is calculated to be 0.40 eV, which is consid-
erably lower than the barrier over the stepped surface. The
ligand-mediated hydrogen transfer is found to be barrierless
also over the nanoparticle. The barriers for O*OH hydro-
genation are calculated to be 0.51 eV.

Besides the investigation on the reaction energy land-
scapes, we find that the effective RS*O,-ligands enable a
strong hydrogen bond between O*OH and RS*O,, which
stabilizes O*OH and hinders the reverse reaction to O*O
and H*. We estimate the stabilization to be ~0.4 eV (see
Figure S8). The ligands have in this sense a similar role as
regular solvents, e.g. methanol or water.
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Figure 4. Potential energy landscape for direct H,0, formation from H, and O, over RS- decorated PdH(335) and Pdss cuboctahedron in hydride
phase. The direct H,O, formation path with proton transfer via the surface Pd is plotted with black lines, the direct H,0, formation path with
proton transfer via the ligand RSO, is plotted with gree lines, the H,0 formation path from O—O bond breaking is plotted with blue lines and the
H,O formation path from hydrogenation over OOH and H,0, is plotted with red lines. The reaction barriers over the small nanoparticle with
dashed lines are taken from the corresponding barriers over the stepped surface. All energies are zero-point corrected. Atom color codes: Pd

(blue), S (yellow), O (red), C (grey) and H (white).

Analysis on the reaction kinetics over RS-decorated Pd;;

The relevance of the calculated reaction landscape is
explored by performing a microkinetic analysis of the
reaction over Pdss. The kinetic parameters are listed in
Table S3. The (100) and (111) facets are according to the
thermodynamic analysis covered by hydrogen atoms and

Angew. Chem. Int. Ed. 2022, 61, €202213113 (6 of 9)

RS*0, ligands under reaction conditions. The simulations
are performed in the temperature range from 275K to
315 K, which is within the experimental regime.””! As H,0, is
formed in the liquid phase during the experiments, the
experimental heats of vaporization for liquid H,O and H,O,
are used to account for the fact that H,O and H,0O, desorb
to the liquid phase (see details in Supporting Information).
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Readsorption of H,O is important as the desorption step is
endothermic and will effectively hinder O, adsorption on
the edge sites. The effect of site blocking could be accounted
for by scaling the number of available site according to a
Boltzmann distribution, however, we have chosen not to
scale the number of available sites, which means that the
calculated turnover frequency (TOF) is overestimated.

Figure 5 shows the TOF of the formation of H,0O, and
H,O over the RS-decorated nanoparticle as a function of
temperature. We find that the TOF for H,O, formation has
a weak temperature dependence, whereas the TOF for H,O
formation increases with temperature. The TOF for H,O
surpasses that of H,O, formation at 292 K.

The selectivity towards H,O, formation decreases with
increasing temperature; from 0.62 at 275 K to 0.33 at 315K
(Figure 5). Freitas et al.l'" measured direct formation of
H,O, over hexanethiolate-decorated Pd nanoparticle and
recorded a selectivity of 0.56 towards H,O, at 273 K. The
simulated selectivity is in good agreement with the exper-
imental value. As the selectivity towards H,0, formation
decreases with increasing temperature, direct H,O, forma-
tion over the thiolate-decorated Pd nanoparticle should be
performed at low temperatures.

A degree of rate control (DRC) analysis (Figure S9)
shows that the first hydrogenation step from O*O to O*OH
has a DRC close to one over the entire temperature interval.
The second hydrogenation step to H,O, has a DRC that
increases from 0.2 to 0.5. The DRC of the second hydro-
genation step is balanced by a negative DRC for the O*OH
decomposition to O* and O*H. The sum of all DRCs is one
for all temperatures. The O*OH formation step dominates
the reaction rate, which implies that the availability of O*O
species is limited. Similar with the concept of DRC, a degree
of selectivity control (DSC) analysis is performed (see
Figure S10). The second hydrogenation step to form H,O,
has a DSC that increases from 0.35 to 0.65 over the

]
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Turnover frequency (x102 Pd, ")
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1 . I : ' . ! : 0.30
275 285 295 305 315
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Figure 5. Simulated turnover frequency for H,0, and H,0 formation on
the RS-decorated Pdss cuboctahedron as a function of temperature. The
selectivity towards formation of H,0O, is given in blue. Reactant
pressures: P(H,) =P(O,) =60 kPa.
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temperature interval, which is balanced by a negative DSC
for the decomposition of O*OH.

