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Recent advances in tailoring the
microenvironment of Pd-based catalysts for
enhancing the performance in the direct synthesis
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Hydrogen peroxide (H2O2) is a valuable clean chemical, which is widely applied in modern industrial pro-

duction. In the past few decades, H2O2 has been mainly produced industrially by the anthraquinone method,

but the process is complicated and energy consuming, which is only economical for large-scale production

and is harmful to the environment. The direct synthesis of H2O2 is considered a promising process to replace

the anthraquinone method with high atomic economy, no hazardous by-products, and convenient oper-

ation, which has attracted much attention. In this review, we systematically present the recent advances in

tuning the microenvironment of Pd-based catalysts for enhancing the performance of the direct synthesis of

H2O2, including the modulation of active sites and support, from the viewpoint of the reaction mechanism.

Finally, a summary and perspective on the most pressing issues and associated untapped research prospects

with the direct synthesis of H2O2 are discussed. The purpose of this review is to provide in-depth insights

and guidelines to promote the development of novel catalysts for the direct synthesis of H2O2.

Introduction

Hydrogen peroxide (H2O2), an important clean and environmen-
tally friendly chemical with an annual output value of more than
$4 billion, was found in 1818 by Thenard as a product of the
reaction between barium peroxide and nitric acid.1,2 As a strong
oxidant, H2O is the only by-product, which makes H2O2 widely
used in various fields.3–5 Typically, H2O2 in concentrations of
3–5 wt% is used for sterilization in household, medical, dental,
and cosmetic products. Concentrations of up to 70 wt% are
employed in chemical synthesis, wastewater treatment, mining,
and bleaching.6 Higher concentrations of H2O2 (70–90 wt%) are
employed in the electronics industry for cleaning and corrosion
protection, and 90–98 wt% concentrations of H2O2 are used in
military and aerospace applications.7 It is expected that the
global production of hydrogen peroxide will reach 5.7 million

tons by 2027, capturing huge market potential.8 Nowadays, over
95% H2O2 is mainly produced by the anthraquinone method
commercially, involving continuous hydrogenation and oxi-
dation reactions.9,10 However, the process not only requires a
high investment cost for equipment, but also generates a large
amount of hazardous organic compounds, which is inconsistent
with the concepts of social development.3,11,12 Meanwhile, with
the increasing demand for H2O2 in recent years, the develop-
ment of novel eco-friendly and effective methods for H2O2 pro-
duction has become urgent, such as electrochemical synthesis,
photocatalytic synthesis, direct synthesis of H2O2 (DSHP), etc.5,13

Considering the extensive organic sacrificial agents used
and low production efficiency in photocatalysis, as well as the
complicated equipment and high energy consumption in elec-
trocatalysis, both of them are far from being able to meet the
requirements of industrial production.5,13–15 In recent years,
the DSHP from molecular H2 and O2 has attracted a great deal
of attention from numerous researchers, which is considered
to be the most promising novel route for the industrial pro-
duction of H2O2 since it not only features a low-cost and envir-
onmentally friendly process, but also can be easily integrated
with downstream processes and distributed manufacturing.16

Theoretically, the DSHP process is the simplest and most
efficient method available, with 100% atomic economy.17

However, a number of challenges have been raised, including
the complexity of the gas–solid–liquid three-phase reaction
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with mass transfer limitations and considerable safety issues
with a wide explosion range of 4% H2–94% H2, together with
the thermodynamically favorable side reactions shown in
Scheme 1, including the dissociation of O2 to form H2O (H2 +
O2 → H2O, ΔH°

298K ¼ �211:5 kJmol�1), H2O2 hydrogenation
(H2O2 + H2 → 2H2O, ΔH°

298K ¼ �241:6 kJmol�1), and
decomposition (H2O2 → H2O + 0.5O2,
ΔH°

298K ¼ �105:8 kJmol�1) to form H2O, which results in poor
yield, selectivity, and H2O2 concentrations.4,18,19 Therefore,
designing and developing efficient catalysts to inhibit side
reactions, especially to avoid irreversible O–O bond breaking
that produces H2O, is an extremely critical step for achieving
green production of H2O2 in the DSHP.

Pd has been considered an extremely active component in
the DSHP owing to its superior capacity to activate hydrogen
and oxygen at low operating temperatures compared to other
transition metals.20 However, although Pd-based catalysts
showed strong catalytic activity in the DSHP, they were also
very active in H2O2 decomposition and hydrogenation reac-
tions, which led to low H2O2 selectivity and productivity, limit-
ing their further industrial applications. Under such circum-
stances, Pd-based catalysts with appropriate modifications are
expected to enhance the selectivity and activity of H2O2 in a
balanced manner.

Herein, we review the latest advances in the DSHP from the
perspective of H2O2 production pathways. Starting with the
fundamental principles of the reaction, we provide a brief over-
view of the main reaction pathways, density functional theory
(DFT) calculation and reaction media, and then we discuss the
recent strategies for enhancing the DSHP performance
through catalyst microenvironment modulation in detail.
Finally, we point out the current challenges and outlook on
the future direction of this topic. This review aims to offer in-
depth insights and guidance for researchers interested in
innovative green technologies for H2O2 synthesis.

Catalytic mechanism
Reaction pathway

As aforementioned, the process of DSHP is susceptible to
thermodynamically favored side reactions, which can cause
low H2O2 selectivity and yields. In general, it is recognized that

the DSHP reaction pathway is a two-step hydrogenation
process of molecular O2.

