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Abstract Directly synthesizing H2O2 from H2 and O2 at atmospheric pressure requires a highly

efficient Pd catalyst, which poses a challenge for reasonable design and simple synthesis of Pd cat-

alyst. In this study, a series of Pd/NPCS catalysts were synthesized by various methods with mono-

disperse, uniform-size and N-doped porous carbon sphere named NPCS as the support and PdCl2
as the palladium precursor. The results indicated that the ultrasonic-assisted-microwave quick syn-

thesis method significantly reduced the synthesis time of Pd catalyst. The Pd nanoparticles obtained

via this method were well-distributed on the NPCS support, with a smaller particle size, a narrower

particle size distribution range, and more exposed Pd active sites, which leading to improved H2O2

generation rate compared to traditional preparation methods. Additionally, N-doped, high specific

surface area, and abundant mixed micro-mesoporous pore structure of NPCS support improved the

transfer and diffusion performance of Pd/NPCS catalysts, facilitating the adsorption of reactants

and desorption of H2O2 from Pd active sites, and effectively inhibited hydrogenation and decom-

position side reactions caused by the breaking of the O-O bond. The ultrasonic-assisted-

microwave quick synthesis method and excellent NPCS support synergistically improved the cat-

alytic activity and stability of Pd/NPCS catalyst. These findings provide insight into the design
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and preparation of efficient Pd catalysts for directly synthesizing H2O2 at atmospheric pressure.

� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydrogen peroxide (H2O2) exhibits both oxidizing and reducing prop-

erties. In chemical reactions, it acts as a reducing agent, producing only

O2 as a product, and as an oxidant, producing only H2O as a product.

It does not generate toxic by-products or substances that are challeng-

ing to separate and degrade, thus aligning with the principles of envi-

ronmentally friendly practices and sustainable development. Its

applications span various fields, including medicine, aerospace, and

the electronics industry. Anthraquinone method is the primary method

to synthesize H2O2 at present with some problems such as complicated

process, high energy consumption and serious environmental pollution

(Campos-Martin et al., 2006, Samanta 2008, Edwards et al., 2015,

Ciriminna et al., 2016, Seo et al., 2016, Lewis and Hutchings 2018,

Gao et al., 2020, Han et al., 2021). However, the direct synthesis of

H2O2 from H2 and O2 with the advantages of green environmental

protection, high atomic economy, and coupling with the reaction pro-

cess that does not require high H2O2 concentration is expected to

replace the anthraquinone method for H2O2 synthesis(Huang et al.,

2016, Agarwal et al., 2017, Jin et al., 2020, Lewis et al., 2022). Com-

pared with Pt, Au, Ag and other noble metal catalysts, Pd catalyst

shows a better catalytic performance for H2O2 directly synthesizing

(Samanta 2008, Rankin and Greeley 2012, Lewis and Hutchings

2018, Han et al., 2021). But it is worth noting that the reaction mech-

anism and reaction path for H2O2 directly synthesized from H2 and O2

over supported Pd catalysts indicate that the side reactions leading to

water formation by unselective O2 hydrogenation, H2O2 hydrogena-

tion, and H2O2 decomposition caused by the breaking of O-O bonds

are thermodynamically favorable compared to the main reaction that

H2O2 directly synthesized from H2 and O2, which greatly affects the

improvement of the catalytic performance for Pd catalyst. Conse-

quently, reasonable design and simple synthesis of a highly efficient

Pd catalyst has become the key issue to improving the catalytic perfor-

mance for the direct synthesis of H2O2 from H2 and O2. At present,

there have been many studies on the catalytic reaction mechanism,

the morphology regulation, electronic structure and geometric struc-

ture regulation of Pd active component, the selection of catalyst sup-

ports, catalyst structure design, the preparation methods and

optimization of reaction conditions and so on, aiming to weaken the

excessive activation of O2 by Pd catalyst which could lead to the break-

ing of O-O bonds, and inhibit the dissociation of species on the surface

contained O-O bond, so as to improve the productivity and selectivity

of H2O2 directly synthesized from H2 and O2(Choudhary et al., 2006,

Choudhary et al., 2006, Choudhary et al., 2007, Edwards et al., 2007,

Liu et al., 2008, Staykov et al., 2008, Li et al., 2011, Li et al., 2011,

Menegazzo et al., 2012, Abate et al., 2013, Freakley et al., 2013,

Tian et al., 2013, Edwards et al., 2014, Garcı́a-Serna et al., 2014,

Han et al., 2017, Lari et al., 2017, Tian et al., 2017, Tian et al., 2019).

In the studies of Pd catalyst supports, carbon support has received

close attention due to the advantages such as high specific surface area,

rich pore structure, and tunable surface functionality(Edwards et al.,

2008, Ntainjua N et al., 2008, Edwards et al., 2009, Abate et al.,

2010, Piccinini et al., 2012, Arrigo et al., 2014, Hu et al., 2014,

Garcı́a et al., 2015, Arrigo et al., 2016, Yook et al., 2016, Lee et al.,

2017, Lee et al., 2018, Ji et al., 2021, Lewis et al., 2021). Graham J.

Hutchings team(Edwards et al., 2008, Ntainjua N et al., 2008) found

that carbon support was the best support for Pd and AuPd catalysts

because of the superior catalytic activity and lowest rate of H2O2

hydrogenation and decomposition side reactions. In the follow-up

research works(Edwards et al., 2009, Piccinini et al., 2012, Lewis

et al., 2021), the team further found that nitric acid pretreatment of
carbon supports for AuPd catalysts could switch off the sequential

H2O2 hydrogenation and decomposition side reactions compared with

TiO2, ZrO2, CeO2 and other oxide supports, thereby achieving the tar-

get selectivity and producing a high rate of H2O2 synthesis under

intrinsically safe conditions. Subsequent research(Hu et al., 2014,

Garcı́a et al., 2015, Yook et al., 2016, Lee et al., 2017, Lee et al.,

2018) have also indicated that carbon support materials were effective

supports for Pd catalyst, and H2O2 catalytic activity depended on the

pore structure and surface properties of carbon supports. They found

that the high specific surface area of carbon support facilitated disper-

sion of Pd active metal, which resulted in an increase of Pd metal sur-

face area and Pd active sites. In addition, they believed that

mesoporous carbon support was superior to microporous ones, and

microporous carbon such as activated carbon suffered from diffusion

limitation leading to significantly slower H2 conversion than meso-

porous catalysts. While previous research(Abate et al., 2010, Arrigo

et al., 2014, Arrigo et al., 2016, Ji et al., 2021) have indicated that

the introduction of nitrogen-doping for carbon support was not only

a positive effect in dispersing Pd nanoparticles and stabilizing smaller

Pd nanoparticles, but also an electronic effect on Pd nanoparticles.

More electron-rich Pd nanoparticles would favor O2 surface coverage

and the rate for H2O2 synthesis. Therefore, it will be expected from the

current research direction that carbon support has a good research and

application prospect in the direct synthesis of H2O2 from H2 and O2. In

particular, N-doped carbon support with high specific surface area and

abundant pore structure not only facilitate the high dispersion of Pd

active metals, but also improve the coverage of H2 and O2 reaction

molecules on the surface of Pd catalyst at atmospheric pressure and

increase the interaction between species on the surface containing O-

O bonds(Tian et al., 2013), and enhance the mass transfer and diffu-

sion performance of Pd catalysts, which improves the catalytic perfor-

mance of Pd catalyst. However, the N-doped carbon support used in

the current research work have low specific surface area, small pore

volume and simple pore structure, while the N-doped carbon supports

with high specific surface area and rich pore structure are less studied

as the support of Pd catalyst.

