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ABSTRACT: As a bottleneck in the direct synthesis of hydrogen
peroxide, the development of an efficient palladium-based catalyst
has garnered great attention. However, elusive active centers and
reaction mechanism issues inhibit further optimization of its
performance. In this work, advanced microkinetic modeling with
the adsorbate—adsorbate interaction and nanoparticle size effect
based on first-principles calculations is developed. A full mechanism
uncovering the significance of adsorbate—adsorbate interaction is
determined on Pd nanoparticles. We demonstrate unambiguously
that Pd(100) with main coverage species of O, and H is beneficial
to H,0, production, being consistent with experimental operando
observation, while H,O forms on Pd(111) covered by O species
and Pd(211) covered by O and OH species. Kinetic analyses
further enable quantitative estimation of the influence of temperature, pressure, and particle size. Large-size Pd nanoparticles are
found to achieve a high H,O, reaction rate when the operating conditions are moderate temperature and higher oxygen partial
pressure. We reveal that specific facets of the Pd nanoparticles are crucial factors for their selectivity and activity. Consistent with the
experiment, the production of H,O, is discovered to be more favorable on Pd nanoparticles containing Pd(100) facets. The ratio of
H,/0O, induces substantial variations in the coverage of intermediates of O, and H on Pd(100), resulting in a change in product
selectivity.

KEYWORDS: direct synthesis of hydrogen peroxide, DFT, size effect, microkinetic modeling, adsorbate—adsorbate interaction

1. INTRODUCTION production costs."' The price of reactors and compressors for
the direct synthesis of hydrogen peroxide can be decreased by

As one of a hundred significant chemical raw materials, : ) - i
reducing the reaction pressure and using more active and

hydrogen peroxide (H,0,) has a wide range of applications in

the industry,'~* such as pulp/paper bleaching, food disinfection, selective catalysts to compete with the AO process.

wastewater treatment, and synthesis of propene epoxide (PO). Among the extensively studied topics, Pd nanoparticles have
The predominant industrial production of H,O, is through been identified as the most effective catalyst for the direct
anthraquinone auto-oxidation (AQ). Overall, this process synthesis of hydrogen peroxide. It has been revealed that
consists of the anthraquinone catalyst that is hydrogenated catalytic activity and selectivity strongly depend on the size of
and oxidized sequentially, which was optimized by Riedl and the Pd nanoparticles.””~>* For instance, Kim et al.** found that
Pﬂeidere,s enabling continuous work on the pI‘OdU,CtiOIl line by the Production rate of hydrogen peroxjde declined along with
preventing an explosion area of mixture gas (H, and O,). the decrease in the Pd nanoparticle size. Subsequently, Pd nano-
However, the AO process is known to be indirect, energy- octahedrons in various sizes (7.5—18 nm) were synthesized by

demanding, and waste-intensive. Therefore, a more eco-friendly
production process has been proposed to avoid the weakness of
the AO process: direct synthesis of hydrogen peroxide (DSHP)
as a research hotspot has the advantages of green environmental
protection, a high atom utilization rate, and ready-to-use
immediately after H,0, production.®'® But its efficiency still
falls short of expectations, and the inherent flammability hazard
is associated with mixing H, with O,. In addition, direct
synthesis of H,0O, is only achievable with costly pure O, in
excess but not with freely available air, resulting in higher

Lee and co-workers,'* and the smallest octahedron (7.5 nm) has
the lowest selectivity and productivity of H,O,. It has long been
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speculated that the catalysts with smaller particle sizes have more
sites that are coordinatively more unsaturated (defects, edges,
and corners) where the O—O bond is dissociated and the
formation of H,O is promoted.”* On the other hand, Pd
nanoparticles for the direct synthesis of H,0O, are also effective
for their subsequent decomposition (this process is facile and
irreversible), which is known to be the bottleneck, hinderinzg the
overall DSHP process. Based on the theoretical work,™ >’
undesirable side reactions (H,O formation and H,O,
decomposition) are more likely to occur on sites that are
coordinatively more unsaturated, such as corners or edges.
However, it was found experimentally that the Pd nanoparticles
of subnano size (smaller than 2 nm) supported on
hydroxyapatite presented a better performance for H,O,
production.'”"> This phenomenon can be attributed to the
fact that PdO,/Pd interfaces on subnano-sized particles are
formed, which could suppress the dissociation of O,. Addition-
ally, the H,0, performance of Pd nanoparticles is highly
susceptible to the reaction environment (H, and O,
pressures,”***’ selection of the solvents,””*" identity of the
diluent gas,”” addition of promoters,” > and reaction temper-
ature™®) contributing to the distribution of various surface
species. In essence, the active site changes constantly in the
reaction process (poisoned or transformed into other active
sites), resulting in the activity and selectivity changes of H,0,.
Although some investigations have speculated that the perform-
ances of the catalysts are related to active sites,”’~** the origin of
the particle-size-dependent activity and selectivity is still
puzzling.

Theoretical studies are required to drive the further
development of this system. Usually, active sites of catalysts
are simulated using clusters or periodic surfaces.'****”*>* For
example, the Pd;; cluster was established to simulate the edge
and plane sites. The results indicated that H,O, could be readily
generated on more saturated sites, while it is easier to
decompose on more coordinatively unsaturated sites. Thus, it
can be seen that different active sites have various activity and
selectivity owing to atomic arrangements.”” Similarly, the single-
crystal Pd(100) was found to be far more active than the
corresponding polycrystalline surface,"” followed by Xia and co-
workers, " suggesting that H, O, is more prone to decompose on
Pd(111) than that on Pd(100). Currently, most theoretical
works on DSHP are limited to the active site, with few
exploratory studies focused on the Pd nanoparticles. In our
previous work,*’ we designed a polyhedral nanoparticle catalyst
through theoretical calculations. The relationship between size
and selectivity was studied from the perspective of active
sites.”' ~>* Despite tremendous efforts devoted to the active
sites, precise information concerning the catalytic sites
governing the direct synthesis of H,0O, on Pd nanoparticles
has not yet been achieved yet.

In addition, a gap exists between the catalysts used in
experiments and theoretical simulations. To a large extent, this
gap can be attributed to dynamic structural changes® ™" in the
nanoparticle during the heterogeneous catalytic reaction,
resulting in significant debates on active centers.”®” Notably,
the coverage of the coadsorbed species varies widely with
reaction conditions, which would cause dynamic structural
changes, exhibiting quite a different influence on the activity and
selectivity due to different oxidation states of the catalyst.
Selinsek et al.”” observed that the oxidation state and local Pd
structure vary with the reactant ratio (H,/0,), leading to a
difference in the yield of H,0,. Xu et al. indicated that the

selectivity of H,O, can be enhanced by coadsorbed 0.°° This
phenomenon demonstrated that surface states vary with
ambient reactive gases (H, and O,) and coadsorbed species,
which could affect the reaction mechanism.**°"> Wilson and
co-workers™® believed that differences in turnover rates and
selectivity between Pd clusters of different sizes result from
changes in the stability of surface intermediates and transition
states. In most computational studies, the focus is primarily on
active site descriptions®>®" while neglecting the influence of
nanoparticle size and environmental effects (temperature,
pressure, and coverage). An advanced coverage-dependent
kinetic model combined with the energetics from first-principles
calculations was developed recently, providing a significant
advance in understanding the reaction mechanism of heteroge-
neous catalysis.”””® Our previous work showed that the
adsorbate—adsorbate interactions considerably affect the
reaction mechanism of the synthesis of hydrogen peroxide on
Pd(111).°* Undeniably, the elusive reaction mechanism issues
are always present because the coverages of species on various
sizes of Pd nanoparticles change dynamically. Therefore, a
method combined with size-dependent and coverage-depend-
ent modeling should be developed to analyze reaction
mechanisms on nanoparticles quantitatively.