21 As shown in Fig. 1, molecular H2

and O2 are introduced and adsorbed on the active sites, after
which the adsorbed *H2 (* represents adsorption) is disso-
ciated (the H–H bond is broken) to produce two *H, while at
the same time O2 is adsorbed only without dissociation (*O2,
the O–O bond is not broken, pathway 1). Subsequently, the *O2

combines with one of the *H to form *OOH (pathway 6), a key
intermediate for H2O2 production. Finally, *OOH forms *H2O2

with the remaining *H (pathway 7) and desorbs from the
active sites to form H2O2 (pathway 11). However, there are a
few points that need serious attention in the above process: (1)
*O2 is easily activated to form *O (pathway 2); (2) the O–O
bond in *OOH adsorbed on the catalyst surface is unstable
and easily breaks to form *O and *OH (pathway 3), whereby
*OH reacts with *H to form water (pathway 9); (3) the O–O
bonds in the generated *H2O2 are susceptible to decompo-
sition (pathways 5 and 10) or hydrogenation (pathways 4, 9,
and 10) in the presence of a Pd-based catalyst to form H2O.
Therefore, how to inhibit the occurrence of the mentioned
issues is a great challenge for the future design of high-
efficiency DSHP catalysts.

DFT calculation

DFT calculation is a quantum mechanical method for investi-
gating multi-electronic systems and electronic structures,
which is commonly used to reveal the dynamic process of reac-
tant molecules on the catalyst surface, helping researchers to
give a deeper understanding of the reaction mechanism.
Particularly, Han et al.22 investigated the size effects of Pd sites
ranging from subnano clusters to extended surfaces on DSHP
using DFT calculations (Fig. 2). They constructed the Pd
cluster models of Pd19, Pd38, and Pd55 with Pd(111) and Pd
(100) extended surfaces. They found that the coordination and
geometry structure seriously affected the Pd catalyst perform-
ance. The low-coordinated Pd clusters exhibited higher activi-
ties and lower H2O2 selectivity compared to high-coordinated
Pd extended surfaces. This was primarily because low-co-
ordinated Pd clusters transfer more electrons to adsorbed O2

revealed by Bader charge analysis, leading to undesired O2 dis-
sociation. For the Pd sites with similar geometric structures,
those with higher coordination numbers displayed superior
performance. On the other hand, compared with the similar
sizes of Pd clusters, the terrace sites with Pd(100) performed

Scheme 1 Reactions and corresponding enthalpies in the direct syn-
thesis of H2O2.

19

Fig. 1 Schematic diagram of all elementary steps in the reaction
network for the direct synthesis of H2O2.

21
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worse than those with Pd(111). However, the results based on
the advanced microkinetic modelling by Wang et al.23

suggested that Pd(100), with O2 and H as the main adsorbates,
was more favourable for H2O2 formation. Furthermore,
Hutchings et al.24 have investigated whether the Langmuir–
Hinshelwood or electron–proton-transfer mechanism was
thermodynamically preferred for DSHP using DFT calculation.
They found that both mechanisms were possible, but the elec-
tron–proton-transfer mechanism may be more suitable under
formal experimental conditions. The above works indicated
that DFT calculations can be a useful tool for catalyst design
and also can provide an effective approach for a more in-depth
insight into reaction mechanisms in DSHP.

Reaction medium

DSHP being a three-phase reaction, the selection of solvent
and/or addition of a promoter dramatically affects the reaction

rate as well as the selectivity to H2O2. Particularly, H2O2 is
extremely unstable under alkaline conditions and catalyzed by
impurities with active sites, so many reactions are preferred to
be carried out under acidic conditions. Hutchings et al.25 have
prepared PdAu bimetallic catalysts supported on magnesium
oxide and carbon, and then systematically investigated the
effects of acid additives (H3PO4, HNO3) on the behavior of
DSHP. They have found that the acid could significantly
decrease the ability of H2O2 hydrogenation and decompo-
sition, most notably on magnesium oxide-supported catalysts,
whereas for carbon-supported catalysts, it is necessary to opti-
mize the DSHP process by finely controlling the pH (the
amount of acid added). Han et al.26 suggested that the H2SO4/
ethanol system is most conducive to the formation of per-
oxides, while the H2SO4/H2O system serves as a poor medium.
This may be due to the formation of acetate ions when ethanol
is added, which can coordinate with Pd, thereby inhibiting the
generation of H2O.

It is generally thought that halide ions (Cl−, Br−) can
promote the performance of the DSHP reaction, primarily
because halide ions can form corresponding complexes with
Pd.27,28 Particularly in the case of HCl, H+ can inhibit H2O2

hydrogenation, while Cl− inhibits the direct reduction of O2 to
water by coordinating with Pd clusters to form PdCl4

2+.26

However, acids and halide ions not only corrode equipment,
but also pose a challenge for the purification of H2O2. Many
researchers have used CO2 as a promoter,29–31 dissolved in a
solvent under reaction conditions, to form carbonic acid
(H2CO3), which increases the stability of H2O2 in the DSHP
reaction, being the identical effect achieved by the addition of
acids with the same pH. In addition, CO2 can be degassed and
recovered from the solution during depressurization, so it is
considered a green promoter for DSHP.32