In the studies of Pd catalyst preparation methods, the traditional

preparation method of supported Pd catalyst is impregnation method,

which has the characteristics of simple preparation process and high

production capacity and is easy to large-scale industrial production.

However, Pd active metal tend to aggregate to form large size Pd par-

ticles due to their high surface energy in the long-time and high-

temperature heat treatment process, resulting in low catalyst activity.

Therefore, quick synthesis and the avoidance of long-time high-

temperature treatment for supported Pd catalyst could be beneficial

to reduce time consumption and avoid agglomeration of Pd nanopar-

ticles, realizing the uniform dispersion of Pd active sites, which is very

necessary for the design of supported Pd catalyst and improving the

catalytic performance. Pd catalyst supported on N-doped porous car-

bon support was quickly synthesized by using microwave and ultra-

sonic coupling technique with the rapid and selective heating

characteristics of microwave, and the oscillation, dispersion, and cav-

itation of ultrasonic wave(Zhang et al., 2013, Ma et al., 2018, Wang

et al., 2018, Zhou et al., 2018, Guo et al., 2022, Yuan et al., 2022)

which can achieve controlling the Pd nanoparticles with a smaller par-

ticle size and a narrower particle size distribution range to improve the

catalytic performance for H2O2 directly synthesizing. However, Pd cat-

alyst supported on N-doped porous carbon support with high specific

surface area and rich pore structure prepared by ultrasonic-assisted-

microwave quick synthesis method has not been reported in H2O2

directly synthesized from H2 and O2 at atmospheric pressure.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Based on the current research works, mono-disperse, uniform-size

and N-doped porous carbon sphere named as NPCS with high specific

surface area and rich mixed micro-mesoporous pore structure was pre-

pared by hydrothermal and one-step activation at high temperature

using glucose as carbon source, PSSMA as a dispersant, potassium

bicarbonate as an activator, melamine as nitrogen source and activa-

tor. Meanwhile, a series of Pd/NPCS catalysts were prepared by differ-

ent catalyst synthesis methods which used in H2O2 directly

synthesizing. Then, we focused on exploring the influence of

ultrasonic-assisted-microwave synthesis condition on the catalytic per-

formance for Pd/NPCS catalyst and screen out the optimal synthesis

condition. Then, the optimal synthesis condition was selected to syn-

thesize Pd/NPCS catalysts with different Pd loading and the influence

of NPCS support properties and Pd loading on the catalytic perfor-

mance for H2O2 directly synthesized from H2 and O2 at atmospheric

pressure was researched in this study.

2. Experimental

2.1. Chemicals

Palladium chloride (PdCl2, 59–60 wt% of Pd), Poly (4-
styrenesulfonic acid-co-maleic acid) sodium salt (PSSMA, the
molar ratio of 4-styrene sulfonic acid to maleic acid was 1:1,

Mw 19500-20500), Potassium bicarbonate (KHCO3, 99.5 wt
%), Melamine (C3H6N6, 99 wt%), and Ethylene glycol
(C2H6O2, 98 wt%) were purchased from Shanghai Aladdin

Biochemical Technology Co., Ltd.; Glucose (C6H12O6, 98 wt
%) was purchased from Sinopharm Chemical Reagent Co.,
Ltd.; Ethanol (C2H5OH, 99.7 wt%) and Methanol (CH3OH,

99.5 wt%) were purchased from Tianjin Fuyu Fine Chemical
Co., Ltd. All reagents were used as received without further
purification. Deionized water was used throughout the experi-

ment process.
Fig. 1 Schematic diagram of Pd/NPCS catalyst prepared b
2.2. Preparation of the catalysts

As shown in Fig. 1, Pd/NPCS catalyst was prepared by
ultrasonic-assisted-microwave quick synthesis method using
mono-disperse, uniform-size and N-doped porous carbon

sphere (NPCS) as the support and PdCl2 as the palladium pre-
cursor. The specific synthesis steps are as follows.

2.2.1. Preparation of NPCS support

The hydrothermal carbon was prepared by the method men-
tioned in the literature(Xie et al., 2018). 6.0 g glucose and
70 mg PSSMA were dissolved in 50 ml deionized water to form

a mixed solution which was continuously stirred at 25 �C for
2 h until the solution became clear. Then the solution was
transferred to a 100 ml polytetrafluoroethylene-lined
hydrothermal reaction kettle, and the hydrothermal reaction

was performed in an oven at 180 �C for 8 h. After the
hydrothermal reaction was completed, the reaction kettle
was cooled to room temperature, and then the hydrothermal

carbon was washed with deionized water and absolute ethanol
until the filtrate was clear, and placed in an oven at 80 �C for
drying. Next, the activation and N doping of the hydrothermal

carbon were carried out by one-step activation at a high tem-
perature currently being studied by our research group.
Hydrothermal carbon, melamine, and potassium bicarbonate
were mixed and fully ground according to the mass ratio of

1:2:8. After that, the mixture was loaded into a corundum
porcelain boat and sent into a tube furnace, and pyrolyzed
and activated in N2 atmosphere. The temperature was raised

to 400 ℃ at 5 ℃/min for 2 h, and then to 900 ℃ at 5 ℃/min
for 1 h. The tube furnace was cooled to room temperature,
and the black solid obtained was added into 150 ml 2 M
y ultrasonic-assisted-microwave quick synthesis method.
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hydrochloric acid solution, and stirred at room temperature
for 10 h. After washing with deionized water to neutral, the
final N-doped porous carbon was dried overnight in an oven

at 80 ℃ and denoted as NPCS.

2.2.2. Preparation of Pd/NPCS catalysts

A series of Pd/NPCS catalysts were prepared by impregnation

method, wet chemical reduction method, deposition precipita-
tion method, and ultrasonic-assisted-microwave quick synthe-
sis method which named as Pd/NPCS(Y), and Y was the type

of catalyst synthesis method.
Impregnation method: 0.1 g NPCS support was added into

50 ml deionized water and ultrasonic dispersed for 30 min to

form a uniform dispersion. Then 0.5 ml 0.075 M H2PdCl4 solu-
tion was added drop by drop with a pipette gun, and the reac-
tion was stirred continuously at 35 ℃ for 24 h. At the end of

the reaction, the product was transferred to 80 ℃ oven and
dried overnight, and the dried product was oxidized for 2 h
under air and reduced for 2.5 h under H2 atmosphere at 250
℃. The final prepared catalyst was denoted as Pd/NPCS(I).

Wet chemical reduction method: 0.1 g NPCS support was
added into 50 ml deionized water and ultrasonic dispersed
for 30 min to form a uniform dispersion. Then 0.5 ml

0.075 M H2PdCl4 solution was added drop by drop with a pip-
ette gun, and the reaction was stirred continuously at 35 ℃ for
24 h. At the end of the reaction, 0.5 ml 5 wt% fresh NaBH4

solution was added drop by drop and the reaction was contin-
ued at 35℃ for 3 h. The obtained reduced product was washed
with deionized water and centrifuged for three times, and dried

overnight in the oven at 80 ℃, and the dried product was oxi-
dized for 2 h under air and reduced for 2.5 h under H2 atmo-
sphere at 250 ℃. The final prepared catalyst was denoted as
Pd/NPCS(C).