In this work, to describe the relationship between the Pd
particle size and active sites, we chose Pd(111) as the closely
arranged planar site in nanoparticles, Pd(100) as the loosely
organized planar site, and Pd(211) as the step site. The Pd;
cluster was selected to represent the corner site. To approach
more realistic conditions, a microkinetic model was developed
with size-dependent and coverage effects to study the
mechanism of the direct synthesis of hydrogen peroxide on Pd
nanoparticles. We aim to answer the following major questions:
(i) What are the mechanisms of direct synthesis of H,0,
reaction on Pd nanoparticles with lateral interactions? (ii)
How do temperature and H,/O, partial pressure affect the
selectivity and activity of the reaction on the Pd nanoparticles
with different sizes? (iii) How can we understand the origin of
size effects?

2. MODEL AND COMPUTATIONAL METHODS

2.1. Surface Model. Pd nanoparticles are typical active
centers for the direct synthesis of hydrogen peroxide and can be
classified into three types of sites (terrace, step, and
corner)."”*>*° In this work, we assumed the Pd nanoparticles
used in the experiments were all in the same cuboctahedral
shape of various sizes (Figure S3). Three surfaces ((Pd(111),
Pd(211), and Pd(100)) and a Pd,; cluster were utilized to
simulate the active sites on the Pd nanoparticles. Pd(111) and
Pd(100) represent various terrace sites with the lowest surface
energies among the clean Pd facets, which are the most abundant
in large nanoparticles. Pd(211) denotes step sites, which consist
of Pd(111) and Pd(100). Pd,; cluster represents the corner
sites.

2.2. Computational Methods. Density functional theory
(DFT) simulations in this work were conducted for the direct
synthesis of hydrogen peroxide within the framework of the
generalized gradient approximation (GGA) based on Perdew—
Burke—Ernzerhof®® (PBE) functional using the VASP code.’”**
All initial states, transition states, and final states were computed
by the DFT-D3 method,*”~"* considering the van der Waals
interaction.”””*”* The project-augmented wave (PAW)’®”’
was carried out to describe the interaction between core
electrons and valence electrons. A plane-wave basis set was
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Scheme 1. Flow Chart of Iteration Process for the Coverage-Dependent Microkinetic Model. X Represents the Error of Each
Species Coverage on the Entire Analytical Procedure and Is Less than 0.01 ML
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expanded with a kinetic cutoff energy of 400 eV. The Pd(100),
Pd(111), and Pd(211) surfaces were modeled using a slab
geometry with a periodically repeated (3 X 3) unit cell, and
PdO(101)°”7%7% was used as a (4 X 2) unit cell. (3 X 3 X 1)
Monkhorst—Pack k-point mesh sampling®' was employed for
Pd(100) and Pd(111), and (4 X 3 X 1) Monkhorst—Pack k-
point mesh was used for Pd(211) and PdO(101). For the Pd,,
cluster, (1 X 1 X 1) Monkhorst—Pack k-point mesh was utilized.
Structure optimization was conducted using the conjugate-
gradient algorithm with electronic convergence of 10~° eV and
geometric convergence of 0.01 eV/A. The transition states
(TSs) were searched using the method called a constrained
optimization scheme,”~** confirmed by two rules: (i) the forces
of atoms should be optimized to be less than 0.01 €V/A and (ii)
there should be a maximum energy along the reaction
coordinate, but a minimum energy on all other degrees of
freedom. All optimized initial states, transition states, and final
states were verified by frequency analysis® using a finite
displacement method to the mass-weighted Hessian matrix. The
free-energy corrections for molecules in the gas phase were
calculated using the Gaussian 09 package,*® and the basis set was
B3LYP/6-311+G*.*""

2.3. Choice of Elementary Steps. To gain insight into the
direct synthesis of hydrogen peroxide,’” all possible reaction
pathways corresponding to the formation of H,0, and H,O,
including the decomposition of H,0,, were investigated on
Pd(100), Pd(111), and Pd(211). The complete elementary
steps were performed as follows: (1) O, adsorption (R1: O, + *
2 0,%); (2) H, dissociation (R2: H, + * + * 2 H* + H*); (3)
0O, dissociation (R3: O,* + * 2 O* + 0%*); (4) O,
hydrogenation to OOH (R4: O,* + H* 2 OOH* + *); (5)
hydrogenation of OOH to H,0, (RS: OOH* + H* 2 H,0, + *
+ *); (6) OOH dissociation (R6: OOH* + * 2 O* + OH*);
(7) hydrogenation of O to OH (R7: O* + H* 2 OH* + *); (8)
OH hydrogenation to H,O (R8: OH* + H* 2 H,0 + * + *);
(9) 20H synthesis to H,0 and O (R9: OH* + OH* 2 H,0 + *
+0%*); and (10) H,0, decomposition to two OH (R10: OH* +
OH* 2 H,0, * + *).

The key intermediate in the direct synthesis of hydrogen
peroxide should be noted. In addition to the above-mentioned
hydrogenation of O, (O,* + H* 2 OOH* + *), there are some

papers®””” in the literature, showing that the formation of OOH

takes place by proton transfer from water (O,* + H,O + * 2
OOH* + OH*). Inspired by the work of Greeley and Rankin,”
we investigated both OOH formation mechanisms with
coverage effects on Pd(100) (dominated active sites on Pd
nanoparticles). First, the reaction of O,* + H,O + * 2 OOH* +
OH* on Pd(100) was investigated from a low temperature
(273.15 K) to a high temperature (323.15 K) (Figures S131—
133). Our findings revealed that this reaction pathway does not
significantly contribute to the formation of OOH* but primarily
represents the reverse reaction pathway, leading to water and
oxygen production. The reaction rate for OOH* + OH* — O,*
+H,0 + * is considerably lower than that of OH* + H* — H,0
+ * + * and therefore, it does not serve as the primary route for
water formation. Subsequently, we compared the mechanisms of
direct hydrogen peroxide synthesis with and without the
involvement of O,* + H,O + * 2 OOH* + OH*. It was
observed that the primary reaction mechanisms on the Pd(100)
surface are the same under both mechanisms (O,* + H* —
OOH* + * and O,* + H,0 + * 2 OOH* + OH%).
Furthermore, we conducted a comparative analysis of surface
coverage, activity, and selectivity. There were no significant
changes in coverage, activity, and selectivity with and without
0,* + H,0 + * 2 OOH* + OH*. Hence, O,* + H,0 + * 2
OOH* + OH* is not a crucial step in generating OOH*, nor is it
a significant step for H,O formation. Therefore, we do not
consider O,* + H,O + * 2 OOH* + OH* further in this work.

2.4. Microkinetic Model. A microkinetic model with a
coverage effect was performed to study the mechanism of the
direct synthesis of hydrogen peroxide. The rate constants of each
elementary step were determined using transition states theory.
The equation is as follows

knT _\p#0
k= "Bl —AGH/kT

o (1)

where kg is the Boltzmann constant, T is the temperature, & is the
Planck’s constant, and AG; is the change of standard molar
Gibbs free energies between the transition state and the initial
state for step i from DFT calculations. More details of the
calculation are provided in the Supporting Information.
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Figure 1. Coverage-dependent reaction pathways for the production of H,0, and H,0 on (a—c) Pd(100), (d—f) Pd(111), and (g—i) Pd(211). The
red arrow is the major pathway according to the results of the coverage-dependent microkinetic model. The values are the reaction rates (units are s ™)
for each elementary step. The green column represents the yield of H,O, and the purple column represents the yield of H,O,. The reaction conditions
are Po, = Py, = 0.5 bar, Py, = Py o = 0.035 bar, and T = 273.15, 298.15, and 323.15 K.