The solubility of H2 and O2 in the solvent also affects the
DSHP performance, so the choice of solvents is also critical.
Nijhuis et al.33 systematically investigated the role of water
non-miscible co-solvents (1-pentanol, chloroform, hexane,
methyl isobutyl ketone), water miscible protic solvents
(2-butanol, 1-butanol, i-proparanol, methanol, ethanol), and
water miscible aprotic solvents (DMSO, acetonitrile, acetone,
t-butanol) in DSHP. They found that water miscible solvents
were more favourable for H2O2 production and solvents with
lower alcohols showed higher selectivity at moderate to high
conversions. Protonic solvents also favour the H2O2 generation
due to the acceleration of the elemental reaction steps (OOH*
+ H* → H2O*, OOH* + H* → H2O + O*) by the protonic H+, in
agreement with Flaherty’s reports.34 Therefore, a mixture of
water and methanol is always used as the reaction solvent in
the majority of works, because methanol not only acts as a pro-
tonic H+ donor, but also exhibits high solubility for both H2

and O2, thereby reducing mass transfer resistance. However,
methanol is a flammable solvent and the cost of separation is
so large, presenting significant safety and economic chal-
lenges. To solve these problems, Pashkova et al.35 employed
supercritical CO2 as a solvent with high solubility of H2 and O2

and easy separation of H2O2, obtaining 70% H2O2 selectivity

Fig. 2 Pd cluster models and energy diagram for the synthesis of H2O2

on edge sites. (a) Pd19 edge, (b) Pd38 edge, and (c) Pd55 edge. The main
reactions and side reactions are shown in green and red, respectively.22
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and 3.9 mol gPd
−1 h−1 H2O2 productivity, but there is still

much potential for improvement in selectivity and
productivity.

Microenvironment modulation
strategies on Pd active sites
Valence of active sites

The catalyst is crucial for the DSHP process. The catalyst with
Pd as the active component is currently recognized as the most
effective. However, there is still no conclusion regarding
whether Pd0 or PdO is more favorable for the formation of
H2O2. Choudhary et al.36 suggested that Pd0 was more favor-
able for H2 conversion, whereas it also increased the activity
for the H2O2 decomposition by an order of magnitude. In con-
trast, PdO demonstrated a significantly high selectivity for
H2O2, resulting in a higher yield. Chen et al.37 successfully syn-
thesized TiO2-supported O–Pd (palladium oxide) catalysts
using a hydrothermal method (Fig. 3). Aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (AC HAADF-STEM) revealed that the individual Pd
atoms were uniformly distributed on the TiO2 surface, and the
X-ray absorption spectroscopy results confirmed that the Pd
atoms were in the oxidized state. This unique Pd–O single-
atom structure exhibited superior activity (>99% H2O2 selecti-
vity and 115 mol gPd

−1 h−1 H2O2 productivity) in the DSHP
reaction. Mechanistic studies indicated that Pd single-atom
catalysts promoted the formation of key *OOH intermediates
and H2O2, while strongly inhibiting the cleavage of O–O bonds
in O2, *OOH, and H2O2. However, d’Angelo38 and Lunsford39

et al. proposed that Pd0 is more favorable for the generation of
H2O2, followed by partially reduced PdO. Overall, due to the
sensitivity of the DSHP reaction to Pd species, the activation
abilities of Pd valence for H2, O2, and H2O2 in different
systems should be systematically considered for catalyst design
in the future. This will lead to a deeper understanding of the
specific active sites of Pd species.

Crystal facet regulation

The crystal-facet structure of Pd can significantly affect the
adsorption and activation of reactants, ultimately impacting
the reaction kinetics and selectivity in DSHP. Zhang et al.19

investigated the structure–activity relationship of different Pd
nanocrystal (Pd(111) and Pd(100) facet) catalysts modified by a
single Pt atom in DSHP (Fig. 4). They found that the PtPd(111)
surface was more favorable for H2O2 formation due to its lower
H2 dissociation and O2 two-step hydrogenation energy barrier
compared to the PtPd(100). As a result, the obtained Pt1Pd
(111)/TiO2 catalyst showed outstanding catalytic performance,
generating the highest H2O2 amount of 1921.3 μmol within
30 minutes, with an H2 conversion of 62.2% and an H2O2

selectivity of 80.3%. Han et al.40 found through DFT calcu-
lations that, compared to Pd(100) and Pd(110), the Pd(111)
facet, with its higher coordination saturation and lower
density of electronic states near the Fermi level, exhibited a
higher activation energy barrier for the dissociation of O–O
bonds, resulting in the highest reaction selectivity in the gene-
ration of H2O2. The above works have deepened the research-
ers’ understanding of the DSHP reaction mechanism.

Constructing Pd–M bimetal catalysts

In order to suppress the side reactions that are detrimental to
H2O2 synthesis, researchers generally introduce a second
metal to adjust the surface and interface microenvironment
(e.g., electronic structure, geometric structure, etc.) of Pd-based
catalysts, aiming to enhance the efficiency of H2O2 synthesis.
Au is the most commonly used second metal to enhance H2O2

productivity in DSHP.21,32,41–49 Hutchings et al.41 prepared a
PdAu/carbon bimetallic alloy catalyst, in which the selectivity
was increased from 34% to 80% and the productivity was
doubled to 4.4 mol gPd

−1 h−1 compared with that of the Pd/
carbon catalyst. These results were mainly attributed to the
ability of the nanoparticles to “turn off” the active sites on sup-
ports that promoted the decomposition and hydrogenation of
H2O2, thus improving the H2O2 selectivity. Additionally,
Flaherty et al.49 prepared PdAu nanoparticles with different
ratios to adjust the coordination and isolation states of Pd.
They found that increasing the isolation degree of Pd (i.e.,
increasing the amount of Au) could enhance the H2O2 selecti-
vity (Fig. 5), and an appropriate amount of Au could effectively
improve the DSHP performance of Pd-based catalysts. They
also proposed that the addition of Au atoms modified the elec-
tron distribution on the surface of Pd clusters, which in turn
changed the activation energy of the radical reaction.48 Xu
et al.42 also achieved engineering control by adjusting the
chemical state and geometric structure of the PdAu–PdAuOx

Fig. 3 HAADF-STEM images of (a) 0.1% O–Pd/TiO2 and (b) 1% O–Pd/
TiO2. (c) Fourier transforms of Pd K-edge EXAFS spectra for the catalysts,
PdO, and Pd foil. H2O2 selectivity for (d) different reaction times and (e)
different catalyst feedings. (f ) Amounts of H2O2 for different reaction
times. Reaction energy barriers for H2O2 formation and OOH dis-
sociation on (g) Pd1/TiO2 and (h) Pd8O8/TiO2. (i) The entire reaction
potential energy landscape on Pd1/TiO2 and Pd8O8/TiO2.