Deposition precipitation method: 0.1 g NPCS support was
added into 50 ml ethylene glycol and ultrasonic dispersed for
30 min to form a uniform dispersion, then 0.5 ml 0.075 M H2-

PdCl4 solution was added drop by drop, and the pH value was
adjusted to about 10 with 1 M sodium hydroxide/glycol solu-
tion, and the reaction was continuously stirred at 160℃ for 6 h

under reflux condition. The obtained reduced product was
washed with ethanol and centrifuged for one time, then
washed with deionized water and centrifuged for three times,
and dried overnight in an oven at 80 ℃. The dried product

was oxidized for 2 h under air and reduced for 2.5 h under
H2 atmosphere at 250 ℃. The final prepared catalyst was
denoted as Pd/NPCS(D).

Ultrasonic-assisted-microwave quick synthesis method:
Considering that too large ultrasonic intensity was not con-
ducive to the loading of Pd active metal, and too small was

not conducive to the dispersion of Pd active metal, so in the
synthesis of Pd/NPCS(W) catalyst, the ultrasonic was turned
on and kept at a low level. At the same time, the microwave

power was kept at 750 W and the temperature programmed
rate remained unchanged. Typical synthesis steps of Pd/NPCS
catalyst prepared by ultrasonic-assisted-microwave quick syn-
thesis method: 0.1 g NPCS support was added into 50 ml ethy-

lene glycol and ultrasonic dispersed for 30 min to form a
uniform dispersion. Then 0.3 ml 0.075 M H2PdCl4 solution
was added drop by drop with a pipette gun, and the reaction

was stirred continuously at 35 ℃ for 24 h. After stirring reac-
tion, the reactant was ultrasonic dispersed for 5 min, and then
the pH value was adjusted to about 10 with 1 M sodium
hydroxide/ethylene glycol solution. The reactant was rapidly
reduced by Microwave-Ultrasonic-UV Synthesis (XH-300UL

+ Microwave-Ultrasonic-UV Synthesis, Beijing Xianghu
Technology Limited Co., China). Microwave and ultrasonic
parameters: microwave power was 750 W, and temperature

programmed rate was from room temperature to 100 ℃
(3 min), 100-160℃ (6 min), and 160 ℃ maintaining for
5 min; the ultrasonic intensity was low grade throughout the

entire process. The obtained reduced product was washed with
ethanol and centrifuged once, then washed with deionized
water and centrifuged three times, and dried in an oven at
80 �C overnight. The dried product was oxidized for 2 h under

air and reduced for 2.5 h under H2 atmosphere at 250 ℃. The
final N-doped porous carbon in-situ supported Pd was
denoted as Pd/NPCS(W) catalyst.

By changing the microwave reduction temperature (150 ℃,
160 ℃ and 180 ℃) and the microwave reduction time (5 min,
10 min, 15 min), we focused on exploring the influence of

ultrasonic-assisted-microwave synthesis condition on the cat-
alytic performance for Pd/NPCS catalyst and screen out the
optimal synthesis condition. Then the Pd/NPCS catalysts with

different Pd loading were synthesized under the optimal
ultrasonic-assisted-microwave quick reduction condition, and
the addition amounts of 0.075 M H2PdCl4 solution were
0.1 ml, 0.2 ml, 0.3 ml, 0.4 ml and 0.5 ml, respectively.

2.3. Characterization

Scanning electron microscopy (SEM, RIGMA, ZEISS, Ger-

many) and transmission electron microscopy (TEM, Tecnai
G2 F20, FEI, USA) were used to detect the microscopic mor-
phology, structure and nanoparticle size of the samples. The

phases of the samples were detected using an X-ray diffrac-
tometer (XRD, D8 Advance, Bruker, Germany). The elemen-
tal composition and chemical state on the surface of the

samples were determined using an X-ray photoelectron spec-
trometer (XPS, K-Alpha Plus, Thermo Fisher Scientific,
USA). Fourier transform infrared spectrometer (FT-IR, Nico-
let is 50, Thermo Fisher Scientific, USA) was used to detect the

functional group structure of the samples. The graphitization
and defect degree of the samples were detected using a laser
microscope confocal Raman spectrometer (LadRAM HR

Evoluion, HORIBA, France). The elemental composition of
N, C, and H of the samples was detected using an elemental
analyzer (Elemental Analyser, Euro EA3000, EuroVector,

Italy). The specific surface area and pore structure of the sam-
ples were determined using N2 adsorption/desorption physical
adsorption instrument (ASAP2460, Micrometrics, USA). The
loading of Pd in the catalysts were determined using an induc-

tively coupled plasma optical emission spectrometer (ICP-
OES, iCAP 7200, Thermo Fisher Scientific, USA).

2.4. Catalytic activity test

The catalytic activity of Pd/NPCS(Y) catalysts for the direct
synthesis of H2O2 from H2 and O2 were evaluated in a jacketed

glass reactor at 0 ℃ and at atmospheric pressure. N2

(99.999%) was used as the carrier gas, the reactants were H2

(99.999%) and O2 (99.995%), The total gas flow rate was

16.25 ml/min, including 2.25 ml/min for H2, 4 ml/min for



Fig. 2 The influence of preparation method on the catalytic

performance for Pd/NPCS catalysts[*Reaction conditions: cata-

lyst 10 mg, 160 ml MeOH, 1.8 ml 98 wt% H2SO4, total flow rate

16.25 ml/min, H2:O2:N2 = 2.25:4:10, 120 rpm/min, 0 ℃, atmo-

spheric pressure, 1.0 h.].
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O2, and 10 ml/min for N2. A mixed solution with 160 ml
methanol and 1.8 ml concentrated sulfuric acid were used as
the reaction medium, and the mass of Pd/NPCS(Y) catalysts

were about 10 mg�H2O2 concentration was measured through
iodometric titration, and the content of H2 and O2 in the tail
gas after the reaction were measured by GC-9860 gas

chromatography.
The H2 conversion, H2O2 selectivity, and H2O2 productiv-

ity were calculated using the following equations respectively:

H2 conversion %ð Þ ¼ moles of H2 reacted

moles of H2 feed
� 100%

H2O2 selectivity %ð Þ ¼ moles of H2O2 formed

moles of H2 reacted
� 100%

H2O2 productivity mmol�H2O2=gPd � h�1
� �

¼ mmoles of H2O2 formed

weight of PdðgÞ incatalyst� reaction timeðhÞ
The hydrogenation/decomposition experiments of Pd/

NPCS(Y) catalysts were also evaluated in the above-

mentioned jacketed glass reactor by the same reaction condi-
tions, except that methanol solution containing 1 wt% H2O2

was introduced. The hydrogenation experiment was carried

out in an atmosphere with a total flow rate of 12.25 ml/min
containing 2.25 ml/min for H2 and 10 ml/min for N2, while
the decomposition experiment only had a gas feed of pure N2.

