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a b s t r a c t
The direct synthesis of H2O2 from H2 and O2 is an atom-efficient alternative to the anthraquinone autooxidation process. Herein, we report high-performance alumina supported palladium-tellurium bimetallic catalysts (Pd-Te/Al2O3) for the direct H2O2 synthesis using a semi-continuous process at 283 K and
0.1 MPa. By modifying the Pd catalyst with Te, the H2O2 productivity was markedly increased from
2017 to 2824 mmol h1g1
Pd . The role of Te in H2O2 synthesis was thoroughly studied by multiple techniques including in situ spectroscopies and density functional theory (DFT) calculations. The Pd
monometallic sites, especially the high-energy step sites, have demonstrated to be highly active for
the dissociation of O2 and the subsequent formation of byproduct H2O. By blocking the high-energy step
sites and forming Pd-Te bimetallic sites, Te plays a critical role in suppressing the side reactions and promoting H2O2 synthesis. This work provides inspiration for the rational design of bimetallic catalysts for
H2O2 synthesis.
Ó 2020 Elsevier Inc. All rights reserved.

1. Introduction
Hydrogen peroxide (H2O2), as a high-performance green oxidant, has been widely applied in the selective oxidation of organic
molecules, wastewater treatment (Fenton process), pulp/paper
bleaching and synthesis of fine chemicals [1–3]. Currently, the
demand for H2O2 is primarily met by the indirect process involving
sequential hydrogenation and oxidation of anthraquinone [4].
However, the indirect process inherently requires high capital
and operating costs, due to the energy-intensive separation and
concentration of H2O2, pollution treatment and transportation
H2O2 synthesis directly from H2 and O2, so-called ‘‘dream route”
which possesses remarkable advantages including high economic
efficiency, less energy-consumption and low infrastructure investment, is a promising atom-efficient alternative to the current indirect industrial process. Pd and Pd-based alloy catalysts have
proved to be most effective for the direct H2O2 synthesis [5–12].
Nevertheless, the direct process has not yet been applied in indus⇑ Corresponding author at: State Key Laboratory of Chemical Engineering, East
China University of Science and Technology, Shanghai 200237, China.
E-mail address: yifanhan@ecust.edu.cn (Y.-F. Han).
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trial production of H2O2, since the performance doesn’t meet the
industrial standards.
Two approaches have been adopted generally for investigating
this reaction: (1) a batch process operated at high pressures (up
to 4.0 MPa, 275 K) in an autoclave; (2) a continuous-flow process
(CFP) using a semi-batch reactor under mild conditions (ambient
pressure, 283 K). The Hutchings’ group has made a great progress
on the former process [13–15]. However, the CFP under mild conditions is strongly desired by industry, since it could be operated in
a safer way [8,16]. Up to now, for the CFP, none of Pd-based catalysts could meet the criteria of industrial H2O2 production because
of their low efficiency. Promoters such as halides were always used
to achieve relatively better catalytic performance [17], while they
in turn induced separation problems, thus hampering their widespread use. Several other methods such as alloying Pd with second
metals, tuning the size of Pd nanoparticles and adjusting the support property have also found to be effective for improving the synthesis of H2O2 [18–31]. In one of our previous studies, by tuning
Pd-PdO interface sites, a H2O2 selectivity of 61% over a Pd/TiO2 catalyst was achieved under ambient conditions and without using
any promoters [32]. A general accepted point is that the electronic
property of the surface Pd atoms play an important role for the
high-performance H2O2 synthesis.
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To date, upon alloying with the second metal (such as Au, Pt, Sn,
etc.) to form Pd-based bimetallic catalysts is still the most effective
way to improve the catalytic performance [33–37]. The Hutchings’
group has reported Pd-Au and Pd-Sn alloy catalysts with selectivities of > 95% at 275 K and 4.0 MPa [13,14]. In contrast, comparable
selectivity toward H2O2 using the CFP and under ambient conditions has rarely been reported. Recently, through introducing tellurium (Te) to Pd, we achieved a highly selective Pd-Te/TiO2
catalyst with a selectivity of ~100% toward H2O2 under ambient
conditions (283 K, 0.1 MPa); while it showed relatively low H2O2
productivity (977 mmol h1 g1
Pd ), and the promoting role of Te in
H2O2 synthesis per se is not fully understood [38]. As a nonprecious element, Te is inexpensive and more abundant on the
earth than noble metals, and it has a broad prospect of application.
Accordingly, further studies are merited to get deep insight into
the role of Te in Pd-Te catalysts for this reaction and to develop catalysts with high H2O2 productivity.
In this work, Pd-Te/Al2O3 bimetallic catalysts with different
atomic ratios of Pd/Te were studied for the direct synthesis of
H2O2 using the CFP at ambient conditions (283 K, 0.1 MPa). A
H2O2 productivity of 2824 mmol h1g1
Pd was obtained over a
Pd50Te1/Al2O3 catalyst. The structure of Pd-Te/Al2O3 catalysts
was thoroughly studied using multiple techniques including
bright-field transmission electron microscopy(BF-TEM), highangle annular dark-field scanning transmission electron microscopy (HAADF-STEM), X-ray diffraction (XRD), X-ray absorption
near edge structure (XANES), extended X-ray absorption fine structure (EXAFS), in situ diffuse reflectance infrared Fourier transform
spectroscopy of CO adsorption (CO-DRIFTS) and X-rays photoelectron spectroscopy (XPS). Moreover, the mechanism and the
structure-performance relationship are revealed by combining the
experimental investigations and density functional theory (DFT)
calculations.
2. Materials and methods
2.1. Catalyst preparation
A broad range of Pd-Te bimetallic catalysts containing 3 wt% of
Pd and different concentrations of Te supported on Al2O3 were prepared by incipient wetness impregnation from an aqueous solution
of H2PdCl4 and TeCl4, which followed a reported method with a
minor modification [39]. The Pd-Te/Al2O3 catalyst with an atomic
Pd/Te ratio of x/y is denoted as PdxTey/Al2O3. Prior to the catalytic
reaction, the precursors were pretreated in O2/N2 (O2: 2400 mL h1,
N2: 2400 mL h1) at 673 K for 2 h and then reduced in H2/N2 (H2:
2400 mL h1, N2: 2400 mL h1) at 573 K for another 2 h in a
horizontal tube furnace.
2.2. Characterization
Multiple techniques were used to characterize the structure of
Pd-Te/Al2O3 catalysts. Ahead of measurements, catalysts were pretreated following the same method used in reactions. The samples
were protected to avoid the exposure to air before measurements.
TEM measurements were performed on a JEOL JEM-2100 electron microscope operating at 200 kV. The catalysts were first ultrasonically suspended in ethanol, and then one drop of this slurry
was deposited on a carbon-coated copper grid. The liquid phase
was evaporated before the grid was loaded into the microscope.
The size distribution of Pd particles was estimated on the basis
of 300 particles.
XRD patterns were recorded using a Rigaku D/max 2550 diffractometer, with accelerating voltage 40 kV, and detector current
100 mA. Cu-K radiation was used for continuous scanning with a