37
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interface, achieving a maximum selectivity of 87.7% for H2O2.
Subsequently, Hutchings et al.50–52 employed similar PdAu cat-
alysts (PdAu/TS-1) for the reaction of in situ generated H2O2 to
efficiently produce oximes from ketones, achieving a selectivity
of >95% for cyclohexanone oxime, comparable to current
industrial routes. This process not only eliminates the need for
transporting and storing highly concentrated, stable H2O2, but
also contributes to being environmentally friendly and cost-
effective. This DSHP process resulted in the formation of reac-
tive oxygen species, including hydroxyl, hydrogen peroxide and
superoxide radicals, that are more than 107 times stronger
than equivalent amounts of premade H2O2 over an AuPd
catalyst.16

Hutchings et al.53 added Sn to Pd-based catalysts (Fig. 6),
and through appropriate heat treatment cycles, they were able
to shut down the sequential hydrogenation and decomposition
reactions, achieving >95% selectivity for H2O2. This effect was
attributed to the surface layer of tin oxide encapsulating small
Pd-rich particles while allowing larger Pd–Sn alloy particles to
remain exposed. Xiong et al.54 developed a Pd–Sn nanowire
catalyst (PdL/PdSn-NW) with a surface layer of PdO (Fig. 7).
This catalyst showed a high H2O2 selectivity of >95% and an
efficient productivity of 12.9 mol gPd

−1 h−1, which was attribu-

ted to the different adsorption behaviors of O2, H2, and H2O2

on the PdL/PdSn-NW with bi-coordinated palladium.
Furthermore, the weak adsorption of H2O2 on the PdL/PdSn-
NW results in low activation energy and high H2O2 yield. To
compare the roles of Au and Sn in Pd-based catalysts,
Hutchings et al.55 prepared a series of PdAu and PdSn catalysts
by the wet co-impregnation method and compared their per-
formance in the DSHP reaction. They found that considerable
synergistic enhancement of catalytic performance could be
obtained by introducing a relatively low loading of Au (Pd : Au
= 1 : 1 (wt/wt)), but larger Sn loading was required to compete
with the performance provided by the optimal PdAu ratio
(Pd : Sn = 1 : 10 (wt/wt)).

Pt atoms have also been recognized as an effective metal
capable of enhancing the DSHP performance on Pd-based cat-
alysts. Zhang et al.56 prepared fully exposed Pd cluster catalysts
modified by trace Pt single atoms as electronic promoters by a
simple impregnation method, which displayed an H2O2 pro-
ductivity of 37.3 mol gPd

−1 h−1 and 86.5% H2O2 selectivity in
the DSHP reaction, remarkably superior to that of single metal
fully exposed Pd cluster catalysts (Fig. 8). They found that the
addition of trace Pt single atoms changed the electronic struc-
tures of Pd species, which significantly promoted the electron

Fig. 4 The dark-field STEM image of the (a) Pt1Pd(111) and (c) Pt1Pd(100) nanocrystals supported on TiO2. AC HAADF-STEM images of (b) Pt1Pd
(111)/TiO2 and (d) Pt1Pd(100)/TiO2, single Pt atoms are highlighted by the yellow circles. Comparison of (e) H2 conversion and (f ) H2O2 selectivity as
a function of H2O2 synthesis reaction time. (g) HD signal in H2–D2 exchange experiments at room temperature. Free energy profiles for (h) H2 dis-
sociation, (i) O2 hydrogenation, ( j) *O2 dissociation, and (k) *OOH dissociation.19
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transfer from Pt to Pd and then enhanced H2 dissociation and
inhibited O2 dissociation, thereby promoting the generation of
*OOH and ultimately obtaining a high productivity and selecti-
vity of H2O2. Hutchings et al.29,30 also added a small amount
of Pt (weight ratio 1 : 1) to the AuPd catalyst, which signifi-

cantly improved its DSHP performance. The synthesis and
hydrogenation/decomposition processes were examined as
independent datasets, and the activity values were superim-
posed as a fourth (vertical) dimension on the ternary compo-
sition diagram to establish the ideal ternary alloy composition
for this reaction. Yu et al.57,58 also reported Pd@Pt core–shell
nanocube catalysts with excellent H2O2 performance in DSHP.

In addition to Au, Sn, and Pt, which are commonly used to
tailor the DSHP performance of Pd-based catalysts, Huang
et al.59 developed a PdxPb nanoring catalyst with a productivity
of 5.7 mol gPd

−1 h−1. The addition of Pb (especially at the edge
and corner preferential positions) can significantly reduce the
number of low-coordination Pd atoms. This unique structure
facilitated the formation of the key intermediate *OOH and
inhibited the dissociation of O2 to form H2O, thereby increas-
ing the productivity and selectivity of H2O2 while reducing the
degradation rate. At the same time, Behrens et al.60 reported
an intermetallic Pd3Pb nanocrystal catalyst and compared the
DSHP catalytic performances of cubic, cuboctahedral, and
spherical-shaped Pd3Pb nanocrystals. They found that the cata-
lytic efficiency of DSHP was influenced not only by the nano-
crystal composition, but also by the particle shape. The cata-
lytic performance of Pd3Pb cubes (with major terminations on
the (200) facet) was superior not only to monometallic Pd cata-
lysts, but also to Pd3Pb nanocrystals with other shapes.