3. Results and discussion

The particle size and dispersion of Pd active metal will affect

the catalyst activity. By selecting a suitable catalyst synthesis
method, Pd nanoparticles could be evenly dispersed on the sur-
face of carbon support with high specific surface area to reduce
the possibility of agglomeration, which improve the catalytic

activity of Pd catalyst. The XRD patterns of Pd/NPCS cata-
lysts prepared by impregnation method, wet chemical reduc-
tion method, deposition precipitation method, and

ultrasonic-assisted-microwave quick synthesis method are
shown in Fig.S1, while the influence on catalytic performance
for the direct synthesis of H2O2 from H2 and O2 at atmo-

spheric pressure are shown in Fig. 2.
As can be seen from Fig.S1, both Pd/NPCS(I), Pd/NPCS(C)

and Pd/NPCS(D) catalysts show the characteristic diffraction
peaks of Pd(111), Pd(200), Pd(220), Pd(311) and Pd(222) crys-

tal planes at 2h value about of 40.0�, 46.5�, 67.8�, 81.7�, 86.2�
respectively, which are in good agreement with the standard
diffraction spectrum of Pd (JCPDS#87–0643), and indicating

that the Pd nanoparticles in the catalyst all exist in the form of
face-centered cubic structure(Tian et al., 2017). However for
the Pd/NPCS(W) catalyst, only the characteristic diffraction

peak of Pd(111) crystal plane can be observed, and the peak
strength is weaker than that of Pd/NPCS(I), Pd/NPCS(C) and
Pd/NPCS(D) catalysts, but the half-peak width is larger than

that of the above catalysts. The mean particle sizes calculated
by Scherrer’s formula of Pd nanoparticles on Pd/NPCS(I), Pd/
NPCS(C), Pd/NPCS(D) and Pd/NPCS(W) catalysts are
17.0 nm, 12.2 nm, 8.1 nm and 4.9 nm, respectively.

As can be seen from Fig. 2, Pd/NPCS(W) catalyst has the
best catalytic activity for H2O2 directly synthesizing compared
with Pd/NPCS(I), Pd/NPCS(C) and Pd/NPCS(D) catalysts.
Combined with the XRD characterization results in Fig.S1,

it indicates that the preparation method of Pd catalyst will
affect the dispersion and particle size of Pd active metal, fur-
ther affecting the catalytic performance for H2O2 directly syn-

thesizing from H2 and O2 at atmospheric pressure. Due to the
poor interaction between Pd active metal and NPCS support,
Pd was easy to migrate and agglomerate to form large Pd
nanoparticles during high-temperature reduction to the Pd/

NPCS(I) catalyst synthesized by immersion method. While
wet chemical reduction method also resulted in uneven disper-
sion of Pd active metal on the surface of NPCS support due to

solvation effect to the Pd/NPCS(C) catalyst. However, Pd/
NPCS(D) catalyst prepared by deposition precipitation
method can make some Pd nanoparticles larger because of

long time and high-temperature reflux reduction. Compared
with the above preparation methods, the ultrasonic-assisted-
microwave quick synthesis method could not only significantly
shorten the synthesis time of Pd catalyst by microwave and

ultrasonic coupling technique with rapid and selective heating
characteristics of microwave, and oscillation, dispersion, and
cavitation of ultrasonic wave, but also enabled Pd nanoparti-

cles to be uniformly dispersed on the NPCS support, with a
smaller particle size and a narrower particle size distribution
range, which exposing more Pd active sites and improving

H2O2 generation rate. Therefore, ultrasonic-assisted-
microwave quick synthesis method was selected as the catalyst
preparation method for the subsequent research work.

The addition amount of 0.075 M H2PdCl4 solution was
kept at 0.5 ml, the ultrasonic intensity was at a low level, the
microwave power was 750 W, and the programmed heating
rate was unchanged, the evaluation results of microwave

reduction temperature and microwave reduction time on the
catalytic activity of Pd/NPCS(W) catalysts for the direct syn-
thesis of H2O2 from H2 and O2 at atmospheric pressure are

shown in Fig. 3, which are characterized by the H2O2 produc-
tivity measured at 1.0 h. As seen from the Fig. 3, microwave
reduction temperature greatly influenced the catalytic activity

of Pd/NPCS(W) catalysts. When the microwave reduction



Fig. 3 The influence of ultrasonic-assisted-microwave synthesis

conditions on the catalytic performance for Pd/NPCS(W) cata-

lysts [*Reaction conditions: catalyst 10 mg, 160 ml MeOH, 1.8 ml

98 wt% H2SO4, total flow rate 16.25 ml/min, H2:O2:

N2 = 2.25:4:10, 120 rpm/min, 0 ℃, atmospheric pressure, 1.0 h.].

Fig. 4 SEM image and particle size distribution of NPCS

support.
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temperature was 150℃, the reduction ability of ethylene glycol
was weak, which might lead to a large particle size of Pd
nanoparticles and a small Pd0/Pd2+ ratio. Perhaps, there was

still a small amount of Pd precursor PdCl4
2- that had not been

reduced in the solution which might be washed away during in
the preparation process of Pd/NPCS(W) catalysts, resulting in
lower catalytic activity. When the microwave reduction tem-

perature was raised to 160 ℃, Pd/NPCS(W) catalyst catalytic
activity was the best and the H2O2 productivity was also the
highest. When the microwave reduction temperature reached

180 ℃, the reduction ability of ethylene glycol was greatly
enhanced, however, higher reaction temperatures promote
the aggregation of Pd nanoparticles on the surface of NPCS,

ultimately leading to an increase in the particle size of Pd
nanoparticles and a decrease in catalyst activity. XRD analysis
(Fig.S5) of Pd/NPCS(W) catalysts prepared at different reduc-
tion temperatures provides strong evidence for this. The average

particle sizes calculated by Scherrer’s formula of Pd nanoparti-
cles in Pd/NPCS(W) catalysts prepared at reduction tempera-
tures of 150 �C, 160 �C, and 180 �C were calculated to be

5.8 nm, 5.1 nm, and 6.1 nm, respectively. At the same time, it
could also be seen that the microwave reduction time had little
effect on the catalytic activity of the Pd/NPCS(W) catalysts,

but a longer microwave reduction time would affect the disper-
sion of Pd active metal. Therefore, the optimum microwave
reduction temperature was 160 ℃ and the microwave reduction

time was 5 min respectively. Then, the optimal synthesis condi-
tion was selected to synthesize Pd/NPCS(W) catalysts with dif-
ferent Pd loading. Following this, we focused on the effect of
Pd loading and NPCS support property of Pd/NPCS(W) catalyst

on the catalytic performance for the direct synthesis of H2O2

from H2 and O2 at atmospheric pressure in this research.
As can be seen from Fig. 4, the NPCS support obtained by

high-temperature activation and N doping after PSSMA-
assisted glucose hydrothermal treatment are mono-dispersed
and uniform-size carbon nanospheres, which is consistent with

the literature result(Xie et al., 2018). The average particle size
of NPCS nanospheres is 427 nm, and the surface has an irreg-
ular worm-like structure(Wang et al., 2019), which is con-
ducive to the dispersion and attachment for Pd
nanoparticles. As shown in Fig. 5(a1-e1 and a2-e2) Pd

nanoparticles of Pd/NPCS(W) catalysts with different Pd load-
ing are uniformly dispersed on the NPCS support, without an
obvious agglomeration phenomenon. HRTEM images shown

in Fig. 5(a3-e3) confirm the highly crystalline nature of Pd
nanoparticles, and the d-spacings of adjacent fringe for Pd
nanocrystals is about 0.23 nm, agreeing well with the Pd
(111) lattice-spacing of face-centered cubic (fcc) Pd(Liu

et al., 2008, Zhang et al., 2013, Ding et al., 2018). According
to the histograms of Pd nanoparticle size (Fig. 5 a2-e2), it is
evident that the average size of Pd nanoparticles increases with

the progressive addition of H2PdCl4, which is likely attributed
to the concentration of H2PdCl4 on the surface of NPCS sup-
port. As the amount of H2PdCl4 added increases, the concen-

tration of H2PdCl4 in the ethylene glycol solution gradually
rises, leading to enhanced adsorption of H2PdCl4 on the sur-
face of NPCS support. During the high-temperature reduction

process, the elevated H2PdCl4 concentration on the NPCS sur-
face facilitates the formation of larger Pd nanoparticles. Nota-
bly, ultrasonic-assisted-microwave quick synthesis method,
with its rapid heating and cavitation effects, results in a modest

increase in the average particle size of Pd nanoparticles from
4.18 nm to 5.31 nm when the H2PdCl4 amount is raised from
0.1 ml to 0.5 ml. The particle size distribution diagram of Pd

nanoparticles (Fig. 5 a2-e2) reveals that the particle size of
Pd is primarily concentrated within the range of 2.0 nm to
7.5 nm. This observation indicates that the Pd nanoparticles

synthesized using the ultrasound-assisted microwave method
have a smaller and narrower particle size distribution overall.
Additionally, they exhibit a higher degree of contact with
active Pd sites, which greatly benefits the efficiency of direct