step-size of 0.02° over a 2h range of 10–80° with a scan speed of
240° h1.
XPS analysis was performed on a Thermo ESCALAB 250Xi spectrometer, using a monochromatic Al-K radiation source (1486.6 eV,
a pass energy of 20.0 eV). The base pressure of the instrument is
about 1.3  1013 MPa. The binding energies (BEs) were calibrated
using the C1s peak at 284.8 eV as a reference. The instrument was
also calibrated using Au wire (Au4f 7/2 at 84.0 eV). The background
of XP spectra caused by inelastic processes was subtracted by the
Shirley method.
EXAFS and XANES spectra of the Pd K edge were measured at
the BL14W1 beamline, Shanghai Synchrotron Radiation Facility
(SSRF), with electron beam energy of 3.5 GeV under ‘‘top-up’’ mode
(current: 220 mA). The samples were measured at room temperature using a fixed-exit monochromator equipped with two flat Si
(3 1 1) crystals. Data on the catalysts and reference samples (Pd foil
and PdO powder) were collected in the transmission mode (Oxford
ion chamber). Athena and Artemis softwares were used to extract
the data and to fit the curves, respectively [40,41]. The Fouriertransformed curves were fitted in the real space with Dk = 2–13
Å1 and DR = 1.1–3.3 Å for Pd (k2 weighted).
Diffuse reflectance infrared fourier transform spectroscopy of
CO adsorption (CO-DRIFTS) on the fresh catalysts was conducted
in a reaction cell (modified Harricks Model HV-DR2) in order to
allow gas to flow continuously through the catalyst bed (ca.
0.1 g) during spectra acquisition. The spectra were recorded on a
Perkin–Elmer Spectrum 100 FT-IR spectrometer at 283 K
with a resolution of 4 cm1. All infrared data were collected in
Kubelka–Munk units, which are linearly related to the absorber
concentration in spectra. Ahead of measurements, the samples
were pretreated in situ following the same method used in
reactions. To investigate the effects of Pd-Te interaction on the
activation of O2, CO-DRIFTS of the catalysts pretreated with O2
was also conducted; prior to CO adsorption, the catalysts were
pretreated with O2 at 283 K and then purged with N2.
In order to detect the leaching of Pd experienced by the catalysts during reaction, the Pd concentration in the solution after
reaction (the catalysts were removed from the solution) was tested
by an inductively coupled plasma - mass spectrometry (ICP-MS).
2.3. Catalytic performance
All catalytic reactions were carried out in a micro tri-phase
semi-continuous reactor under ambient conditions (283 K,
0.1 MPa). An O2:H2:N2 = 36:9:15 gas mixture (total flow rate of
3600 mL h1) was introduced into the reaction system via a premixer and a fine glass frit in sequence with a Teflon-made rotor
magnetic stirring at 1000 rpm. The liquid phase was composed
of 60 mL of ethanol that had been acidified with 0.38 mL of concentrated H2SO4. The slurry containing the catalysts (0.05 g) was introduced into the reactor when the reaction system reached a stable
state. The reactor was connected to a gas chromatograph so that
the conversion of H2 could be determined on the basis of calibration curve, which indicates the quantitative relationship between
the conversion of H2 and H2/N2 area ratio. The conversion of O2
was also measured with an O2 balance above 99%. The concentration of H2O2 was analyzed colorimetrically using a UV–vis spectrophotometer after complexation with a TiOSO4/H2SO4 reagent.
Following each experiment, residual Pd that had been deposited
on the frit was removed by ultrasonic cleaning with acidic solution
and ultrapure water.
Since the gas mixture is still in the explosive regime, care must
be taken to avoid contact of the gas mixture with a dry catalyst.
This was achieved by mixing 0.05 g of the catalyst with 10 mL of
the solution; and then, the slurry was added back into the solution
that remained in the reactor. It should be noted that the catalyst
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remained wet with ethanol as the liquid phase, even in the upper
region of the reactor. 0.05 g of catalysts was used for all tests.
H2O2 selectivity, SH2O2, was calculated by Eq. (1):
1