Fig. 5 (a) Representative TEM image of a Pd1Au50 nanoparticle showing lattice fringes consistent with Au(111). (b) XANES spectra and (c) EXAFS
magnitudes of the Fourier-transformed k2-weighted Pd and Pd1Aux. (d) EXAFS best fit of Pd–Pd, Pd–Au, and Pd–O coordination numbers as a func-
tion of the atomic ratio of Au to Pd measured in situ (55 kPa H2, 60 kPa O2, 298 K). (e) Steady-state H2O2 turnover rates and primary H2O2 selectivity
for Pd and Pd1Aux catalysts with a range of Au to Pd atomic ratios. DFT-calculated reaction coordinate diagrams for (f ) H2O2 and (g) H2O formation
with the corresponding catalyst model.49

Fig. 6 Evolution of the catalyst through an oxidation–reduction–oxi-
dation cycle. (a) Proposed mechanism for switching off H2O2 hydrogen-
ation using small Pd-rich NPs through a strong metal–support inter-
action. STEM-EELS mapping of a 5 wt% Pd/SnO2 model catalyst at the
(b) oxidized and (c) O–R–O stages, showing partial encapsulation of the
Pd NPs (red) by SnOx (green) after the O–R–O heat treatment cycle.
Scale bar, 1 nm.53
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Additionally, Ag,61 Te,62,63 Sb,64 Ga,65 In,65 W,66,67 Fe,68 Co,69,70

Ni,71–74 Zn,75 etc. were also employed as second metal promo-
ters to enhance the DSHP performance.

From the above results, it is evident that constructing Pd–M
bimetal catalysts is a common and effective method to
enhance the performance of DSHP. Compared to the catalytic
activity of monometallic Pd catalysts, the selectivity and pro-
ductivity of Pd–M bimetal catalysts tend to be significantly
better, which is instructive for the development of Pd–M
bimetal catalysts for DSHP.

Confinement structure

Encapsulating active sites in a confinement structure can
adjust atomic arrangement, electronic transfer, and coordi-
nation while decoupling mass transfer from the reaction and
enhancing effective collisions between molecules or atoms.
Rational utilization of these properties for the preparation and
modulation of catalysts is an effective way to improve the per-
formance of DSHP.76,77 Wang et al.78 demonstrated that by
encapsulating small Pd nanoparticles encapsulated in Sn-con-
taining MFI zeolite crystals (Pd–SnOx@MFI, Fig. 9), where Sn
acts as an electron donor, they can effectively reduce the
adsorption of molecular O2 and inhibit O–O bond cleavage,
thereby preventing Pd oxidation. This structurally stable Pd–
SnOx@MFI catalyst exhibited exceptional performance in

DSHP, achieving a H2O2 productivity of 10.2 mol gPd
−1 h−1,

which surpassed the performance of previously reported cata-
lysts. They also prepared aluminosilicate zeolite-encapsulated
PdAu nanoparticle catalysts with an H2O2 productivity of
0.32 mol gPdAu

−1 h−1 and a selectivity of 88% in pure water.79

This unique structure can assist proton transfer and catalyze
oxygen hydrogenation to generate H2O2. Huang et al.80 devel-
oped a Pd-based catalyst with a Pd core and an NiO shell
(Pd@NiO). The NiO shell not only provided a reaction channel
for H2 and O2 to contact the Pd active sites, but also signifi-
cantly reduced the strong bonding between Pd and the inter-
mediate (O–O)* due to its modifying effect on the Pd core.
This Pd@NiO catalyst ultimately achieved a high H2O2 selecti-
vity of 91% along with excellent stability. Similarly, Pan et al.81

synthesized a yolk–shell nanocatalyst, Pd@HCS, which demon-
strated a productivity of 3.2 mol gPd

−1 h−1 and a selectivity of
94% in the DSHP reaction. This confinement structure is also
effective for the oxidation reaction using in situ produced
H2O2. Yamashita et al.82 developed a core–shell structured Pd/
SiO2@Ti-MS catalyst consisting of Pd nanoparticles (NPs)
loaded on SiO2 cores covering a Ti-containing mesoporous
silica (Ti-MS) shell layer. The efficiency of in situ generated
H2O2 could be significantly enhanced by modulating the Pd
NP position, pore size and the thickness of the Ti-MS shell
layer. Compared with the supported Pd/TS-1 catalyst, the
activity of Pd/SiO2@Ti-MS for the oxidation of methyl phenyl
sulfide was enhanced by 20 times.

Fig. 7 (a) Schematic illustration of the synthesis of unsupported PdSn-
NW and PdL/PdSn-NW. (b) A representative TEM image of the unsup-
ported PdSn nanowire catalyst prepared by a two-step method (unsup-
ported PdL/PdSn-NW). H2O2 producibility, hydrogenation, and
decomposition of (c) the supported PdL/PdSn-NW catalyst annealed at
different temperatures in air and (d) supported PdL/PdSn-NW catalyst
with other Pd catalysts. (e) DFT optimized structures of PdO(101), Pd4Sn,
and PdO@Pd4Sn with (f ) adsorption energies of H2, O2, H2 + O2, and
H2O2.