H2O2 synthesis.
Fig. 6 shows that NPCS support has a broad diffraction

peak at 2h value of 23�, which corresponds to the (200) reflec-

tion of graphite, indicating that the carbon support is an amor-
phous structure. A relatively obvious diffraction peak appears
at 2h value of 43.6� can be assigned as the (100) reflection of

graphite, indicating the partial graphitization of the carbon
support(Deng et al., 2015, Shi et al., 2017, Zhang et al.,
2020). And the strong baseline at the low angle region indicates
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the successful formation of rich micro-mesopores in the carbon
framework(Shi et al., 2017, Zhang et al., 2020). The same con-
clusion can also be drawn from the Raman spectra (Fig.S2), in

which the D band at 1340 cm�1 represents the lattice defect of
the C atom, while the G band at 1587 cm�1 demonstrates the
in-plane vibration of the sp2 carbon atoms. Typically, the

intensity ratio between the D and G bands (ID/IG) is an index
to evaluate the defect degree in the carbon materials(Deng
et al., 2015, Shi et al., 2017, Zhu et al., 2018, Pu et al.,

2020), The ID/IG intensity ratio of the NPCS support is 1.09,
which confirmed that high temperature activation and N dop-
ing promoted the generation of defects in NPCS support.

Pd/NPCS(W) catalysts with different loading all show the

characteristic diffraction peak of the Pd(111) crystal plane at
2h value of 40.0�(Zhang et al., 2013, Chen et al., 2017, Tian
et al., 2017, Liu et al., 2019), and all the catalysts have similar

face-centered cubic (fcc) crystal structure, which are in good
agreement with the standard diffraction spectrum of Pd
(JCPDS#87–0643). The characteristic diffraction peaks of Pd

(111) crystal planes are gradually obvious with the increase
of Pd loading, but the characteristic diffraction peaks of Pd
(200), Pd(220), Pd(311) and Pd(222) crystal planes are not

obvious at 2h value of 46.5�, 67.8�, 81.7� and 86.2�. Mean-
while, it can be seen that the characteristic peak at 2h value
of 43.6� of NPCS support becomes less obvious with the
increase of Pd loading.

The results of XPS analysis and elemental analysis
(Table S1) show that NPCS support is mainly composed of
Fig. 5 (a1-a3), (b1-b3), (c1-c3), (d1-d3) and (e1-e3) TEM image

magnifications and HRTEM images of Pd nanoparticles and the inset
C element. The N content measured by elemental analysis is
about 1.18 wt%, which is higher than that of XPS analysis.
Because elemental analysis characterizes the N element content

of the NPCS support while XPS analysis is a surface analysis
technology. Due to the low content of N element, the charac-
teristic peak of N in the XPS survey of NPCS support (Fig. S3

(a)) is not obvious. In order to better study the chemical state
of elements on the surface of NPCS support, high-resolution
XPS was performed for the C1s, O1s, and N1s core level

region. According to the C1s high-resolution spectrum
(Fig. S3(b)), the characteristic peak of binding energy at
284.8 eV is assigned to the aromatic carbon C–C, the charac-
teristic peak of 286.2 eV is assigned to C-O, and the character-

istic peak of 288.7 eV is assigned to O-C = O, and a satellite
peak corresponding to the p-p* transition is detected near
290.9 eV, which corresponds to the existence of graphene

nanoplatelet microstructure(Shi et al., 2017, Cai et al., 2020,
Mao et al., 2020, Zhang et al., 2020), this is consistent with
the XRD results. The O1s high-resolution spectrum (Fig. S3

(c)) can be deconvoluted into three peaks, which correspond
to C = O (531.7 eV), C-O (533.4 eV), and O-C = O
(534.9 eV) respectively(Shi et al., 2017, Cai et al., 2020). The

high-resolution spectrum of N1s (Fig. S3(d)) could be resolved
into four types of N species with the domination of pyridinic-
N, pyrrolic-N, graphitic-N and pyridine N-oxide at 398.37 eV,
400.1 eV, 401.6 eV and 403.7 eV, respectively(Zhu et al., 2018,

Mao et al., 2019, Cai et al., 2020, Jia et al., 2020, Zhang et al.,
2020, Wu et al., 2021). The graphitic nitrogen is the main nitro-
s of Pd/NPCS(W) catalysts with different loading at different

s indicate the histograms of Pd nanoparticle size.



Fig. 5 (continued)
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gen blending type which indicating that in the high-

temperature activation process, N radicals generated by mela-
mine pyrolysis were successfully doped into the aromatic car-
bon skeleton of the carbon support, forming stable N-

containing functional groups. According to the research results
of Rosa Arrigo and Salvatore Abate, as well as our research
group(Arrigo et al., 2014, Arrigo et al., 2016), (Jiang et al.,

2023), the nitrogen doping of NPCS support could regulate
the electronic structure of carbon support and produce local-
ized charge accumulation on the carbon surface which act as
coordinative site for small Pd nanoparticles, but also an elec-

tronic effect on Pd nanoparticles that would favor O2 surface
coverage and the rate of H2O2 synthesis. At the same time,
the FT-IR spectra of the NPCS support (Fig.S4) also present

that a strong peak at 3443 cm�1 was caused by asymmetry
stretching vibration of the N–H and O–H bonds(Cai et al.,

2020, Cuong et al., 2020). The weaker peak at 2920 cm�1

and 2849 cm�1 are correlated with the stretching vibration of
aliphatic hydrocarbon –CH3 and –CH2 groups(Xie et al.,

2018, Cai et al., 2020, Cuong et al., 2020). Furthermore, the
weaker peak at 1384 cm�1 can be assigned to the stretching
vibration of –CH3 group(Cai et al., 2020), and the characteris-

tic peaks near 1578 cm�1 and 1202 cm�1 can be attributed to
the vibrational stretching of N-O and C = C bonds(Cai
et al., 2020, Chang et al., 2020, Cuong et al., 2020).