The coverage-dependent microkinetic models®***?" based
on first-principles calculations have achieved significant progress
in the study of heterogeneous catalytic reactions with both self-
interactions and cross-interactions. The low coverage range is
defined when all of the first neighbor sites for each adsorbate are
free. In the high-coverage region, the effect of adsorbate—
adsorbate interactions exhibits a significant increase with more
adsorbed species on the surface. The differential generalized
formation energyé‘?”gz’93 for multiple adsorbates as a function of
coverage takes the following equation

o,
E(0) = f(00) + 2, G = f(B0) 5
j total (2)

where E; (0) represents the differential generalized formation
energy of adsorbate i at the specific coverage 0, f(6,,) is the
differential generalized formation energy at low coverage, and f,;
(i) is the differential generalized formation energy of
adsorbate i under the environment of j at the coverage of 0.,
iand j can be the same species. More details are provided in the
Supporting Information.

The core concept of coverage-dependent microkinetic
modeling is shown in Scheme 1. In this model, the abundance
of each species eventually converges to a sufficient extent, and

the error of each species that converges on the entire analytical
procedure is less than 0.01 ML.

2.5. Surface Phase Diagram Calculation Method.
Determine the stability of the system under consideration by
building phase diagrams®””*~ of the surfaces in contact with
the gas environment (H, and O,). The adsorption stability of H,
and O, on Pd(100) was determined by comparing the Gibbs
free energies of adsorption (AG™). AG** was obtained relative
to the clean surfaces of Pd(100) and evaluated as a function of
H,(pt1,) and O,(po,) chemical potentials.

N, N,
o, - —H
279

AGads _ 1

- G_surf _ Gsurf _
A | Ti/pd(100) Pd(100)

Py

(©)

where A is the surface area, G; /Pd(wo)s‘"f is the Gibbs free energy
of adsorption of intermediate on the Pd(100), and i is the species
of intermediates. GPd(wO)S‘“f is the Gibbs free energy on the clean
surfaces of Pd(100). y; is the chemical potentials of various
species i and dependent on temperature and pressure; the
equation is as follows

P
T,P) = E+Au(T, P° +kT1(—")
#(T, B) = E+Au( ) sTIn{ 2o @
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where x is H, or O,, P is the standard pressure, and Ay, (T, P°)
is the chemical potential at the standard pressure. The stable
structure under a given condition (T, Py, and P, ) is obtained

by the structure that minimizes AG*®.

Under hydrogen-lean and oxygen-rich conditions, an
extended palladium oxide bulk is thermodynamically stable,
which gives

bulk buk |, 1

Frao < Hpa T SHo, ()
whereas under oxygen-lean and hydrogen-rich conditions, PdH
is thermodynamically stable, which gives

bulk bulk
Hpag < Hpg T S H, ()

Under balanced conditions, the coverage-dependent surface is
thermodynamically stable, which gives
1—n

, Mo

buk , 1 m
Hpax < Hpg T ;'“oz + ?'MHZ’ Hpax T

2

buk , ™M 1-m
< Hpgo T 5y and pp4y + 5 n

2

bulk n
< + =
Hpan 2 Ho, (7)
where PdX denotes a slab with coverage of species, and n and m
represent the contents of H and O in PdX.

3. RESULTS AND DISCUSSION

3.1. Size-Dependent Microkinetic Modeling. The size-
dependent microkinetic modeling incorporating coverage
effects was developed and applied in this work. Typically, Pd
nanoparticles consist of three kinds of reaction sites (terrace,
step, and corner).*"***" In this work, we disregarded corner
sites based on the following reasons: (i) the proportion of corner
sites on Pd nanoparticles ranging from 2 to 30 nm is extremely
low, as illustrated in Figure S3b,c. (ii) According to the coverage-
dependent microkinetic model, the main species on the Pd,;
cluster is O (99.9%), rendering the corner sites entirely
poisoned. (iii) H,O is the primary product on the Pd,; cluster,
and its activity is considerably inferior (approximately 10™'°s™")
compared to Pd(100), Pd(111), and Pd(211) surfaces. (iv) The
pressure does not have a major effect on selectivity of Pd;;
cluster for the direct synthesis of H,O,. (v) Temperature has a
great influence on the activity of the Pd,; cluster, but the activity
is always lower than the other three surfaces, as depicted in
Figure S3d—l. The cuboctahedral nanoparticle model was
utilized to represent the relationship between size and
proportion of active sites (Table S2). The proportion of terrace
sites ((Pd(111), Pd(100)) increases with a rise in the size of
nanoparticles, whereas the proportion of edge sites ((Pd(211))
exhibits an opposite trend.

3.2. Detailed Comparison of the Mechanism of H,0,
and H,0 Formation on Three Surfaces (Pd(100), Pd(111),
Pd(211)) on Pd Nanoparticles. 3.2.1. Pathway Comparison
on the Three Surfaces from Low Temperature to High
Temperature. The mechanism for the direct synthesis of
hydrogen peroxide involves the main reactions (synthesis of
H,0,) and side reactions (formation of H,0), leading to the
whole process being much more complex. Notably, the
dissociation of H,0, to two OH species is an important
elementary step for H,O formation, and it is one of the
significant factors leading to a low hydrogen peroxide yield. It is

revealed that H,0, decomposition is more likely to occur on
coordinatively unsaturated sites, such as corner sites or edge
sites.”” In this work, three typical temperatures were considered
in our simulations, namely, low temperature (273.15 K),
moderate temperature (298.15 K), and high temperature
(323.15 K). The entire mechanism for the direct synthesis of
hydrogen peroxide can be divided into three kinds of pathways:
(i) the synthesis of H,O,; (ii) the decomposition of H,0,; and
(iii) the formation of H,0, as shown in Figure 1.

3.2.1.1. Synthesis of H,0,. We first simulated the synthesis of
H,0, on the three surfaces (Pd(100), Pd(111), and Pd(211)),
and reaction pathways were summarized as follows: (i) H, + * +
* > H* + H*; (i) O, + * — O,%; (iii) O,* + H* —» OOH* + *;
(iv) OOH* + H* — H,0, + * + *. After carefully comparing the
reaction channels among Pd(100), Pd(111), and Pd(211) at
moderate temperature (298.15 K), we found that the rate-
determining steps are the O, hydrogenation on Pd(100) (E, =
0.46 eV) (Table S7) and H, dissociation on Pd(211) (E, = 0.88
eV) (Table S13), while the rate-determining step on Pd(111) is
the OOH hydrogenation (E, = 1.14 eV) (Table S19). The
reaction rate of H,O, increases from low temperature (10°s7)
to moderate temperature (10*s™') on Pd(100), followed by the
yield of H,0, decreasing dramatically from moderate temper-
ature (10* s7') to high temperature (10* s™'). Our results
indicate that the peak of the H,O, formation is around moderate
temperature as displayed in Figure S106. As for Pd(111) and
Pd(211), the yield of H,0, continuously increases from low
temperature to high temperature. Additionally, the yield of
H,0, is in the order of Pd(100) > Pd(211) > Pd(111),
indicating that Pd(100) contains the dominant active sites for
the synthesis of H,O,.

3.2.1.2. Decomposition of H,0,. With respect to the second
part of the mechanism, the decomposition of H,0, (H,0, + * +
* — OH* + OH*) was considered. The barrier of HO—OH
bond breaking on the three surfaces is in the order of Pd(111)
(1.05 eV) > Pd(100) (1.00 eV) > Pd(211) (0.72 eV) at
moderate temperature. The decomposition rate of hydrogen
peroxide on Pd(100) reaches the maximum value from low
temperature to moderate temperature, followed by a dramatic
decline. It is interesting to note that the rate of H,0O,
decomposition on Pd(100) is higher than that on Pd(111) at
moderate temperature, while the opposite trend is observed at
low and high temperatures. In addition, the rate of H,O,
decomposition on Pd(211) is highest compared to that on
Pd(100) and Pd(111), making it the dominant active site for
HO—-OH bond breaking.