54

Fig. 8 AC HAADF-STEM images of Pt0.006Pd/TiO2 NCs at (a) low and (b)
high magnifications, single-atom Pt sites are highlighted by the red
circles. Differential charge density of O2 adsorption on (c) Pt0.006Pd/TiO2

NC surface (the yellow and cyan colors represent the increase and
decrease of charge density, respectively). (d) Pd 3d XPS spectra, (e) the
HD signal in H2–D2 exchange experiments, and (f) 16O18O signal in
16O2–

18O2 exchange experiments for Pt0.006Pd/TiO2 NCs and Pd/TiO2

NCs. H2O2 productivity and selectivity on catalysts of (g) one-step and
two-step impregnation and (h) different Pt contents in the direct syn-
thesis of H2O2. (i) Energy profiles for H2O2 synthesis on Pt0.006Pd/TiO2

NC and Pd/TiO2 NC surfaces.56
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Ligand modification

Surface ligand modification of the active sites in catalysts
can provide stable nanostructures and morphologies while
also significantly influencing active site selection, steric hin-

drance, and interfacial electronic effects.83 Ramírez et al.84

developed a carbon-supported hexadecyl-2-hydroxyethyl-
dimethyl ammonium dihydrogen phosphate (C20H46NO5P)-
capped Pd nanoparticle catalyst (Fig. 10a–c). The experi-
mental results indicated that as the ligand content

Fig. 9 Scheme showing (a) the structure of Pd–SnOx@MFI. Oxidation of Pd and oxidation resistance of PdSn by providing (b) dissociation and (c)
hindered dissociation of the O–O bond. CO-adsorption DRIFTS of (d) Pd@MFI and (e) Pd–SnOx@MFI samples. Pd 3d XPS spectra of (f ) Pd–
SnOx@MFI and (g) Pd@MFI samples. (h) Apparent free energy barriers (Gapp) of O2 activation, Gibbs free energy profiles of H2O2 synthesis, and water
formation over Pd12Sn2@MFI and Pd12@MFI (the corresponding intermediate of each elementary step is shown in brown under the energy profile) at
25 °C. (i) Projected density of states of the spin-polarized Pd d orbitals of Pd12@MFI and Pd12Sn2@MFI.78
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increased, the selectivity for H2O2 also increased, reaching
80%, with the corresponding H2O2 productivity achieving
8.4 mol gPd

−1 h−1. This behavior was attributed to the unique
vertical adsorption mode caused by the electrostatic inter-
actions between the reaction intermediates and the ligands,
which prevented further dissociation and hydrogenation of
H2O2. Subsequently, they further investigated the effects of
different ligand modifications (including phosphines, thiols,
and weakly bound molecules) on DSHP performance and
found that catalysts with hydrogen-bonding group ligands
achieved the optimal H2O2 synthesis performance
(Fig. 10d).85 Hutchings et al.86 reported a Pd-based catalyst
modified with N-heterocyclic carbenes (NHCs), which dis-
played significantly improved catalytic performance com-
pared to unmodified Pd-based catalysts. The enhanced per-
formance was attributed to the electronic modification of the
Pd species by the NHCs. Recently, Chen et al.87 reported an
amino-functionalized Pd-based catalyst supported on SBA-15
with strong metal–support interactions. The amino modifi-
cation increased the proportion of Pd0, facilitating the
adsorption and conversion of H2 and O2. Additionally, they
found that the hydrogen bonding interactions between the
amino groups and H2O2 effectively suppressed the hydrogen-
ation and decomposition of H2O2, ultimately improving
H2O2 selectivity and productivity. Ligand modification is an
effective strategy to enhance DSHP performance, but it can
also increase the complexity and cost of catalyst preparation.
In addition, some ligands may also be susceptible to desorp-
tion during the DSHP reaction, leading to reduced re-
usability of the catalyst.

Microenvironment modulation
strategies on supports

Supports are critical in catalytic reactions, as their surface pro-
perties profoundly influence the catalytic activity, selectivity,
and stability. In the DSHP reaction, supports in Pd-based cata-
lysts have predominantly focused on oxides, carbon materials,
molecular sieves, and heteropoly acids. Researchers have lever-
aged the inherent properties of these supports to further opti-
mize their structures, thereby enhancing the interaction
between the support and the active sites. This optimization
aims to develop more effective supports that improve the
efficiency of H2O2 production.

Acid regulation

In the DSHP reaction, the acidic system is more conducive to
the generation of H2O2. However, the addition of inorganic
acids poses problems such as corrosion of reaction equipment
and difficulties in separation. In recent years, researchers have
focused on adjusting the acidity of the support surface to
enhance the efficiency of H2O2 production.88–90 Cheng et al.91

prepared a series of PdAu nanoparticle catalysts supported on
SiO2-modified Al2O3. They adjusted the number of Brønsted
acid sites by varying the SiO2 content on the Al2O3 surface.
They found that the increase in Brønsted acid sites can acceler-
ate the H2 conversion to H. The adsorbed H dissociated from
H2 at the Brønsted acid sites will spillover to the PdAu nano-
particles through the support, creating a new reaction pathway
for the hydrogenation of adsorbed O2 to produce H2O2. But
this method also enhances the ability of H2O2 hydrogenation.
Hutchings et al.92–94 adjusted the surface acidity of the catalyst
by performing acid pretreatment on the support. They found
that the acid pretreatment of the support can enhance the dis-
persion of Au in the catalyst, leading to an increased pro-
portion of smaller PdAu nanoparticles. This variation in par-
ticle size distribution is the key to enhance the activity of the
catalyst. Furthermore, they also investigated the use of Cs-
exchanged phosphotungstic acid (CsxH3−xPW12O40) as a
support for Pd-based catalysts and achieved higher H2O2 pro-
ductivity.95 Acidic regulation plays a role in enhancing the
reactivity of the DSHP reaction. However, if the acidity is too
strong, it may lead to the leaching of active metals, which can
negatively impact the performance of the DSHP reaction.