In particular, as shown in Fig. 7, the detailed parameters of

Pd3d spectra for Pd/NPCS(W) catalysts with different loading
suggest that Pd mainly exists in the form of metallic state (Pd0)
and oxidized state (Pd2+) with two pairs of characteristic

peaks which the peaks near 335.60 eV and 340.86 eV can be



Fig. 6 XRD patterns of NPCS support and Pd/NPCS(W) catalysts with different Pd loading.
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assigned to Pd0 3d5/2 and Pd0 3d3/2, while the peaks near

336.80 eV and 341.98 eV can be attributed to Pd2+ 3d5/2
and Pd2+ 3d3/2(Tian et al., 2017, Ji et al., 2021, Lewis et al.,
2021). Therefore, both Pd0 and Pd2+ species are present in

Pd nanoparticles of Pd/NPCS(W) catalysts treated by
ultrasonic-assisted-microwave quick reduction and redox
treatment. The relative content of each Pd species in the cata-
lyst are listed in Table 1, the ratio of Pd0/Pd2+ increases from

0.82 in Pd0.1/NPCS(W) to 1.71 in Pd0.5/NPCS(W) with the
increase of Pd loading. Previous studies(Tian et al., 2017, Ji
et al., 2021, Lewis et al., 2021) have suggested that the chemical

state of Pd nanoparticles affected the catalytic behavior. Pd0 is
the main active site for catalytic H2 dissociation, while the
presence of Pd2+ can inhibit H2O2 decomposition and increase

H2O2 selectivity. Consequently, a certain proportion of Pd0/
Pd2+ composition can not only promote H2 dissociation acti-
vation to improve H2 conversion rate and H2O2 productivity,
but also provide non-dissociation activation active sites of O2

to avoid excessive activation that resulted in O-O bond break-
ing and the dissociation of surface species containing O-O
bond, which is conducive to improving H2O2 productivity

and H2O2 selectivity.
It can be seen from Fig. 8(a) that the N2 adsorption/desorp-

tion isotherm of NPCS support belongs to the typical type IV

isotherm according to the IUPAC classification(Gong et al.,
2014, Garcı́a et al., 2015, Zhang et al., 2021). At lower relative
pressure (P/P0 < 0.01), N2 adsorption capacity increases shar-

ply with the increase of relative pressure, indicating that there
is a large number of microporous pore structure in the carbon
support. At higher relative pressure (P/P0 = 0.50–0.98), the
adsorption and desorption curve show an H2-type hysteresis

loop due to capillary condensation in the mesopores. At the
same time, the DFT pore size distribution diagram in Fig. 8
(b) further indicates that the NPCS support has a large number

of micropores with pore size ranging from 0.5 nm to 1.5 nm
and mesopores with pore sizes ranging from 2 nm to 5 nm,
which features the hierarchical nature of dominant micropores

and small mesopores, consistenting with the XRD results. Pre-
vious research has indicated that porous media exhibit robust
mass transfer and diffusion capabilities(Zhao et al., 2023).

Table 2 shows that the specific surface area of NPCS support
is up to 3410.6 m2/g, the total pore volume is 2.33 cm3/g, the
micropore volume is 0.63 cm3/g, and the mesoporous ratio is
72.96 %. This indicates that in the high-temperature activation

process, a large amount of potassium bicarbonate first decom-
posed to generate H2O, CO2 and other small gas molecules to
etch the hydrothermal carbon, making the surface of

hydrothermal carbon initially form microporous pore struc-
ture. After that, melamine decomposed at high temperature
and produced a large amount of volatile gas, which further

etched the hydrothermal carbon surface and promoted the for-
mation of mesopores on the carbon surface. At the constant
temperature stage of 900 �C, molten potassium carbonate
gradually penetrated into the interior of carbon through abun-

dant pores on the surface of hydrothermal carbon, further pro-
moting the formation of internal pores(Cuong et al., 2021).At
the same time, N-radicals generated by melamine pyrolysis

were successfully doped into the aromatic carbon skeleton of
the carbon support. N-doped, high specific surface area and
abundant mixed micro-mesoporous pore structure were not

only conducive to guarantee good dispersion and anchoring
of Pd nanoparticles, but also beneficial to the adsorption of
reactants H2 and O2 to improve the coverage of H2 and O2

reaction molecules on the surface of Pd catalyst at atmospheric
pressure, and increase the interaction between surface species
containing O-O bonds to better react at the Pd active sites to
generate H2O2 (Tian et al., 2013, Chen et al., 2021), then the

H2O2 could be desorbed from the Pd active sites in time to
the reaction solution, which enhances the transfer and diffu-
sion performance for the Pd/NPCS(W) catalysts and effec-

tively inhibiting the hydrogenation and decomposition side



Fig. 7 Pd3d spectra of Pd/NPCS(W) catalysts with different Pd loading.

Table 1 Pd3d XPS spectra quantitative analysis of Pd/NPCS(W) catalysts with different Pd loading.

Catalysts Pd3d3/2 (eV) Pd3d5/2 (eV) Pd0 (%) Pd2+ (%) Pd0/Pd2+

Pd0 Pd2+ Pd0 Pd2+

Pd0.1/NPCS(W) 340.86 341.98 335.60 336.80 45.03 54.97 0.82

Pd0.2/NPCS(W) 340.86 341.98 335.60 336.80 47.83 52.17 0.92

Pd0.3/NPCS(W) 340.86 341.98 335.60 336.80 50.60 49.40 1.02

Pd0.4/NPCS(W) 340.86 341.98 335.60 336.80 55.19 44.81 1.23

Pd0.5/NPCS(W) 340.86 341.98 335.60 336.80 63.04 36.96 1.71

Fig. 8 (a) N2 adsorption/desorption isotherm of NPCS support and Pd/NPCS(W) catalysts with different Pd loading (b) Pore size

distribution of NPCS support and Pd/NPCS(W) catalysts with different Pd loading [The pore size distribution of NPCS support and Pd/

NPCS(W) catalysts with different Pd loading calculated by density function theory (DFT)].
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Table 2 Textural properties derived from the N2 adsorption/desorption isotherm of NPCS support and Pd/NPCS(W) catalysts with

different Pd loading.

Samples SBET (m2/g)a VTotal (cm
3/g)b VMic (cm

3/g)c VMic/VTotal (%)

NPCS 3410.6 2.33 0.63 27.04

Pd0.1/NPCS(W) 3280.6 2.31 0.54 23.38

Pd0.2/NPCS(W) 3256.7 2.28 0.53 23.25

Pd0.3/NPCS(W) 3219.2 2.26 0.52 23.01

Pd0.4/NPCS(W) 3158.2 2.22 0.51 22.97

Pd0.5/NPCS(W) 3124.0 2.20 0.50 22.73

*a Specific surface area of NPCS support and Pd/NPCS(W) catalysts with different Pd loading calculated by Brunauer-Emmertt-Teller (BET)

method.
*bThe total pore volume of NPCS support and Pd/NPCS(W) catalysts with different Pd loading calculated from the adsorption amount at P/

P0 = 0.995.
*cMicropore volume of NPCS support and Pd/NPCS(W) catalysts with different Pd loading calculated by t-Plot model.
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reactions caused by the breaking of the O-O bond, thereby
improving H2O2 selectivity.