SH 2 O 2 ¼

r H2 O2 ðmmol h Þ
1

rH2 ðmmol h Þ

1

 100% ¼

rH2 O2 ðmmol h Þ
1

X H2 Q ðmmol h Þ

 100%

ð1Þ

where rH2O2 is the mean rate of H2O2 formation, and rH2 is the mean
rate of H2 consumption calculated based on H2 conversion (XH2) and
H2 flow rate (Q, 24 mmol h1).
The reaction rate for H2O2 formation expressed in the turnover
frequency (TOF, h1) was obtained by Eq. (2):

r H2 O2 ;TOF

r H O ;n
r H O =nPd
¼ 2 2 Pd ¼ 2 2
Dparticle
Dparticle

ð2Þ

where rH2O2, nPd is the mean rate of H2O2 formation (rH2O2, mmol
h1) per unit amount of Pd calculated based on the total amount
of Pd (nPd, mmol), and Dparticle is the dispersion of metal atoms
(Eq. (3)) exposure to reactants evaluated on the basis of a hemispheric model:

Dparticle ¼ 6

v m =am
dVA

ð3Þ

where vm (1.47  1023 cm3) is the volume occupied by a Pd atom
in the bulk of Pd metal, which is given by vm = M/(qNA), where M
(106.42 g mol1) is the atomic mass of Pd, q (12.02 g cm3) is the
mass density and NA (6.022  1023 mol1) is Avogadro’s number;
am (7.93  1016 cm2) is the surface area occupied by a Pd atom
on a polycrystalline surface, given by am = 1/ns, where ns is the
number of atoms per unit area in the crystalline planes; and dVA
is the volume-area mean diameter or mean particle size obtained
from TEM.
Tests for H2O2 decomposition and hydrogenation over the catalysts were carried out under conditions similar to those for H2O2
synthesis. 0.05 g of the catalyst was added to the 60 mL solution
of H2O2 (0.3 wt%) in the ethanal solvent with 0.38 mL H2SO4 and
the reaction was carried out at 283 K and atmospheric pressure.
N2 (3600 mL h1) was adopted for H2O2 decomposition tests for
1 h, and then 15 vol% H2/N2 (3600 mL h1) was used for H2O2
hydrogenation experiments.
2.4. Computational models and methods
DFT calculations were performed using the Vienna ab-initio
simulation package (VASP) [42,43]. A plane-wave basis set with a
cut-off energy of 400 eV was used to expand the Kohn–Sham wave
functions. The interactions between the ionic cores and valence
electrons were described using a projector augmented wave
(PAW) method [44,45], and the exchange-correlation effects were
self-consistently described within the Perdew-Burke-Ernzerh of
generalized gradient approximation (GGA-PBE) [46,47]. The occupation of electronic states was determined using the MethfesselPaxton method, and the smearing width was 0.2 eV. Optimized
geometries were obtained by minimizing the root mean square
(rms) forces on the atoms until they are smaller than 0.05 eV/Å.
Pd8Te1/Pd(1 1 1) and Pd3Te1/Pd(1 1 1) models were built to simulate Pd-Te bimetallic catalysts with different Pd/Te ratios (Fig. S1).
Pd(1 1 1) and Pd(2 1 1) were adopted to model mono metallic Pd
for reference [48–51]. Pd8Te1/Pd(1 1 1) and Pd(1 1 1) were modeled as four-layered slabs with (3  3) unit cells, while Pd3Te1/Pd
(1 1 1) was modeled as four-layered slabs with (4  4) unit cell.
Pd(2 1 1) was modeled as a four-layered slab with (1  3) unit cell.
The topmost two layers of the models were relaxed. Pd8Te1/Pd
(1 1 1) was obtained by substituting a Pd atom in the surface layer
of a (3  3) pure Pd slab with a Te atom, and Pd3Te1/Pd(1 1 1) was
obtained by substituting four Pd atoms in the surface layer of a