Heteroatom doping

Heteroatom (B,96 C,97 N,98 P,99 S,100 Br 101) doping is also com-
monly used to adjust the structural properties of supports to
enhance the catalytic activity in DSHP. Ouyang et al.96 devel-
oped a catalyst (Pd/B–TiO2) by doping boron (B) atoms at the
interface between Pd and TiO2 (Fig. 11a–d). Compared to the
undoped catalyst (Pd/TiO2), Pd/B–TiO2 exhibited an increase
in H2O2 selectivity and productivity, increasing from 63.4%
and 2.99 mol gPd

−1 h−1 to 80.1% and 3.65 mol gPd
−1 h−1,

respectively. They found that B doping can strengthen the
interaction between Pd nanoparticles and TiO2, which altered

Fig. 10 The adsorption configuration of the hydroperoxy (OOH) radical
on (a) Pd(111)- and (c) Pd(111)-HHDMA surfaces. Color code: H in white,
C in grey, O in red, P in yellow, and Pd in blue. (b) Activation energies for
the direct synthesis of H2O2 and the side reactions leading to water for-
mation by H2O2 hydrogenation and decomposition.84 (d) The H2O2

selectivity of catalysts with various ligands.85
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the surface atomic configuration, thus increasing the pro-
portion of Pd2+ and providing more active sites for the non-dis-
sociative activation of O2. Additionally, the electronic effects
between B and Pd also facilitated the adsorption and acti-
vation of H2, thereby improving both the selectivity and pro-
ductivity of H2O2. Liu et al.97 enhanced the hydrophobicity of
TiO2-supported catalysts by doping with carbon (C). This
doping reduced the adsorption energy of H2O2, thereby accel-
erating H2O2 desorption. Additionally, the C doping also
stabilized the interaction between Pd nanoparticles and TiO2.
Sulfur (S) was also an excellent dopant for enhancing the inter-
action between active sites and the support. Zhu et al.100 devel-
oped an S-doped carbon-supported Pd catalyst. The S doping
not only facilitated the dispersion of Pd nanoparticles, but
also enhanced the adsorption of H2 on the catalyst surface. As
a result, the H2O2 productivity was 4.8 times higher compared
to the undoped catalyst. Heteroatom doping is an effective
strategy for catalyst modification, but the effect of doping on
the structural stability of the catalyst should also be concerned
during design and preparation in order to prevent deactivation
during catalysis.

Surface functionalization

Modifying the surface of the catalyst support to introduce
specific functional groups and alter the chemical properties of
the support is also a method to regulate the microenvironment

of the catalyst, which can significantly affect the performance
of the DSHP reaction. Chung et al.102 functionalized the outer
surface of UiO-66 by incorporating C18 hydrophobic linkers
onto the Zr metal nodes to increase the hydrophobicity of the
Pd/UiO-66 catalyst (Fig. 11e–g). They found that the presence
of C18 hydrophobic groups effectively prevented the adsorption
of H2O2, thereby enhancing the selectivity for H2O2. Further
pyrolysis of the resulting Pd/UiO-66-C18 catalyst could lead to
an additional increase in selectivity. However, this increase in
selectivity came at the expense of reduced H2 conversion due
to an increase in mass transfer resistance. Chen et al.103 used
oxygen- and nitrogen-functionalized mesoporous carbon as
the support to prepare the Pd/OMC catalyst. The nitrogen func-
tional groups can effectively regulate the ratio of Pd2+, thereby
achieving high H2O2 selectivity. Hutchings et al.104 introduced
acidic oxygen functional groups onto the surface of carbon
nanofibers to suppress the undesirable side reactions in the
DSHP reaction. This method has also been applied to the oxi-
dation of CH4 using in situ generated H2O2. Xiao et al.105 com-
bined a surface functionalization strategy with a confinement
structure strategy to prepare PdAu@ZSM-5-C16 molecular-fence
catalysts by anchoring AuPd alloy nanoparticles in aluminosili-
cate zeolite crystals and then modifying the external surface of
the zeolite with organosilanes (Fig. 12). The modified surface
of the zeolite allows the diffusion of H2, O2 and CH4 into the
active sites, while confining the generated H2O2 in the catalyst,

Fig. 11 (a) The scheme of H2O2 formation on Pd/TiO2 and Pd/B–TiO2. High-resolution (b) Pd 3d and (c) B 1s XPS spectra of catalysts with different
boron amounts: (A) 1% Pd/TiO2, (B) 1% Pd/B–TiO2 (3%), (C) 1% Pd/B–TiO2 (6%), (D) 1% Pd/B–TiO2 (12%), (E) 1% Pd/B–TiO2 (18%), and (F) 1% Pd/B–
TiO2 (24%). (d) The H2O2 selectivity and productivity on Pd/B–TiO2 catalysts with different B/Ti ratios.96 (e) The scheme of Pd/UiO-66-C18-
Py673 or 873. (f ) Effect of incorporation of the hydrophobic linker and subsequent pyrolysis on the reaction performance of the Pd/UiO-66 catalyst for
direct synthesis of H2O2. (g) Illustration of the prevention of H2O2 from reapproaching active sites, which are surrounded by hydrophobic linker
molecules.102
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thus increasing the local H2O2 concentration and CH4 oxi-
dation efficiency, the corresponding CH4 conversion reached
17.3% with 92% selectivity of CH3OH.

Table 1 compares the performance of palladium-based cata-
lysts with microenvironment regulation strategies for DSHP in
recent years. Optimizing the local properties of the catalyst
interface can significantly enhance the activity in specific reac-
tions, particularly in improving the selectivity for H2O2.