3.2.1.3. Formation of H,0. The mechanism of H,O
formation can be divided into two parts. The first part is the
OH* formation, and the second is the conversion of OH* to
H,O. The formation of OH* comes from three channels: (i) H,
+*+% 5> H* + H*, O,* + ¥ - O* + O*, O* + H* - OH* + *%;
(ii) Hy + * + * > H* + H*, O, + * = 0,*, O,* + H* > OOH*
+ %, OOH* + * - O* + OH*; and (iii) H, + * + * - H* + H*,
0, +* - 0,*% 0,* + H* > OOH* + *, OOH* + H* —» H,0,
+ %+ % H)0, + * + * > OH* + OH*. On Pd(100), the rate-
determining step of channel (i) is O,* + * - O* + O* (E, = 0.61
eV, 298.15 K), channel (ii) is OOH* + * — O* + OH* (E, =
2.35 eV, 298.15 K), and channel (iii) is H,O, + * + * - OH* +
OH* (E, = 1.00 eV, 298.15 K). Compared to the barriers of the
three channels, the formation of OH* mainly comes from
channel (i). Additionally, channel (iii) is more likely to occur
than the other two channels on Pd(111) and Pd(211).
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Figure 2. Degrees of rate control from the elementary steps on (a) OOH * + H * 2 H,0, + * + *; (b) those on OH * + H *2 H,0 + * + *; and (c)
those on OH* + OH* 2 H,0,+ * + * on Pd(100), Pd(111), and Pd(211).

Positive DRC

Regarding the conversion of OH* to H,0O, there are two
elementary steps, namely, (i) OH* + H* — H,O + * + * and (ii)
OH* + OH* — H,0 + O* + *. It is found that step ii is more
prone to occur than step (i) on Pd(111) and Pd(211), while the
opposite phenomenon appears on Pd(100).

The major pathway for H,O formation on Pd(100) can be
summarized as follows: H, + * + * - H* + H*, O,* + * - O* +
O*, 0* + H* - OH*, OH* + H* — H,0 + * + *. With respect
to Pd(111) and Pd(211), H,O formation is more likely to occur
in the other channel, namely, H, + * + * - H* + H*, O, + * —
0,*% 0% + H¥ - OOH* + *, OOH* + H* —» H,0, + * + ¥,
H,0, + ¥ + * > OH* + OH*, and OH* + OH* —» H,0 + O* +
*, Compared to the rate-determining step for H,O formation,
the barrier is in the order Pd(111) (H,0, + * + * — OH* +
OH*, E, = 1.05 eV) > Pd(211) (H, + * + * — H¥* + H¥* E, =
0.88 €V) > Pd(100) (O,* + * — O* + O, E, = 0.61 eV).

Overall, for selectivity, H,O, is the main product on Pd(100),
while H,O is more likely to occur on Pd(111) and Pd(211).
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Significantly, the reaction rates of H,0, and H,0 on Pd(100)
are much higher than those on the other two surfaces, making it
the dominant active site on Pd nanoparticles. Furthermore, the
optimized temperature for the direct synthesis of H,O, on
Pd(100) is located at the moderate temperature. The yields of
H,0, and H,O increase continuously from low temperature to
high temperature on Pd(111) and Pd(211) (Figure S106).
3.2.2. Analysis of the Degree of Rate Controls on the Three
Surfaces from Low Temperature to High Temperature. In
order to quantitatively determine the significant steps that
control the rates of H,0 and H,O, formation on Pd(100),
Pd(111) and Pd(211) from low temperature to high temper-
ature, the concept of rate control degree proposed by Campbell
et al."%°"'** was utilized, and the equation is shown as follows

E i dinr
r | Ok; dln k;

DRC,i —

1

kl#t.Kx k/#nKx (8)
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Figure 3. Ratios of main species coverage analyses from 273.15 to 323.15 K on (a—c) Pd(100), (d—f) Pd(111), and (g—i) Pd(211). The red is O, blue
is H, green is free sites, gray is O, and yellow is OH (P, = Py, = 0.5 bar and Py, = Py o = 0.035 bar).

where Xpp; is the DRC value of elementary reaction step i for
the production of H,O or H,O,, r is the formation rate of H,O
or H,0,, k; is the forward rate constant of elementary step i, and
K; is equilibrium constant for elementary step i. The larger the |
Xprc,l value, the larger its influence is on the production rate of
water or hydrogen peroxide. A positive DRC value represents
that it would inhibit the overall reaction rate r, if we increased the
barrier of elementary step i. Similarly, a negative value of DRC
leads to the contrary effect.

Three important elementary steps were investigated through
the detailed analysis of the degree of rate control (Figure 2) at
different temperatures, namely, (i) OOH* + H * 2 H,0, + * +
* (i) OH * + H * 2 H,0 + * + *; and (iii)) OH* + OH* 2
H,0, + * + *.

3.2.2.1. DRC Analysis of (i) OOH* + H * 2 H,0, + * + *
First, we focused on the DRC values of step (i), which is the
essential step for H,O, formation. Notably, Pd(100) is the
significant surface for the formation of H,0, according to our
simulation. Thus, OOH * + H * — H,0, + * + * on Pd(100)
was analyzed in detail (Figure 2a). Step (i) is mainly controlled
by the step of O,* + H * - OOH* + * from low to high
temperature, and its DRC values are 0.98 (low temperature),
0.99 (moderate temperature), and 0.62 (high temperature).
Therefore, lowering the barrier of O, hydrogenation is beneficial
to the reaction of OOH hydrogenation; a higher O, hydro-
genation barrier will reduce the abundance of OOH species,
which inhibits the conversion of OOH to H,0,. Additionally,
when the temperature increases from low temperature to
moderate temperature, the value of DRC changes slowly.
However, in the range 0of 298.15 K < T < 323.15 K, the value of
DRC (O,* + H* — OOH* + *) decreases from 0.99 to 0.62. It
is worth mentioning that the value of DRC (OOH * + H * —
H,0, + * + *) enhances from 0.01 to 0.38, and the lower barrier
of OOH * + H * — H,0, + * + * promotes the formation of
H,0,. Significantly, the difference between the DRC value of
0,* + H* - OOH* + * and that of OOH * + H * - H,0, + *
+ * is 0.24 at the high temperature. It indicates that decreasing
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the barrier of O,* + H * - OOH* + * is more effective than
lowering the energy barrier of O,* + * — O* + O*. More details
of DRC analysis on Pd(111) and Pd(211) are provided in the
Supporting Information.

3.2.2.2. DRC Analysis of (ii) OH *+ H * 2 H,0 + *+ * Upon
reviewing the reaction pathways with the coverage effects, we
found that the reaction OH* + H* — H,0 + * + * is the major
pathway for the formation of H,O on Pd(100) (Figure 2b). It is
mainly controlled by the step of O,* + * = O* + O* from low
temperature to high temperature, and the DRC values are 1.00
(low temperature), 1.00 (moderate temperature), and 0.97
(high temperature), respectively. Lowering the barrier for O—O
bond breaking can enrich the O species, which facilitates O
conversion to OH and ultimately accelerates the OH hydro-
genation process.