In particular, the N2 adsorption/desorption isotherm and
DFT pore size distribution of Pd/NPCS(W) catalysts with dif-
ferent loading are similar to those of NPCS support, indicating

that NPCS support is an excellent support for Pd catalysts. At
the same time, as can be seen from Table 2 that with the
increase of Pd loading, although the specific surface area, total

pore volume, and micropore volume of the Pd/NPCS(W) cat-
alysts all decrease slightly, which may be caused by Pd
nanoparticles occupying part of the pores. However, the Pd/
NPCS(W) catalysts with different loading still have good

transfer and diffusion property, and the catalytic performance
and stability of Pd/NPCS(W) catalysts can be improved.
Fig. 9 Catalytic performance evaluation of Pd/NPCS(W) catalysts

peroxide from hydrogen and oxygen [*Reaction conditions: catalyst 10

min, H2:O2:N2 = 2.25:4:10, 120 rpm/min, 0 ℃, atmospheric pressure,
Fig. 9 shows the catalytic performance evaluation of Pd/
NPCS(W) catalysts with different loading for the direct syn-

thesis of H2O2 from H2 and O2 at atmospheric pressure, and
the H2O2 productivity, H2 conversion and H2O2 selectivity
were measured at 1.0 h. Fig. 8 illustrates an increasing conver-

sion rate of H2 with the increment of Pd loading, contrasting
the decreasing selectivity of H2O2 and the volcano-shaped dis-
tribution of its productivity. Previous research has indicated

that the crystal surface composition (Tian et al., 2013), the par-
ticle size (Tian et al., 2017), and the Pd0/Pd2+ ratio (Ao et al.,
2016, Zhang et al., 2021) of Pd nanoparticles have a significant
impact on the catalytic performance of the direct synthesis of

H2O. XRD (Fig. 6) and TEM (Fig. 5) analysis have shown
that Pd nanoparticles in the Pd/NPCS(W) catalyst prepared
by a microwave-assisted and ultrasound-assisted combined
with different Pd loading for the direct synthesis of hydrogen

mg, 160 ml MeOH, 1.8 ml 98 wt% H2SO4, total flow rate 16.25 ml/

1.0 h.].
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rapid reduction are primarily dominated by Pd (111) crystal
surface, with an average particle size ranging from 4.18 nm
to 5.31 nm. Thus, it can be inferred that he crystal surface

and particle size are not the main factors affecting the catalytic
performance of Pd/NPCS(W) catalysts. When Pd loading was
low, Pd nanoparticles provided fewer active sites, and the Pd3d

XPS spectra analysis results also showed that the Pd0/Pd2+

ratio was relatively low at the same time, which had weak
adsorption and dissociation activation of H2 molecular and

resulted in low H2 conversion and H2O2 productivity. How-
ever, the lower loading of Pd active component also meant that
there were fewer high-energy active sites (edges, corners)(Tian
et al., 2017) on the Pd nanoparticles, and more Pd2+ species

made the Pd nanoparticles have more positive charges, which
moderate the bonding strength of O2 molecule on the Pd active
sites, and promote non-dissociative activation of O2 molecule,

thereby improving the H2O2 selectivity. Then, the increased Pd
active sites promoted efficient H2 conversion and H2O2 pro-
ductivity, but decreased the H2O2 selectivity with Pd loading

appropriate increasing. When Pd loading was continued to
increase, the Pd0/Pd2+ ratio also increased with Pd loading,
which meant that the continuous Pd0 sites on the Pd nanopar-

ticles obviously increased to enhance adsorption and dissocia-
tion activation of H2 molecular and improved H2 conversion
rate. However, more continuous Pd0 sites were also very active
for the dissociation activation of O2 molecule, resulting in the

breaking of the O-O bond and aggravating the side reaction of
hydrogenation and decomposition to generate H2O, which
decreased in both H2O2 productivity and H2O2 selectivity

which were consistent with literature research results(Tian
et al., 2013, Tian et al., 2017).

Interestingly, compared with Pd/NPCS(I), Pd/NPCS(C),

and Pd/NPCS(D) catalysts, Pd/NPCS(W) catalysts with differ-
ent loadings exhibit excellent catalytic activity for H2O2. This
fully demonstrates that the ultrasonic-assisted microwave

quick synthesis method is an effective strategy for synthesizing
Pd catalysts. The method utilizes microwave heating for rapid
and efficient selective heating, significantly reducing the high-
temperature treatment time of Pd catalysts. Additionally, the

oscillation, dispersion, and cavitation effects of ultrasound
improve the dispersion of Pd active metal. The Pd/NPCS(W)
catalyst prepared by the ultrasonic-assisted microwave quick

synthesis method has the characteristics of uniform Pd
nanoparticle loading, small particle size, narrow size distribu-
tion range, and insignificant increase in particle size with

increasing loading. The crystal surface structure of Pd
nanoparticles is primarily composed of the Pd(111) plane,
which is the dominant plane for H2O2 generation(Tian et al.,
2013). The Pd(111) plane enhances the adsorption and disso-

ciative activation of H2 molecules while ensuring the adsorp-
tion and non-dissociative activation of O2 molecules, thereby
facilitating the production of H2O2. Meanwhile, the introduc-

tion of nitrogen doping into the framework of NPCS support
could make the Pd nanoparticles adhere more firmly on the
carbon support, which further improved the stability of the

Pd/NPCS(W) catalysts. More importantly, the NPCS support
with a high specific surface area and abundant mixed micro-
mesoporous pore structure was conducive to the adsorption

of reactants H2 and O2 to react with Pd active sites and the
generated H2O2 could be desorbed from the Pd active sites
in time to the reaction solution, which enhanced the transfer
and diffusion performance for the Pd/NPCS(W) catalysts
and effectively inhibited the hydrogenation and decomposition
side reactions caused by the breaking of the O-O bond at the
same time, thereby improving H2O2 selectivity. Both

ultrasonic-assisted-microwave quick synthesis method and
the excellent NPCS support synergistically improved catalytic
activity and stability of Pd/NPCS(W) catalysts.

Fig. 9 also shows that the catalytic performance of Pd0.3/
NPCS(W) catalyst was better when the addition amount of
0.075 M H2PdCl4 solution was 0.3 ml. The long-term activity

evaluation experiment, hydrogenation and decomposition
experiment of Pd0.3/NPCS(W) catalyst were conducted for
3 h, and the evaluation results are shown in Fig. 10 and
Fig. 11, respectively. As shown in Fig. 10, the catalytic perfor-

mance of Pd0.3/NPCS(W) catalyst was characterized by the
H2O2 productivity, H2 conversion and H2O2 selectivity mea-
sured at 0.5 h interval within 3 h. In the first 0.5 h, the catalytic

activity of Pd0.3/NPCS catalyst was higher. The Pd loading of
Pd0.3/NPCS catalyst was measured by ICP-OES to be about
2.5 wt%, the appropriate Pd loading provided sufficient active

sites with Pd0/Pd2+ ratio was 1.39 and the amount of Pd0 was
a little higher than that of Pd2+. Those meant a strong adsorp-
tion and dissociation activation of H2 molecule, and moder-

ated the bonding strength of O2 molecule to promote non-
dissociation activation of O2 molecule, which was very impor-
tant for H2O2 productivity and H2O2 selectivity at atmospheric
pressure. In addition, it should also be considered that H2O2

concentration in the reaction system was low at the initial stage
which was conducive to the forward reaction. After 0.5 h, with
the extension of reaction time, H2O2 productivity, H2 conver-

sion and H2O2 selectivity decreased significantly, but the
decreased amplitude became slow. On the one hand, the
increase of H2O2 concentration in the reaction system inhibited

the forward reaction. On the other hand, part of Pd0 sites on
Pd nanoparticles were oxidized to Pd2+ under the harsh reac-
tion conditions with H2 conversion rate reducing. However,

the appropriate amount of Pd active sites, Pd0/Pd2+ ratio
and N-containing functional groups on NPCS support were
beneficial to the resistance of Pd0.3/NPCS(W) catalyst to the
harsh reaction process(Arrigo et al., 2014, Arrigo et al.,

2016). Moreover, the good transfer and diffusion performance
of NPCS support enabled the generated H2O2 to disperse from
Pd active sites into the reaction solution in time, which effec-

tively inhibited the hydrogenation and decomposition side
reactions caused by the breaking of the O-O bond, and further
improved H2O2 productivity and H2O2 selectivity. Therefore,

the deactivation rate of the Pd0.3/NPCS(W) catalyst became
slower after 0.5 h.