Conclusions and perspectives

The DSHP reaction has attracted significant attention due to
its green, efficient, and economical manufacturing process. In
recent years, researchers have made notable progress in devel-
oping DSHP-Pd-based catalysts. A series of approaches to
modulate the microenvironment of catalysts were developed,
such as adjusting the valence and morphology of active sites,
constructing bimetallic Pd–M catalysts, creating confined
structures, introducing functional groups, modulating acidity,
doping heteroatoms, etc., to optimize the catalyst surface–
interface structure, which ultimately achieved the purpose of
suppressing the side reactions and improving the H2O2 selecti-
vity and productivity. These advancements also provide valu-
able guidance for the design of high-efficiency DSHP catalysts
in the future.

However, there are still many issues that need to be
addressed in DSHP research on the road to industrialization.
Firstly, to ensure the safe conduct of the DSHP reactions, most
works (especially those using batch reactors) control the H2

content at very low levels to avoid explosion risks. However, at
such low H2 content, the resulting H2O2 concentration is too
low, requiring repeated separation and concentration pro-
cesses, which will increase the production costs. Microreactors
are a reliable choice for avoiding H2 explosion in DSHP. Due to
its large specific surface area and rapid mass and heat trans-
fer, H2 and O2 can mix and react quickly, and the heat gener-
ated can be rapidly removed, making it difficult for flames to
propagate. Consequently, the concentrations of H2 and O2 in
microreactors are no longer limited by explosion thresholds,
providing the potential for achieving high H2O2 concentrations

Fig. 12 Models and tomographic section TEM images of (a–c)
AuPd@ZSM-5-C16. (d) Data characterizing the oxidation of methane with
H2 and O2 over various catalysts. Dependences of methane conversion
(Conv.), methanol selectivity (Sel.), methanol productivity (Prod.), and
H2O2 concentration in water solution on reaction time over (e)
AuPd@ZSM-5-C16 and (f ) AuPd@ZSM-5 catalysts.105

Table 1 The comparison of the DSHP performances on Pd-based catalysts

Catalysts Solvents Promoters Reaction conditions
Conversion
(%)

Selectivity
(%)

Productivity
(mol gPd

−1 h−1) Ref.

Pt1Pd(111)/TiO2 MeOH HCl 0 °C, 4 MPa, 30 min 62.2 80.3 11.8 19
Pd/SiO2 H2O NaBr 20 °C, 0.1 MPa — 36 10.8 27
0.5% Au–0.5% Pd/TiO2 MeOH/H2O CO2 2 °C, 4 MPa, 30 min 24.4 53.1 19.2 31
2.5% Au/2.5% Pd/carbon MeOH/H2O CO2 2 °C, 4 MPa, 30 min — 80.0 4.4 41
3 wt% Pd–2 wt% Sn/TiO2 MeOH/H2O CO2 2 °C, 4 MPa, 30 min 9.0 96.0 2.0 53
PdL/PdSn-NW MeOH/H2O — 2 °C, 4 MPa, 15 min 22.1 95.3 12.8 54
Pt0.006Pd/TiO2 NCs MeOH HCl 0 °C, 4 MPa, 30 min 40.1 86.5 37.3 56
Pd6Pb NRs/TiO2-H-A MeOH/H2O — 0 °C, 4 MPa, 30 min 39.1 56.7 5.7 59
1% Pd–5% Zn/Al2O3 MeOH H2SO4 2 °C, 3 MPa, 15 min 56.6 78.5 25.4 75
PdAu@HZSM-5 H2O — 2 °C, 4 MPa, 30 min 15.3 88 0.63 79
Pd@NiO-3/TiO2 MeOH/H2O — 2 °C, 4 MPa, 15 min — 91.0 1.8 80
Pd-HHDMA/C MeOH/H2O — 0 °C, 4 MPa, 30 min 9.7 79.8 12.8 85
Pd/SBA-15-3-NH2-3 MeOH H2SO4 0 °C, 0.1 MPa 18.2 94.5 6.2 87
Pd/B–TiO2 EtOH H2SO4 10 °C, 0.1 MPa 12.2 80.1 3.7 96
Pd/UiO-66-C18Py673 MeOH/H2O — 2 °C, 3 MPa, 60 min — 70.0 3.2 102
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of DSHP reactions in the future. Furthermore, membrane cata-
lysts that segregate hydrogen from oxygen are also a popular
alternative. Secondly, the optimization of the reaction process
is also an important research direction. The DSHP process
needs to be carried out at specific temperature and pressure,
also with low utilization of H2, so fine-tuning the reaction con-
ditions, deeply elucidating the reaction mechanism, and estab-
lishing a reaction kinetic model will help to improve the pro-
ductivity and selectivity of H2O2 relying on artificial intelli-
gence and big data analytics. Thirdly, there is a need for
optimization and innovation in catalysts. The resulting H2O2

concentration is still very low owing to the inefficient catalysts,
and it is not yet economically viable to replace the anthraqui-
none method. More efficient and stable catalysts should be
explored in the future, such as by developing new types of non-
Pd or non-noble-based catalysts, as well as by adjusting the
microenvironment of catalysts to improve the catalytic
efficiency and selectivity. Additionally, incorporating the latest
technology in nanocatalysis and characterization is also a
promising way to develop new DSHP catalysts with superior
performance. Finally, the scale-up and economics of catalyst
production are huge issues. Although significant progress has
been made in laboratory research, it is still a challenge to
maintain the performance of the catalyst and reduce the pro-
duction cost in large-scale production.

In summary, the DSHP process is a green production tech-
nique with broad application prospects. Currently, it is more
suitable for producing small amounts of low-concentration
H2O2, such as in on-site applications in the medical and elec-
tronics industries, where “ready-to-use” production is required.
We believe that with continuous optimization in catalyst
technology, reaction processes, and production costs, this
process will play a significant role in areas such as environ-
mental protection, energy conversion, and chemical
production.
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