3.2.2.3. DRC Analysis of (iii) OH* + OH* 2 H,0, + * + *
For the formation of H,O, the reaction H,0, + * + * - OH* +
OH* is the major pathway for Pd(111) and Pd(211). It can be
seen that O* + H* — OH™ + * makes the major contribution to
H,0, + * + * > OH* + OH* on Pd(111) (Figure 2c). The
DRC values of O hydrogenation decrease slightly (from 1.35 to
1.27) with the increase in temperature (from low-to high
temperature). Decreasing the energy barrier of O* + H* —
OH* + * can enhance the concentration of free sites and OH
species, and abundant free sites facilitate the decomposition of
H,0,. Itis also found that the increase in coverage of OH species
can accelerate two OH conversions to H,O, which will consume
more OH, thereby promoting the rate of H,0, + * + * — OH*
+ OH*. On Pd(211), the reaction H,O, + * + * — OH* + OH*
is affected by three steps, and the DRC values are in the order of
O* + O* - O,* + * > H,0, + ¥+ ¥ > OH* + OH* > OH* +
OH* — H,0 + O* + *. The O, formation is a dominant step,
and the DRC value is around 0.60 from low temperature to high
temperature. Lowering the barrier of O* + O* — O,* + * can
enrich the abundance of free sites and O,. For H,0, formation,
O, is the critical intermediate that is favored to generate OOH,
thereby accelerating the production of hydrogen peroxide. High
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concentrations of free sites can accelerate the decomposition of
H,0,.

3.2.3. Coverage Comparison on the Three Surfaces and
State Analysis. 3.2.3.1. Coverage Comparison on the Three
Surfaces from Low Temperature to High Temperature. To
provide insight into the changes of intermediates on the different
surfaces and the influence of temperature on coverage, coverage-
dependent kinetic modeling analysis was carried out from low
temperature to high temperature. It shows that the coverage of
intermediates varies significantly with the change of active sites
(Figure 3). Several striking features are revealed in our
simulations. First, the surface of Pd(100) is mainly occupied
by O, (29.7%), H (42.1%) and free sites (27.7%) at the low
temperature. The coverage of O, decreases slightly from 29.7 to
25.1% from low temperature to high temperature, while the
coverage of H increases gradually from 42.1 to 51.0%. It is
interesting to note that the coverage of free sites improves
marginally from 27.7 to 28.7% in the range of 273.15 K < T <
298.15 K, followed by a considerable decline from 28.7% to
19.3% (298.15 K < T < 323.15 K). At high temperature, OOH
and O also occupy a certain proportion of the surface besides O,,
H, and free sites. Second, the main species on Pd(111) are O
(67.3%), H (1.5%), and free sites (31.2%) at low temperature.
This result indicates that the Pd(111) surface is almost
completely occupied by O and free sites, when H,O,
decomposition is considered in the current simulation. As the
temperature rises, the coverage of O decreases, while the
coverage of the free site follows the opposite trend. Third, the
surface of Pd(211) is mainly occupied by the O, OH, and free
sites. The proportion of OH decreases slightly with temperature
increase, while free sites show the contrary tendency.

Notably, the major species on Pd(100) are different from
those on Pd(111) and Pd(211), resulting in various products.
O, and H are the main species on Pd(100), which are beneficial
to the elementary step of O,* + H¥* — OOH* + *, further
promoting the following OOH hydrogenation. On Pd(111), the
main coverages are those of the O and free sites. High
concentrations of free sites facilitate the dissociation of O,,
OOH, and H,0,. Meanwhile, the lack of H species is
unfavorable for the hydrogenation of O, to generate OOH,
resulting in the inhibition of the production of hydrogen
peroxide. The coverage of OH on the Pd(211) surface is around
14%, which is different from that on Pd(111), accelerating the
process of OH* + OH* — H,0 + O* + *, making the rate of
H,0 formation on Pd(211) higher than that on Pd(111).

3.2.3.2. State Analysis of Pd(100). Based on our simulations,
Pd(100) is the most significant surface for H,O, formation with
high activity and selectivity, larger than those on Pd(111) and
Pd(211). Pd(100) is exposed to reactants (H, and O,) in the
direct synthesis of H,0,, suggesting that it is important to
investigate it in a gas mixture environment. In this work, we
employed a specialized, constrained equilibrium approach.”'**
This methodology assumes that the surface is in complete
thermodynamic equilibrium with separate gas-phase reservoirs
of O, and H,, while preventing any possibility of a reaction
between the surface of O, and H,. In the case of lower chemical
potentials of H, and O,, the clean surface of Pd(100) is the
stable phase (Figure 4). If the H, chemical potential is kept low
and the O, chemical potential increases (along the y-axis) to
oxygen-rich conditions, first O, covers the Pd(100) surface, and
then the PdO(101) phase is formed. Similarly, if the O, chemical
potential is kept low and the H, chemical potential gradually
increases (along the x-axis), the H-covered Pd(100) surface is

PHz(atm) 0.01-0.99
298.15K ‘ 3.0
-2.5
Pd(100) o
;L -2.0
= S
E = A~~~
E Pd(100)-105, E -1.5 %
3 ~
Pd(100)-20; g (@)
R ‘ 10 =
= Pd(100)-30; <
< r s
é ) 05
3
PdO(101) 0.0
L " 1 v 1 " 1 " 1 n 0.5
-2.0 -1.5 -1.0 -0.5 0.0 0.5
Apg,(eV)
Pd(100)-10,,04H (o0 Pd(100)-20539-4H (aq)

Figure 4. Surface phase diagram of Pd(100) in constrained
thermodynamic equilibrium with gas-phase H, and O,. The phase
diagram is given considering the chemical potentials of H, and O,. The
corresponding H, and O, pressures at 298.15 K are shown in gray bars
at the top and left of the axis. The yellow square in the phase diagram
denotes the ambient conditions (0.01 bar < Py < 0.99 bar, 0.01 bar <

Py, < 0.99 bar).

first formed; thereafter, the 5-phase palladium hydride (PdH,, )
is formed. These results are in good agreement with the
experimental results.>”

The yellow square represents the region under ambient
operating temperature and pressure. The region of the yellow
square is situated in the phase of Pd( 100)-20,(,4)-4H ,q) close to
the boundary to Pd oxide and Pd hydride. Notably, the surface of
Pd(100) is mainly occupied by O, (27.8%), H (43.3%), and free
sites (28.7%) under ambient operating conditions (T = 298.15
K, P, = Py, = 0.5 bar), which is consistent with the phase

diagram of Pd(100).

3.2.4. Comparison of Intermediate Stabilities on the Three
Surfaces. The stabilities of the intermediates®”*>'" on
Pd(100), Pd(111), and Pd(211) were described in detail to
explore the influences of the lateral interaction on the three
surfaces. The formula of intermediate stability is calculated as
follows

E =E - a(EmetaI+H) - b(Emetal+O)

+ (a +b - I)XEmetaI (9)

stability metal+adsorbate

where E .y, represents the relative stability of the intermediate
on the surface, E,_ .jradsorbate 1S the free energy of the
intermediate on the surface, E,, .1,y is the free energy of the
most stable atomic H on the surface, E, .1, ¢ is the free energy of
the most stable atomic O on the surface, a and b represent the
numbers of H and O in the intermediates, and E,, .., is the total
energy of the surface of the corresponding transition metal.

As displayed in Figure 5, H, O, and OH are much more stable
than O, and OOH with and without the coverage effect on
Pd(100), Pd(111), and Pd(211). Hence, these three inter-
mediates are very likely to occupy relatively large proportions of
the surfaces, which is consistent with the coverage distribution.
Furthermore, it is interesting to note that OH, O,, and OOH
with the coverage effect are more stable than those without the
coverage effect on Pd(211), and the order of stability is OH > O
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~ H > OOH > O,. Besides, OH and OOH exhibit higher
stability when the lateral interactions are included, whereas O,
becomes unstable on Pd(111), and the order of stabilities
changes to OH > O &% H > OOH > O,. On Pd(100), OH is
much more stable with the coverage effect, but O, and OOH are
much more unstable than those without the coverage effects. It is
interesting to note that O, is more stable than OOH on
Pd(100), which is different from the case for Pd(111) and
Pd(211).