The reaction orders in H, and O, were recently
measured for bare Pd particles.”? The reaction order for
H,0O, formation over PdH in water solution was measured
to be close to zero for H,, whereas it was measured to be
positive for O,. Using the same reaction conditions (the H,
pressure is ramped from 100 to 1000 kPa with an O, pressure
of 60 kPa, and the O, pressure is ramped from 10 to 100 kPa
with a H, pressure of 60 kPa), we find that the reaction
order in H, is slightly positive, whereas it is clearly positive
in O, for both bare and RS-decorated Pd (see Figure S11),
which is in agreement with Ref. [22] The positive reaction
order in O, is consistent with the high DRC for O*O
hydrogenation.

To experimentally verify the enhanced selectivity to-
wards H,0O, formation by thiolate- decoration over Pd
catalysts, the concentration of H,O, from the direct synthesis
is measured (Figure 6) in a batch reactor at similar measured
values of H, conversions (Figure S14). At a given condition,
the concentration of H,O, is clearly increased over the
ethanethiolate-decorated Pd compared with the bare Pd.
The yield of H,O, from the thiolate-decorated Pd catalyst is
much higher than the yield from the bare Pd catalyst, which
indicates the selectivity towards the formation of H,O, is
dramatically enhanced by the ligand-decoration over Pd.
The results obtained in Figure 6 were measured under O,-
excess condition (1-3% H, and 8.4 % O,), but similar large
enhancements in H,O, yield were obtained under H, excess;
for example, under 3.0% H, and 2.1% O,, and similar
conversion values, an H,O, yield of 9.44+0.16 mmol was
obtained for the ethanethiolate-decorated catalyst, while the
undecorated catalyst produced only 0.7 £0.04 mmol.

We also measured the effect of H, pressure on the H,O,
yield (Figure 6). Increasing the H, pressure led to a higher
accumulation of the product H,O, at similar values of

9 100
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. B PdiALO, Yield 1
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il | T 47
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Figure 6. Measured data for direct H,0, synthesis at 295 K on bare Pd
and C,H;S-decorated (C,-) Pd in a batch reactor using 67 % methanol
in deionised water as the solvent with three different H, concentrations
in the feed gas. The total pressure is 1380 kPa and O, concentration is
kept at 8.4%.
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conversion (Figure S14), consistent with a positive order in
H, for the direct synthesis reaction predicted from the
model. However, the fractional yield of H,O, was decreased,
suggesting that the formation of water from the series
reaction of H,O, becomes a significant issue at high H,
pressures and high conversions.

Discussion

Ligand-functionalization of Pd has shown to enhance the
selectivity in direct H,0, formation from H, and O,."%
Our first-principles based kinetic study show that the ligands
can promote the reaction in two different ways; one is to
improve the H,0, selectivity owing to suppression of non-
selective reactions, and the other is to improve the reaction
by promoting the pathway for H,O, formation.

Site blocking. One important effect of the ligands is to
prevent the unwanted scission of the O-O bond by
increasing the decomposition barriers of the intermediate
species (O*O and O*OH). The thiolate ligands occupy
hollow sites, which are the preferred sites for atomic oxygen.
The site blocking effect of RS is similar to the effect of
adsorbed hydrogen, which reduces the probability of O-O
bond breaking."”! However, whereas the local coverage of
hydrogen can vary based on the reaction conditions, the
strong RS—Pd bond should make the site-blocking from
thiolates more efficient than that of hydrogen. The decom-
position barrier O*OH over the RS-decorated PdH(335)
[1.62 eV] is higher than the corresponding barrier over non-
decorated PAH(211) surface (0.34 eV).["!