23

(4  4) pure Pd slab with four Te atoms. Thus, the ratio of Pd/Te
at the surface of Pd8Te1/Pd(1 1 1) and Pd3Te1/Pd(1 1 1) are 8/1
and 3/1, respectively. A vacuum spacing of 12 Å along the normal
direction (z) to the surface and a 3  3  1 Monk horst-Pack kpoint mesh were used for all the models. All transition states were
found using the climbing image nudged elastic band (NEB) method
[52] and the dimer method [53], confirmed by vibrational analysis.
The binding energies (BE) of surface species were calculated by
Eq. (4):

BE ¼ Eadsorbate=surface  Eclean  Eadsorbate

ð4Þ

where Eadsorbate/surface, Eclean and Eadsorbate are the total energies of the
Pd and Pd-Te substrate with the adsorbate on it, the clean Pd and
Pd-Te substrate without the adsorbed species, and the neutral
adsorbate species in the gas phase, respectively.
The reaction energies (DE) of each elementary step were calculated by Eq. (5):

DE ¼ EFS  EIS

ð5Þ

where EFS and EIS are the total energies of the final state (FS) and initial state (IS) of the minimum-energy path (MEP), respectively. The
activation barriers (Ea) of the elementary steps were calculated by
Eq. (6):

Ea ¼ ETS  EIS

ð6Þ

ETS is the energy of the transition state (TS) of MEP.
3. Results and discussion
3.1. Catalytic performance
As shown in Table 1, assessment of the catalytic response of PdTe/Al2O3 catalysts in the direct synthesis of H2O2 under ambient
conditions displayed much higher performance than the Pd-alone
catalyst. Upon the addition of Te, augmented selectivities as well
as productivities toward H2O2 were observed. The Pd/Al2O3 catalyst showed a H2 conversion of 29.6% and H2O2 selectivity of
42.4%, corresponding to H2O2 productivity of 2017 mmol h1g1
Pd
and a rate in TOF of 328.1 h1. With the increase in Te/Pd ratio,
the H2O2 selectivity increased constantly from 42.4% of Pd/Al2O3
to 77.7% of Pd17Te4/Al2O3, while both H2O2 production and TOF
showed volcano-shape curves. Notably, the maximum H2O2 productivity of 2824 mmol h1g1
Pd was achieved over Pd50.0Te1.0/
Al2O3, which was about three times as that over Pd-Te/TiO2 catalysts [38]; the performance difference between Pd-Te/Al2O3 and
Pd-Te/TiO2 should be resulted from the different properties
between Al2O3 and TiO2; compared to the reducible support TiO2,
the rigid support Al2O3 can hardly migrate on Pd particles during
thermal pretreatment of the Pd-Te/Al2O3 catalyst, and it probably
leads to more exposure of active sites and higher reactivity
for H2O2 synthesis [54]. No H2 conversion was measured over
Pd3Te2/Al2O3 and Te/Al2O3, indicating that Te itself is inert for
the activation of H2 and O2.
The concentration of leaching Pd for Pd/Al2O3 was 0.27 ppm
(0.85%), and it decreased to <0.01 ppm (0.03%) with the addition
of Te, suggesting that Te could enhance the leaching-resistance of
Pd catalysts (Table S1). Considering the low leaching amount, the
contribution of leaching Pd can be neglected [38,55]. Cl species
was not detectable in the solution, thus excluding the effects of
halide on the catalytic performance.
The performance of Pd-Te/Al2O3 catalysts for the decomposition
and hydrogenation of H2O2, the primary side reactions, was also
examined. As shown in Fig. 1, the decomposition of H2O2 was
not observed over all catalysts in N2. The hydrogenation of H2O2
over Pd/Al2O3 in H2 resulted in a marked decrease in H2O2 concen-
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Table 1
Performance of Pd-Te/Al2O3 catalysts with different Pd/Te ratiosa.
Catalyst

H2 Conversion (%)

H2O2 Selectivity (%)

H2O2 Productivity (mmol h1g1
Pd )

TOF (h1)

Pd/Al2O3
Pd100Te1/Al2O3
Pd50Te1/Al2O3
Pd34Te1/Al2O3
Pd17Te1/Al2O3
Pd17Te4/Al2O3
Pd3Te2/Al2O3
Te/Al2O3

29.6
31.9
33.2
30.8
29.0
13.1
n. d.
n. d.