3.3. Detailed Analyses of the Mechanism of H,0, and
H,O Formation on Pd(100), Pd(111), and Pd(211).
Detailed analyses of the three surfaces under various reaction
conditions were performed. The activity is obtained by
coverage-dependent kinetic modeling. ryy, 0./ (11,0, + 1,0) Was
used to characterize the selectivity upon hydrogen peroxide
production as follows

r.
selectivity(i) = ——

DI (10)

where r; is the reaction rate of species i, and ), is the sum of the
reaction rates of H,O and H,0,.

3.3.1. Unravelling the H,0, and H,O Formation Mecha-
nism and Detailed Analyses on Pd(100). 3.3.1.1. Effect of
Temperature and Pressure on the Activity of Pd(100).
Previous studies indicated that H,O, synthesis and decom-
position are affected by temperature and pressure.’>*” In this
work, we utilized the coverage-dependent kinetic model to
investigate the activity of Pd(100) for H,O, synthesis, H,O
formation, and H,O, decomposition under various pressure and
temperature conditions (Figure 6a—c). There is a cross point
between the blue line (representing the activity of H,O) and the
red line (representing the activity of H,0,) when the pressure of
O, is around 0.02 bar at a moderate temperature (T = 298.15 K,
Figure 6d). The formation rate of H,O is higher than that of
H,0, in the range of 0 bar < Py, < 0.02 bar. As the O, partial

pressure continues to rise (0.02 bar < Py < 0.7 bar), the

formation rate of H,O, reaches a maximum, followed by a slow
decline (P, > 0.7 bar).

It is known that higher concentrations of surface oxygen are
related to enhanced H,0, decomposition rates, but a
mechanistic understanding of this relationship has not yet
been established.'”'"” Our simulations indicate that the
process of H,0, + * + * - OH* + OH* is the major pathway
for H,0, decomposition. Additionally, the rates of H,O,
decomposition and H,O formation are boosted by an increase
in the oxygen partial pressure. It is worth noting that when the
partial pressure of O, is greater than 0.9 bar, the purple line
(H,0, decomposition) and the blue line (H,0 formation)
almost overlap, indicating that the formation rate of H,O is
approximately equal to the decomposition rate of H,0,. This
result reveals that H,O is mainly controlled by the
decomposition of H,0, (Figure S107). The corresponding
reaction pathway is shown as follows: H,0, + * + * - OH* +
OH*, OH* + H* — H,0 + * + * (Pg, > 0.9 bar) [pathway (ii)].
When the O, partial pressure is lower than 0.9 bar, the reaction
pathway is mainly controlled by O,* + * — O* + O*, O* + H*
— OH*, OH* + H* - H,0 + * + * [pathway (i)].
Furthermore, there is a turning point in the activity trend of H,O
at 323.15 K. The reason is that the reaction rate of pathway (i)
increases first and then declines. In the range of 0.9—0.93 bar,
the reaction rate of pathway (i) has begun to decline, while the
rate of H,O formation through pathway (ii) is far less than the
decline rate, and pathway (ii) is still the major pathway of H,O
formation, making the formation rate of H,O maintain a
downward trend. When the oxygen partial pressure is larger than
0.93 bar, the formation rate of H,O in pathway (ii) increases
rapidly, which is much larger than that in pathway (i) and plays a
dominant role, making the formation rate of H,O continue to
maintain an upward trend.

3.3.1.2. Effect of Temperature and Pressure on the
Selectivity of Pd(100). Improving the selectivity of hydrogen
peroxide production while ensuring high activity has long been a
significant challenge in direct synthesis reactions. According to
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Figure 6. (a—c) Activity (OOH hydrogenation, H,0, decomposition, and H,O formation), (d-f) selectivity (H,0, and H,0), and (g—i) proportion
of main species coverage on Pd(100) as a function of oxygen partial pressure from 273.15 to 323.15 K (Po +Py, = 1 bar, Py o, = Py o = 0.035 bar).

experimental reports,'* the selectivity of H,O, varied with the
reactant ratio (H,/0O,). To clarify the influence of temperature
and pressure on selectivity, we chose three typical temperatures
(273.15, 298.15, and 323.15 K) in our simulation. Figure 6
illustrates the influence of reaction conditions on H,O,
selectivity, from which the following features are striking. First,
the selectivity of H,O, initially increases and then decreases,
while the selectivity of H,O shows the opposite trend. Second,
appropriate oxygen partial pressures, namely 0.3 bar < Pg, < 0.7

bar (low temperature), 0.2 bar < Py, < 0.8 bar (moderate
temperature), and 0.3 bar < Po, < 0.93 bar (high temperature)
are beneficial to maintain the higher selectivity of hydrogen
peroxide. At low pressure (0 bar < Py < 0.1 bar), the H,0,
selectivity rises sharply with the increase in oxygen partial
pressure. In the range of 0.9 bar < Pg_ < 0.99 bar, the selectivity

of H,0, descends rapidly. This is consistent with the
experimental observation”®**'*’~""! that an excessively high

15063

or low reactant ratio (H,/0,) is not conducive to the formation
of H,0,.

3.3.1.3. Effects of Temperature and Pressure on the
Coverage of Pd(100). To understand the effects of pressure
and temperature on the coverages of intermediates, we
performed detailed coverage-dependent kinetic modeling
analysis, and the surface species ratios are displayed in Figure
6g—i. Under the oxygen-lean condition, the Pd(100) surface is
mainly covered by H, followed by O,, while free sites constitute
only a negligible fraction. With the enhancement of oxygen
partial pressure, the proportion of H is decreased, and the
proportion of O, and free sites is raised gradually. Under oxygen-
rich conditions, the surface is mainly occupied by O, and free
sites, and H is almost absent. In addition, the coverages of O and
OOH occupy a very small portion of the surface at the oxygen-
lean conditions (0.01 bar < Py, < 0.1 bar). As the O, pressure is

increased (0.1 bar < Py, < 0.99 bar), O and OOH disappear.

Furthermore, enriching the coverages of surface species H and
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Figure 7. (a—c) Activity (OOH hydrogenation, H,0, decomposition, and H,O formation), (d—f) selectivity (H,0, and H,0), and (g—i) proportion
of main species coverage on Pd(111) as a function of oxygen partial pressure from 273.15 to 323.15 K (P, + Py, = 1 bar, Py o, = Py, = 0.035 bar).

O, is beneficial to reduce the energy barrier of O,* + H* —
OOH* + * and promote the formation of H,O,. It is worth
mentioning that the free sites also play a significant role in the
reaction process. In the absence of free sites, there will be fewer
sites available for other intermediates to occupy, which inhibits
the activity. Conversely, if there are excessive free sites, it will
lead to the decomposition of H,O,, resulting in high selectivity
of H,O.

3.3.2. Unraveling the H,0, and H,O Formation Mecha-
nism and Detailed Analyses on Pd(111). 3.3.2.1. Effect of
Temperature and Pressure on the Activity on Pd(111). The
Pd(111) surface mainly generates H,O in the range of 0 bar <
Py, < 0.99 bar (273.15—323.15 K). In the current work, we not
only rigorously considered the effect of H,O, dissociation
(H,0, + * + * > OH* + OH*) but also took the influence of
multiple species interactions into account and made the
coverage self-consistent. As shown in Figure 7a—c, the rate of
H,0, rises in the range of 0.01 bar < Py < 0.5 bar, and then it

15064

begins to decline. The rates of H,O, decomposition and H,O
formation decrease with increasing O, pressure. It is worth
noting that H,O is generated by H,0, + * + * — OH* + OH¥*,
OH* + H* - H,0 + * + *, which means that the rate of H,0,
decomposition determines the activity of H,O formation on
Pd(111) and Pd(211).

3.3.2.2. Effect of Temperature and Pressure on the
Selectivity of Pd(111). The selectivity of H,O exhibits
insensitivity to variations in temperature and pressure. This is
due to the excessive free sites on the Pd(111) surface and the
lack of crucial species H and O, (Figure 7d—f). A larger number
of free sites will accelerate the process of H,0, + * + * - OH* +
OH?*, resulting in a significantly slower formation rate of H,0,
than the decomposition rate of H,0, and contributing to the
production of H,O.