The stability of catalysts is an important characteristic. We
analyzed the content, geometric, and electronic structure of

Pd0.3/NPCS(W) after a reaction time of 3 h using ICP-OES,
XRD, and XPS. The Pd loading amount after the reaction
was determined to be 2.48 wt% (Table S2), indicating negligi-

ble leaching of Pd during the reaction process. XPS analysis
(Fig.S6) showed that the surface Pd0 of Pd0.3/NPCS(W) only
decreased by 0.45 % before the reaction, indicating good oxi-

dation resistance of Pd0.3/NPCS(W). XRD analysis revealed a
change in the crystal plane composition of Pd0.3/NPCS(W)
during the reaction, with the emergence of crystal planes such

as (100) that are unfavorable for H2O2 production (Fig.S7).
The average particle size of Pd, calculated using the Scherrer
formula, was determined to be 13.2 nm, suggesting agglomer-
ation of Pd during the catalytic reaction process.



Fig. 10 Catalytic performance evaluation of Pd0.3/NPCS(W) catalyst [*Reaction conditions: catalyst 10 mg, 160 ml MeOH, 1.8 ml 98 wt

% H2SO4, total flow rate 16.25 ml/min, H2:O2:N2 = 2.25:4:10, 120 rpm/min, 0 ℃, atmospheric pressure, 3.0 h.].

Fig. 11 H2O2 hydrogenation and decomposition evaluation of Pd0.3/NPCS(W) catalyst [*Reaction conditions: catalyst 10 mg, 160 ml

MeOH, 1.8 ml 98 wt% H2SO4, H2O2 initial concentration 1 wt%, total flow rate 12.25 ml/min, H2:O2:N2 = 2.25:0:10 for H2O2

hydrogenation or total flow rate 10 ml/min, H2:O2:N2 = 0:0:10 for H2O2 decomposition, 120 rpm/min, 0 ℃, atmospheric pressure, 3.0 h.].
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Fig. 11 shows that the degree of hydrogenation side reac-

tion of Pd0.3/NPCS(W) catalyst is greater than that of decom-
position side reaction, which is consistent with the reported
research results of Pd catalysts(Thuy Vu et al., 2020). It indi-

cated that Pd nanoparticles with smaller particle size provided
more active sites for H2 and O2 adsorption and reacted with Pd



Table 3 Comparison of the catalytic activity of Pd0.3/NPCS(W) with reported Pd catalysts supported on various carbon materials.

Catalysts Pd

loading

/wt%

H2O2

selectivity

/%

H2O2 Productivity

/mol-H2O2/

kgcat�h�1

Surface

area

/m2/g

Pore

volume

/cm3/g

Preparation method
c

Ref.

Pd0.3/NPCS a1 2.5 76.7 219b 3410.6 2.33 W This work

Pd/NPCS(D)
a1

4.1 – 125b 3410.6 2.33 D This work

Pd/S-ACR a2 2 87 42b 886.2 0.8 I (Thuy Vu et al.,

2020)

Pd/XC-72 a3 2.5 74 129 227 0.56 C (Hu et al., 2014)

Pd/PCs a1 4.6 66.7 228 1770 0.99 C (Jiang et al., 2023)

Pd/NPCs a1 3.8 60.5 256 3421 2.16 C (Jiang et al., 2023)

a1 Reaction conditions: catalyst (10 mg), 160 ml MeOH, 1.8 ml 98 wt% H2SO4, total flow rate 16.25 ml/min at atmospheric pressure, H2:O2:

N2 = 2.25:4:10, 100 rpm/min, 0 ℃, 1 h.
a2 Reaction conditions: Catalyst (20 mg), 50 g MeOH/water (80 wt MeOH), total flow rate 16.25 ml/min, H2: O2: N2 = 3.8:5.0:91.2,1200 rpm,

275 K, 30 bar, 1 h.
a3 Reaction conditions: catalyst (50 mg), 50 ml EtOH and 10 ml water, HCl concentration 28 mmol/l, total gas flow rate of 60 ml/min (H2:O2:

N2 = 1:4:1) at atmospheric pressure, 10 ℃, and 4 h.
b The value of productivity was converted to mol-H2O2/kgcat�h�1 for a convenient comparison of this work with literature data.
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active sites at atmospheric pressure, but that also increased the
surface unsaturated sites which caused the breaking of O-O

bonds and aggravates the side reaction of hydrogenation and
decomposition to generate H2O. However, it was worth noting
that in the hydrogenation and decomposition experiments, the

H2O2 concentration in the reaction solution decreased slowly
and remained above 90 % after the reaction for 3 h, indicating
that the high specific surface area and abundant mixed micro-

mesoporous pore structure of NPCS support were conducive
to enhance the transfer and diffusion performance for Pd0.3/
NPCS(W) catalyst. So that the generated H2O2 could be des-
orbed from the Pd active sites in time to the reaction solution,

and effectively inhibited the hydrogenation and decomposition
side reactions caused by the breaking of the O-O bond. At the
same time, adding an appropriate amount of concentrated sul-

furic acid as an acid stabilizer to the reaction system could
inhibit the decomposition of H2O2 and improve H2O2 selectiv-
ity, which were consistent with the evaluation results of cat-

alytic performance.
The catalytic performance of Pd0.3/NPCS catalyst with

other carbon-supported Pd catalysts is compared in Table 3.
As shown in Table 3, Pd0.3/NPCS catalyst showed good cat-

alytic activity in the direct synthesis of H2O2 at atmospheric
pressure, indicating that Pd catalyst supported on N-doped
porous carbon has a promising research prospect. In particu-

lar, it was also shown that the ultrasonic-assisted-microwave
quick synthesis method and NPCS support with high specific
surface area and abundant mixed micro-mesoporous pore

structure synergically improved the catalytic activity of Pd/
NPCS catalyst.

4. Conclusions

In this work, we used mono-disperse, uniform-size and N-doped por-

ous carbon sphere named as NPCS as a support to investigate the syn-

thesis methods, temperature, reaction time, and Pd loading amount on

the catalytic performance of Pd/NPCS catalysts for direct synthesis of

hydrogen peroxide at ambient pressure. The results revealed that the

ultrasonic-assisted microwave rapid synthesis method enabled the

rapid and efficient synthesis of Pd/NPCS catalysts compared to other

synthesis methods. The Pd/NPCS(W) catalysts exhibited favorable
characteristics, including uniform loading, small particle size, and nar-

row size distribution, with the Pd(111) crystal plane as the predomi-

nant surface structure. Furthermore, it was found that adjusting the

Pd loading amount could alter the surface Pd0/Pd2+ ratio of Pd

nanoparticles, thereby influencing the catalytic performance of Pd/

NPCS(W) catalysts. Additionally, the N-doping, high specific surface

area, and rich mixed mesoporous structure of the NPCS support fur-

ther enhanced the transport and diffusion properties of Pd/NPCS cat-

alysts. This facilitated the adsorption of reactants H2 and O2 on Pd

active sites and the timely desorption of generated H2O2 into the reac-

tion solution, effectively suppressing hydrogenation and decomposi-

tion side reactions caused by O-O bond cleavage and improving

H2O2 selectivity. Consequently, at ambient pressure, the hydrogen per-

oxide productivity and selectivity of Pd0.3/NPCS(W) were up to 219

molH2O2�kgcat-1 �h�1 and 76.7 %, respectively. This study provides a

new synthesis strategy for designing high-performance Pd-based

catalysts.
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