42.4
48.2
52.9
55.8
56.2
77.7
n. d.
n. d.

2017
2474
2824
2762
2615
1633
n. d.
n. d.

328.1
473.4
459.3
475.7
425.4
312.5
n. d.
n. d.

a
Reaction conditions: 60 mL solvent (ethanol with 0.38 mL H2SO4), a total gas flow rate of 3600 mL h1 (H2:O2:N2 = 9:36:15), atmospheric pressure, 0.05 g catalyst, 283 K,
stirring rate 1000 rpm, 1/6h. n.d., not detectable.

0.4

♦
♦
♦

0.3

♦
♦
♦

♦

Pd3Te2/Al2O3
Pd17Te4/Al2O3
Pd17Te1/Al2O3
Pd34Te1/Al2O3
Pd50Te1/Al2O3
Pd100Te1/Al2O3
Pd/Al2O3

0.2

0.1

(A)

Intensity (a.u.)

Concentration of H2O2 (wt %)

♦

♦ Al2O3

N2 51 mL/min
H2 9 mL/min

N2 60 mL/min

(B)

(C)
(D)
(E)
(F)
(G)

0.0

0

20

40

60

80

100

120

10

20

Time (min)
Fig. 1. Performance of Pd-Te/Al2O3 catalysts for H2O2 decomposition and
hydrogenation.

tration. With increasing the Te/Pd ratio, the hydrogenation rates of
H2O2 over Pd-Te/Al2O3 catalysts decreased gradually, suggesting
that the addition of Te could suppress the hydrogenation of H2O2
and thus improve the H2O2 selectivity.
The difference in the performance of Pd-Te catalysts should
derive from the intrinsic structure of catalysts, which was assumed
to be strongly related to the role of Te. A synergistic effect of Pd and
Te has considered to be responsible for the excellent productivity
of Pd50Te1/Al2O3. In order to get deep insight into the origin of
the high-performance Pd-Te active sites, the geometric and
electronic structures of the catalysts were systematically
characterized.
3.2. Morphology and crystal structure
XRD patterns showed that the framework of Al2O3 was quite
stable after Pd loading and the subsequent thermal treatments
(Fig. 2). The three main diffraction peaks located at 67.0°, 45.7°
and 36.9° could be assigned to crystalline Al2O3. Diffraction peaks
of metallic Pd, Te and their oxide could not be detected, suggesting
that Pd and Te are evenly dispersed on Al2O3 in sizes of lower than
3.0 nm (a limit for XRD analysis).
The high dispersion of Pd particles on the support was also
revealed by BF-TEM images (Fig. S2). The average particle sizes of
catalysts were estimated to be ca. 2.0 nm. Typical morphology
and chemical composition for Pd50Te1/Al2O3 were identified by
STEM-HAADF and STEM-EDS as well (Figs. 3 and S3). Uniform dispersed Te and Pd-Te bimetallic composition were observed. To
reveal the synergistic effect of Pd-Te bimetallic composition, the

30

40

2θ

50

60

70

80

Fig. 2. XRD patterns of Pd-Te/Al2O3 catalysts with different Pd/Te ratios.
(A) Pd/Al2O3, (B) Pd100Te1/Al2O3, (C) Pd50Te1/Al2O3, (D) Pd34Te1/Al2O3,
(E) Pd17Te1/Al2O3, (F) Pd17Te4/Al2O3, (G) Pd3Te2/Al2O3.

interaction between Pd and Te was further explored by
CO-DRIFTS, XAS and XPS.