3.3.2.3. Effect of Temperature and Pressure on the
Coverage on Pd(111). The surface of Pd(111) is mainly
covered by free sites, while H occupies a very small fraction of
the surface (Figure 7g—i). As the oxygen partial pressure rises
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Figure 8. (a—c) Activity (OOH hydrogenation, H,0, decomposition, and H,O formation), (d—f) selectivity (H,0, and H,0), and (g—i) proportion
of main species coverage on Pd(211) as a function of oxygen partial pressure from 273.15 to 323.15 K (P, + Py, = 1 bar, Py o, = Py, = 0.035 bar).

from 0.01 to 0.99 bar, the proportion of H and free sites
gradually declines, while the proportion of O slightly increases. If
the pressure is greater than 0.7 bar, there is little coverage
occupied by H on the surface. Significantly, the activity of H,0,
decomposition is closely related to the proportion of free sites.
With the increase in the oxygen partial pressure, the free sites are
reduced, leading to a decrease in the rate of H,0,
decomposition.

3.3.3. Unravelling the H,0, and H,O Formation Mecha-
nism and Detailed Analyses on Pd(211). 3.3.3.1. Effect of
Temperature and Pressure on the Activity on Pd(211). The
surface of Pd(211) is the major surface for H,0, decomposition,
as shown in Figure 8a—c. Both the activity of H,0O,
decomposition and H,O formation are found to be insensitive
to the oxygen partial pressure. It is worth mentioning that the
purple line (the H,0, decomposition rate) almost completely
overlaps with the blue line (the H,O formation rate), indicating
that the rate of H,O generation is almost equal to the rate of
H,0, decomposition. The decomposition rate of H,0O,
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contributes to the dominant production of H,O as the major
product. Notably, when the oxygen partial pressure is greater
than 0.93 bar, OOH hydrogenation is inhibited and H,0, + * +
* - OOH™* + H* is accelerated.

3.3.3.2. Effect of Temperature and Pressure on Selectivity
on Pd(211). On Pd(211), the selectivity of H,O is found to be
around 100% and temperature and pressure have little influence
on the selectivity (Figure 8d—f). This result is similar to that on
the PA(111) surface. The reason is that the excessive free sites
and the lack of key species H and O, make the formation rate of
H,0, much smaller than the decomposition rate of H,O,.
Meanwhile, abundant OH can accelerate the process of OH* +
OH* — H,0 + O* + *,

3.3.3.3. Effect of Temperature and Pressure on the
Coverage on Pd(211). 1t was found that the surface of
Pd(211) is mainly covered by O (around 60%), followed by
free sites (around 26%) and OH (around 14%), as shown in
Figure 8g—i. The coverages of intermediates have an important
influence on the activity and selectivity of H,O,. It was observed
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Figure 9. Comparison of (a—i) activity (OOH hydrogenation, H,0, decomposition, and H,O formation) and (j—o) selectivity (H,0, and H,0) asa

function of oxygen partial pressure on Pd(100), Pd(111), and Pd(211) from 273.15 to 323.15 K. Red line is Pd(100), green line is Pd(111), and blue

line is Pd(211) (Pq, + Py, = 1 bar, Py, = 0.035 bar).

that the variation of coverages is not sensitive to O, pressure, and 3.3.4. Activity and Selectivity Comparison on the Three
the oxygen partial pressure has little influence on the selectivity Surfaces. In this section, we further compared the critical
of H,0,. elementary reaction steps on the three surfaces to elucidate the
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dominant sites and mechanisms for the direct synthesis of H,O,
(Figure 9).

First, the significant elementary step of H,O, generation
(OOH* + H* — H,0, + * + *) was explored (Figure 9a—c).
The reaction rate of OOH hydrogenation is in the order of
Pd(100) > Pd(211) > Pd(111). It is worth noting that the OOH
hydrogenation on Pd(211) does not occur when the oxygen
partial pressure is greater than 0.93 bar. This result can be
attributed to the fact that too little hydrogen causes the reaction
to go backward.

Second, the key elementary reaction step of H,O,
decomposition (H,0, + * + * - OH* + OH*) was investigated
(Figure 9d—f). The decomposition rate of H,0, on Pd(100) is
lower than that on Pd(111) and Pd(211) in the range of O bar <

15067

Py, < 0.54 bar (low temperature), 0 bar < Py < 0.42 bar
(moderate temperature), 0 bar < Py < 0.73 bar (high

temperature). As the oxygen partial pressure continues to rise
(0.54 bar < Py, < 0.76 bar at low temperature, 0.42 bar < Py, <

0.75 bar at moderate temperature, 0.73 bar < P, < 0.92 bar at

high temperature), the activity of Pd(100) for H,O,
decomposition gradually exceeds that on Pd(111) but is still
less than that on Pd(211). When the oxygen partial pressure is
larger than 0.76 bar (low temperature), 0.75 bar (moderate
temperature), and 0.92 bar (high temperature), the H,0,
decomposition rate is in the order of Pd(100) > Pd(211) >
Pd(111). It is worth mentioning that the H,0, decomposition
rate on Pd(211) is higher than that on Pd(111). Interestingly,
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the reaction rate of H,O formation on Pd(100) is higher than
those on Pd(111) and Pd(211) from low temperature to
moderate temperature. However, there is a threshold point
between Pd(100) and Pd(211) when the oxygen partial pressure
is around 0.04 bar at high temperature. The H,O formation rate
on Pd(100) is lower than that on Pd(211) in the range of 0 bar <

15068

Py, < 0.04 bar, while the opposite result is observed in the range
of 0.04 bar < Pg, < 0.99 bar.

Finally, the selectivity of H,0, and H,O was analyzed under
the influence of temperature and pressure (Figure 9j—0). The
selectivity of H,O on Pd(111) and Pd(211) is around 100%.
The H,0, selectivity on Pd(100) is always greater than that on
Pd(111) and Pd(211) in the range of 0 bar < P, < 1 bar, and this
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means that Pd(100) contains the dominant active site for
generating H,O,.

3.4. Quantitative Determination of the H,0, and H,0
Formation Mechanism Based on Microkinetic Modeling
with Size-Dependent and Coverage Effects. Pd nano-
particles have been identified as the most effective catalyst for
the direct synthesis of hydrogen peroxide, and their activity and
selectivity strongly depend on the sizes of the Pd nano-
particles.''” To simulate the size effect of Pd nanoparticles,
microkinetic modeling with size-dependent and coverage effects
was carried out.

3.4.1. Pressure Effect Using Microkinetic Modeling with
Size-Dependent and Coverage Effects. Experiments demon-
strated that the activity and selectivity of H,0, can be improved
by appropriately reducing the ratio of H,/0,.""”"'* On the
other hand, H, selectivity toward H,O, decreases with reducing
the size of Pd particles.””'"” Inspired by previous works,”**” we
carried out the kinetic analysis, and the results are displayed in
the 2-D selectivity heat map characterizing the values of
selectivity and activity as a function of oxygen pressure and Pd
nanoparticle size (Figure 10).

3.4.1.1. Activity Comparison with the Size Effect under
Various Pressures. The influence of pressure on H,0, and H,O
formation activity is evident from Figure 10a-f. The highest
activity for H,O, formation is observed at around 0.7 bar of O,
pressure, with H,O, formation rates sharply increasing in the
range of 0 bar < P, < 0.7 bar and beginning to decline from 0.7

to 1 bar. Interestingly, the trend of H,O, activity on Pd
nanoparticles is similar to the trend on Pd(100) (Figure S109).
This similarity can be attributed to the activity of H,O, on
Pd(100) (10*s™") being higher than those observed on Pd(111)
(107" s7') and Pd(211)(107" s7), despite its relatively low
proportion on Pd nanoparticles (2—30 nm) (<20%).
Furthermore, as the size of the Pd nanoparticle increases from
2 to 10 nm, the activity of H,O, shows a sharp increase in the
range of 0.4 bar < Py, < 0.9 bar. This enhancement is due to the

proportion of Pd(100) rising from 6 to 17%. However, when the
size of Pd nanoparticles further increases from 10 to 30 nm, the
proportion of Pd(100) only increases by 2%, resulting in an
insignificant change in activity.