Modification of the Pd electronic structure. Reactivity
properties of transition metal surfaces are known to scale
with the d-band center.”"! The d-band center for a Pd atom
at the edge of Pd(335) is calculated to be —1.60 and
—2.07 eV for the bare and RS-decorated case, respectively
(see Figure S7). Thus, the RS-ligands clearly modify the
electronic structure of the adsorption sites. The d-band
center is shifted even further for the Pd-hydride. The d-band
center is —2.09 eV and —2.53 eV for the non-decorated and
RS-decorated g-phase Pd-hydride, respectively. The shift in
d-band center correlates with the change in the O,
adsorption energy. The adsorption energy of O, is —1.38 eV
for bare Pd(335), —0.47eV for RS-decorated Pd(335),
—0.36 eV for PdH(335), and —0.29 for RS-decorated PdH-
(335). Thus, one clear effect from the ligands is that they
dramatically lower the binding affinity of O-containing
species (e.g. O, and O) on the surface. As a high oxygen
adsorption energy correlates with facile O—O bond rupture,
the significant RS-induced modification of the surface
electronic structure promotes high selectivity.

Ligand mediated proton transfer. The facile proton
transfer via the oxidized thiolate RS*O,-ligands to O*OH
species forming HO*OH brings new insights to the reaction
mechanism. The formation of HO*OH from O*OH and H*
is associated with a barrier of 0.71 eV, whereas the ligand-
mediated transfer is 0.41 eV. Notably, without the ligand
mediated H- transfer mechanism, the formation rates of
H,0, would be considerably lower (Figure S13). That is,
while site blocking and electronic RS-induced modification
of the Pd electronic structure can lead to suppression of
undesired reaction pathways, it is only when combined with
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facile proton transfer that significant yields are obtained.
We note that another indirect proton transfer mechanism
has been suggested where H,O, is formed via sequential
protonation of adsorbed O, and OOH from H®* in the
solution.>??) Moreover, DFT calculations indicate that the
formation of hydronium from adsorbed H on a Pd-surface is
associated with low barriers."” The finding of a ligand
mediated H-transfer mechanism constitutes an additional
path for efficient hydrogen transfer, which does not depend
on the orientation of the water molecules in the solution.
The slow relaxation of H,O close to a reacted surface
reduces the prefactor in the rate constant.”” The facile H-
transfer via RS*O,-ligands implies that ligands can be used
to maintain a three-dimensional environment over the Pd
sites that allows for efficient hydrogen transfer. This is an
important aspect that presumably is common for many
different types of ligands.

Conclusion

We have explored the reaction mechanism for direct
formation of H,O, from H, and O, over methylthiolate-
decorated Pd(335) and Pdss; by combining density functional
theory based mean-field kinetic modeling and experiments.
The coverage of the thiolate ligands is determined by a
thermodynamic analysis. It is shown that the coverage of the
RS-ligands during reaction conditions is ~0.4 on Pd(335)
and 0.6 on Pdss. We find that the RS-ligand is oxidized to
RSO,, which constitutes the effective ligand.

The potential energy landscape for direct formation of
H,0, over Pd(335) and Pds; and the kinetic analysis uncover
multiple roles of the RSO, ligands. The ligands i) block
hollow sites, which hinders O—O bond breaking, ii) modifies
the electronic structure of Pd in a way that the adsorption
energy of O, is reduced, iii)solvates intermediates and
products, which facilitates the forward reaction, and iv) pro-
ovides an efficient ligand-mediated H-transfer mechanism.

The atomistic understanding provided by our combined
DFT and kinetic modeling approach gives handles to further
enhance the activity and selectivity for direct H,O, forma-
tion over Pd nanoparticles, for example by ligand design to
modify the O, adsorption energy, provide efficient solvation
and further enhance the ligand-mediated hydrogen transfer
steps.
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