3.3. Chemical states
In situ DRIFTS of CO adsorption was employed to determine the
surface structure of Pd-Te/Al2O3 using CO as the probe molecule.
As shown in Fig. 4a, the peaks at 2084–2095 cm1 were assigned
to the linear CO bands (Pd-CO) at single Pd atoms, and those at
1883–1972 cm1 could be attributed to bridged- and multibonded CO on Pd ensembles which consisted of two or more contiguous Pd atoms [56,57]. With the incorporation of Te, the ratio of
the linear CO bands to the bridged- and multi-bonded CO bands
increased obviously. It hints an decrease in the Pd-Pd coordination
resulted from the isolation of contiguous Pd atoms by Te atoms
[58], and it indicates the formation of Pd-Te bimetallic composition. Only the linear band can be detected for Pd3Te2/Al2O3, suggesting highly dispersed Pd atoms were formed with the dilution
of Te.
To investigate the effects of Pd-Te interaction on the activation
of O2, CO-DRIFTS experiments were further conducted by pretreating the catalysts with O2 prior to CO adsorption. As shown in
Fig. 4b, a new peak at ca. 2160 cm1 was observed, and it could
be attributed to a-top COad on Pd2+ [59]. The Pd2+ might be resulted
from the dissociation of O2 and the formation of PdOx surface species. With the increase in the Te/Pd ratio, the intensity of the peak
at 2160 cm1 decreased gradually; it disappeared for Pd3Te2/Al2O3,
suggesting that Te inhibited the dissociation of O2 and the
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Fig. 3. Microstructure analysis of Pd50Te1/Al2O3. (a) STEM-HAADF grayscale image of Pd50Te1/Al2O3. (b-f) STEM-EDS maps of Pd50Te1/Al2O3. Elements shown in light blue,
blue, red and green refer to O, Al, Pd and Te, respectively.
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Fig. 4. (a) CO-DRIFTS of fresh Pd-Te/Al2O3 catalysts. (b) CO-DRIFTS of Pd-Te/Al2O3 catalysts after pre-treatment with O2. (A) Pd/Al2O3, (B) Pd100Te1/Al2O3, (C) Pd50Te1/Al2O3,
(D) Pd34Te1/Al2O3, (E) Pd17Te1/Al2O3, (F) Pd17Te4/Al2O3, (G) Pd3Te2/Al2O3.

subsequent oxidation of Pd. The peak at 2343 cm1 was ascribed to
CO2 on Al2O3, which stemmed from the reaction of CO and O2 on
the Pd surface. No CO2 peak could be observed over the catalysts
with Te/Pd ratio of >1/100, since Te markedly restrained the dissociative activation of O2 and the subsequent reaction between CO
and O. The peak at 1646 cm1 can be ascribed to carbonates
resulted from the reaction of CO, surface hydroxyl group and
adsorbed oxygen [59].
The inhibition effects of Te on the dissociation of O2 and the oxidation of Pd were also determined using XANES and EXAFS (Fig. 5
and Table S2). With the rise of the Te/Pd ratio, the PdOx composition decreased gradually, and disappeared for Pd3Te2/Al2O3. Meanwhile, Pd-Te coordination was measured for Pd-Te catalysts, and
the coordination number of Pd-Pd gradually become smaller with
the increase in Te concentration; it suggests that the Pd-Pd composition can be largely reduced by forming the Pd-Te bimetallic
particles. Notably, the coordination number of Pd-Te is much

higher than that of Pd-Pd for Pd3Te2/Al2O3, indicating that the
dominant composition of the catalyst becomes a Pd-Te bimetallic
phase, in good agreement with CO-DRIFTS results.
XPS spectra (Figs. 6 and S4, Table S3) further revealed that Te
could suppress the oxidation of Pd. Pd/Al2O3 displayed two asymmetrical peaks at 340.8 eV and 335.6 eV, corresponding to Pd0
3d3/2 and Pd0 3d5/2, respectively; the other two peaks at 336.6 eV
and 341.9 eV were attributed to Pd2+ 3d5/2 and Pd2+ 3d3/2, respectively [60–63]. With the increase in the Te/Pd ratio, the ratio of
Pd2+/Pd0 drops gradually, again demonstrating that the dissociative
activation of O2 and the subsequent oxidation of the surface Pd
atoms have been restrained in the presence of Te. For XPS Te3d
(Fig. S5), the two peaks at a high energy band of 583.1 eV and a
low energy band of 572.8 eV correspond to Te0, while the BEs at
586.6 and 576.4 eV should be attributed to Te4+ [64,65]. For the
catalysts with the Te/Pd ratio of <1/17, Te could not be detected
due to the low concentration.
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Fig. 5. (a) XANES spectra of (A) Pd foil, (B) Pd/Al2O3, (C) Pd17Te1/Al2O3, (D) Pd3Te2/Al2O3, and (E) PdO. (b-d) k2-Weighted Fourier transform Pd K-edge EXAFS spectra in R space
of Pd/Al2O3, Pd17Te1/Al2O3 and Pd3Te2/Al2O3 catalysts, respectively (Original EXAFS data and fit data respectively are in black and red).
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Fig. 6. Fitting Pd3d XPS spectra of Pd-Te/Al2O3 catalysts. (A) Pd/Al2O3, (B) Pd100Te1/
Al2O3, (C) Pd50Te1/Al2O3, (D) Pd34Te1/Al2O3, (E) Pd17Te1/Al2O3, (F) Pd17Te4/Al2O3, (G)
Pd3Te2/Al2O3.