3.4.1.2. Selectivity Comparison with the Size Effect under
Various Pressures. The following features of reaction conditions
on H,0, and H,O selectivity can be seen in Figure 10g—1. First,
the selectivity of hydrogen peroxide is greater than that of water,
constantly in the range of 0.02 bar < Py, < 0.945 bar. Second,

when the oxygen partial pressure is in the range of 0 bar < Py <

0.04 bar, the selectivity of hydrogen peroxide increases with the
rise in size (from 2 to S nm). However, when the size is larger
than 5 nm or the pressure of O, is greater than 0.04 bar, the Pd
nanoparticle size has little influence on the selectivity of H,O,.
Similarly, the selectivity of H,O is sensitive to the size in the
range of 0 bar < P, < 0.04 bar (from 2 to S nm).

3.4.2. Temperature Effect Using Microkinetic Modeling
with Size-Dependent and Coverage Effects. Temperature is
another critical factor that affects the reaction rate. However, the
mechanism of direct H,O, synthesis remains elusive due to the
limitations in both experimental and theoretical ap-
proaches.’>"'>''5~17 I this work, we used the 2-D heat map
to describe the values of selectivity and activity as a function of
temperature and size (Figure 11).

3.4.2.1. Activity Comparison with the Size Effect from Low
Temperature to High Temperature. The relationship between
the size (2—30 nm) and the activity of H,O, at various
temperatures is investigated, and the results are shown in Figure
11a—f. When the oxygen partial pressure is around 0.04 bar, the
formation rates of H,O, and H, O rise sharply in the temperature
range of 273.15 K < T < 298.15 K, and then the activities of
H,0, and H,O begin to decline from moderate temperature to
high temperature. Similarly, the reaction rates of H,0, and H,O
reach the optimum at moderate temperature under 0.5 bar
oxygen pressure. This performance is consistent with the
experimental results of Pashkova and co-workers,''> who found
that the yield of H,0, was higher at 27 °C than at 40°. It is worth
mentioning that the formation rate of H,0O, is larger than that of
H,O at 0.04 and 0.5 bar. However, the reaction rates of H,0O,
and H,O formation are boosted with an increase in temperature
at an oxygen partial pressure of 0.96 bar.

Additionally, as the size of the Pd nanoparticle increases, the
activity of H,0, and H,O significantly improves from 2 to 10
nm. While the size is larger than 10 nm, the rates of H,O, and
H,O formation grow slowly.

3.4.2.2. Selectivity Comparison with the Size Effect from
Low Temperature to High Temperature. To clarify the
influence of size on the selectivity of H,0, and H,O at different
temperatures, we carried out the kinetic analysis, and the results
are displayed in the 2-D selectivity heat map, characterizing the
selectivity as a function of size and temperature (Figure 11g—1).

It can be observed that the selectivity of H,0, increases from
low temperature to moderate temperature (oxygen-lean
conditions, P, = 0.04 bar). Experimentally, Shi et al.* found

a strong increase in H,O, selectivity with a temperature rise at
low temperature. This result can be attributed to the fact that the
formation rate of H,0, is growing faster than that of H,O from
low temperature to moderate temperature. Under balanced

conditions (Po, = 0.5 bar), low temperature is beneficial to

maintain a higher selectivity of hydrogen peroxide. Biasi et al.''®

studied the effect of temperature (—S5, 0, 10, and 40 °C) on the
direct synthesis of H,O, by using a batch reactor and methanol
solvent. The selectivity of H,0, was observed to decrease with
rising temperatures, which is consistent with our simulation.
Under oxygen-rich conditions (P, = 0.96 bar), the selectivity of

H,0, decreases from low to moderate temperature, while the
opposite trend is observed from moderate to high temperature.
The reason is that the rate increase of H,O, formation is faster
than that of H,O formation in the range of 273.15 K < T <
298.15 K, once the temperature is higher than 298.15 K; the
enhancement in H,O, formation rate is more significant (Figure
$108).

In addition, as the size of Pd nanoparticles rises, the selectivity
of H,0, increases sharply from 2 to 10 nm in the range of 298.15
K < T < 323.15 K under oxygen-lean conditions (P, = 0.04 bar).

Smaller sizes with more edge are beneficial to H,0,
decomposition, and large sizes with more terrace sites are
favorable for H,0, formation. On the other hand, the selectivity
of H,0, and H,O is not sensitive to the size in the pressure range
of 0.5 to 0.96 bar. This means that when the oxygen partial
pressure is larger than 0.5 bar, the temperature is the major
factor for the selectivity of H,O, rather than the Pd nanoparticle
size.
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4. CONCLUSIONS

This work develops an advanced microkinetic modeling with the
adsorbate—adsorbate interaction and nanoparticle size effect
based on first-principles calculations that considers all of the vital
issues that can affect the rate of a metal nanoparticle catalyst.
The following major conclusions are obtained:

(i) Among the three surfaces, Pd(100) has the optimum
hydrogen peroxide formation activity (10* s7') at
moderate temperature. This activity level is much higher
than that observed on Pd(111) (107"° s™') and Pd(211)
(107" s7'), making Pd(100) the major active site for
H,0, generation. Pd(111) and Pd(211) contain the
active sites of hydrogen peroxide decomposition, and the
decomposition rate of Pd(211) (1072 s™") is higher than
that of Pd(111) (1077 s7").

(ii) The adsorbate—adsorbate interactions considerably affect
the reaction mechanism for the direct synthesis of
hydrogen peroxide on the three surfaces. The species of
O, and H on Pd(100) can promote O, and OOH
hydrogenation and inhibit H,O, decomposition. How-
ever, Pd(111) covered by O and Pd(211) covered by O
and OH are beneficial to H,O formation.

(ili) The variation in reaction temperature will make the
proportions of intermediates change, but it has little effect
on the major types of surface species. In the temperature
range of 273.15 K < T < 323.15 K, the coverage of O,
slowly reduces and H gradually increases on Pd(100) with
the increase of temperature. While the coverage of free
sites initially rises in the range 0f273.15 K < T < 298.15 K,
followed by a dramatical decline (298.15 K < T < 323.15
K). The trend of activity is consistent with that of free
sites, and H,O, is the major product.

(iv) The ratio of H,/O, partial pressure possesses great effects
on surface coverages on Pd(100). The H,0, selectivity is
more sensitive to the change in the ratio of partial
pressures than the temperature. Under oxygen-lean
conditions, the coverage of H is high, and the proportions
of O, and free sites are lower, resulting in poor activity and
selectivity of H,O,. While under oxygen-rich conditions,
the proportions of O, and free sites are high, and the
proportion of H is lower. The higher proportion of free
sites is conducive to the decomposition of H,0,. The
decomposition rate of H,0O, is larger than the formation
rate of H,0,, contributing to improving the yield of H,O.

(v) The two-dimensional selectivity and activity heat maps as
a function of Pd particle size and temperature/pressure
deepen our understanding of the mechanism with the
coverage effects. Based on the current data, the micro-
kinetic modeling with size-dependent and coverage
effects can help us predict the optimal reaction conditions
(temperature and pressure) with various sizes. When the
temperature is around 298.15 K and the oxygen partial
pressure is around 0.7 bar, the activity and selectivity of
hydrogen peroxide synthesis reach the highest level on the
large size of Pd nanoparticles.
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