3.4. Structure-performance relationship and reaction mechanism
The above-mentioned characterization results have demonstrated that Pd-Te bimetallic composition is formed with the addition of Te, and Te could inhibit the dissociative activation of O2. To
gain deep insight into the Pd-Te synergistic effects on the origin of
active sites and catalytic performance, DFT calculations were
employed to study the reaction mechanism and the structurefunction relation. Technical catalysts generally include both highenergy step sites and low-energy terrace sites. (2 1 1) and (1 1 1)
surfaces, assumed as the primary composites of nanoparticles,
can be used to simulate those active sites; therefore, they were
applied to investigate the structure-performance of different active
sites of the Pd catalysts in this work. A series of models for
monometallic Pd sites (Pd(1 1 1) and Pd(2 1 1)) and Pd-Te bimetallic sites with different Pd/Te ratios (Pd8Te1/Pd(1 1 1) and Pd3Te1/Pd
(1 1 1)) were proposed with calculating and predicting their performance for H2O2 synthesis.
H2O2 is produced by sequential hydrogenation of O2 on the surface, while H2O is formed by OAO bond rupture of surface species
containing OAO bond (O2, OOH and HOOH) [66,67]. The reaction
pathway of H2O2 synthesis is considered as a process involving
two-step hydrogenation of O2 [49–51,68–72]. All elementary steps
calculated can be expressed in Eqs. (7)–(15):

H2 þ  ! H2 

ð7Þ

O2 þ  ! O2 

ð8Þ

where the asterisks (*) indicate surface species. Eqs. (7)–(12) represent the six main elementary reactions for the formation of H2O2. O2
is firstly hydrogenated to form an OOH intermediate species (Eq.
(10)); then, the OOH species is hydrogenated to produce HOOH
(Eq. (11)), which eventually desorbs from the catalyst surface to
form H2O2 (Eq. (12)). Side reactions (Eqs. (13)–(15)) lead to the production of undesired water.
Therefore, the selectivity toward H2O2 primarily depends on the
relative rates between the OAH bond formation and the OAO bond
cleavage. The differences between the side reactions and their relevant main steps (DEa) were adopted as descriptors to evaluate the
catalytic performance, and they were calculated by Eqs. (16)–(18):

DEa ðO2 Þ ¼ Ea ðO2  þ ! 2OÞ  Ea ðO2  þH ! OOH  þÞ

ð16Þ

DEa ðOOHÞ ¼ Ea ðOOH  þ ! O  þOHÞ
 Ea ðOOH  þH ! HOOH  þÞ

ð17Þ

DEa ðHOOHÞ ¼ Ea ðHOOH  þ ! 2OHÞ  DEðHOOH ! H2 O2 þ Þ
ð18Þ
High-energy sites such as steps are generally considered as
active sites of heterogeneous catalysts [73]. However, we found
that O2 molecules dissociated intermediately into O atoms on Pd
(2 1 1) step sites during the adsorption process without activation
barrier (Fig. 7a), suggesting that high-energy sites are the active
sites for the production of byproduct H2O and the origin of low
H2O2 selectivity over Pd-based catalysts. Thus, high-energy sites
should be reduced to achieve the higher performance for H2O2 synthesis. The Pd-Te bimetallic compositions might take on two
forms: Te adatoms on the Pd surface and the Pd-Te surface alloy.
DFT calculation results showed that the Te adatoms at highenergy step sites are more stable than that at terrace sites
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Fig. 7. (a) The dissociative adsorption of O2 on Pd(2 1 1) step sites. (b) The adsorption of Te on Pd(2 1 1) step sites. (c) The adsorption of Te as adatom on Pd(1 1 1) terrace sites.
BE(Te) refers to the binding energy of Te on Pd sites. Blue, brown and red spheres are Pd, Te and O atoms, respectively.
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Fig. 8. Performance of Pd(1 1 1), Pd8Te1/Pd(1 1 1) and Pd3Te1/Pd(1 1 1) estimated
by DFT calculations. dis, hdr and des are the abbreviations of dissociation,
hydrogenation and desorption, respectively. DEa refers to the differences between
the side reactions and their relevant main steps.

(Fig. 7b and c), indicating that Te atoms prefer to concentrate on
high-energy Pd sites, thus blocking these low-performance sites
and enhancing H2O2 synthesis.
Meanwhile, Pd-Te bimetallic composition in the form of surface
alloy can also improve the production of H2O2 (Figs. 8 and S1). As

listed in Table S4, although Pd(1 1 1) monometallic terrace sites
showed higher performance than the high-energy step sites, nearly
all activation barriers of elementary steps involving OAH bond formation are still larger than those involving OAO bond cleavage to
some extent, leading to the low selectivity of Pd alone. The dissociation of OAO bond was suppressed with the addition of Te. Interestingly, with the increase in Te/Pd surface ratio from 0 to 1/3, the
performance for H2O2 synthesis was also improved gradually
(Fig. 8 and Table S5), in good agreement with the experimental
results. What’s more, the addition of Te could weaken the adsorption of H2O2 on the catalyst surface (Table S4), benefiting the desorption and production of H2O2. Accordingly, Pd-Te bimetallic
compositions in the forms of both adatoms and surface alloy can
hinder the side reactions and improve H2O2 synthesis remarkably.
With the combination of experiments and DFT calculations, we
thus achieved clear structure-performance relationship of Pd-Te/
Al2O3 catalysts for H2O2 formation. By blocking the high-energy
step sites and forming Pd-Te bimetallic sites, Te plays a critical role
in suppressing the side reactions and promoting the direct H2O2
synthesis (Fig. 9). Contrary to the generally accepted concept,
high-energy sites show inferior performance toward H2O2 synthesis. DFT calculations indicated that only byproduct H2O could be
produced on Pd(2 1 1) step sites. The formation of Pd-Te bimetallic
surface compositions, which were determined by STEM-EDS, CODRIFTS and EXAFS, could block the high-energy sites and inhibit
the production of H2O. Meanwhile, the addition of Te can also
dilute the continuous Pd atoms at the surface. The inertness of

Fig. 9. Proposed mechanism of direct H2O2 synthesis over Pd-Te/Al2O3 catalysts. Blue and brown are Pd and Te atoms, respectively.
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Te to the activation of O2 significantly weakened the dissociation of
O2, as shown by CO-DRIFTS and XPS. DFT results suggested that the
Pd-Te terrace sites present remarkable higher activation barrier for
the OAO bond dissociation than the OAH bond formation. Therefore, both H2O2 selectivity and productivity were markedly
enhanced with the addition of Te to the Pd catalyst. Moreover, Te
could suppress the adsorption and dissociation of H2 (Figs. S6
and S7), resulting in a low H2 conversion for the catalyst with
extensive ratio of Te. It explains the inertness of Pd3Te2/Al2O3.
Based on the above discussion, we propose a general mechanism that could probably be applied to design bimetallic catalysts
for H2O2 synthesis. High-energy sites of Pd catalysts are overactive
for the complete reduction of O2 and make primary contributions
to the low selectivity toward H2O2. Interestingly, these sites are
generally less coordinated and readily bind other metal atoms to
compensate the low coordination. Therefore, alloying Pd catalysts
with inert metals is always useful to block the high-energy Pd sites
and promote the partial reduction of O2 to H2O2 synthesis; at the
meantime, the dilution effects of inert metal atoms on surface Pd
atoms can further suppress the side reactions and improve the catalytic performance. We speculate that the excellent performance of
bimetallic Pd-Pt, Pd-Au and Pd-Sn catalysts for this reactions might
share the similar principle in the generation of high-performance
active sites [14,36,37]. Moreover, this approach can be employed
to fabricate other bimetallic catalysts for O2 reduction reactions
using a pair of active and inert metals.
4. Conclusions
By introducing Te to Pd catalysts, we successfully improved the
H2O2 production under mild conditions (283 K and ambient pressure) through a semi-continuous process. The H2O2 productivity
was markedly increased from 2017 mmol h1g1
Pd over the Pd alone
catalyst to 2824 mmol h1g1
Pd over bimetallic Pd-Te/Al2O3 catalysts, and the H2O2 selectivity was improved from 42.4% to 77.7%
with increasing the Te/Pd ratio. Contrary to the general viewpoints,
high-energy step sites of Pd catalysts showed low performance for
the direct synthesis of H2O2. The structure characterization using
in situ CO-DRIFTS, HAADF-STEM, EXAFS and XPS demonstrated
the formation of Pd-Te bimetallic compositions and the strong
inhibition effects of Te on the dissociative activation of O2. With
the combination of experimental investigation and first-principle
calculations, the Pd-Te bimetallic compositions were determined
as the origin of high-performance active sites for Pd-Te/Al2O3 catalysts. Te plays a critical role in suppressing the side reactions and
promoting H2O2 synthesis by blocking the high-energy step sites
and diluting the contiguous Pd sites.
As a fundamental study, this finding achieves deep understanding on the Pd-Te synergistic effect on the catalytic activation of H2
and O2, and provides a new approach to improve the direct synthesis of H2O2 via the modification of the Pd active surface with
non-precious metals. Meanwhile, this work also gives potential
inspiration to other catalytic hydrogenation or oxidation reactions.
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