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via the oxygen reduction reaction (ORR), 
which can be operated at ambient condi-
tions using renewable energy resources 
with minimal capital investments.[3] This 
strategy has been extensively investi-
gated to achieve promising efficiencies by 
designing novel electrocatalysts based on 
nanocarbons,[4] transition metals,[5] and 
noble metals.[6] It is worth mentioning that, 
owing to the low stability of H2O2 in basic 
conditions and the lack of efficient anion-
exchange membranes, the production of 
H2O2 in acidic media is more suitable for 
practical applications, yet challenging.[7]

Platinum group metals hold promise 
in the acidic production of H2O2 owing to 
their excellent ORR activity and adequate 
stability under harsh conditions compared 
with the 3d transition metal-based cata-
lysts.[8] Unfortunately, the ORR on noble-
metal-based surfaces tends to proceed 
through the four-electron (4e) pathway to 

produce H2O, rather than the two-electron (2e) pathway to pro-
duce H2O2.[9] Thus, improving the selectivity of noble metals is 
of significant importance while maximizing their electrocatalytic 
activity. In principle, the effective strategy to increase the selec-
tivity is to suppress the OO bond cleavage, which has been 
proven by isolating the metal sites to maintain the end-on-type 
adsorption (rather than μ-peroxo coordination) of O2 mole-
cules.[10] For instance, single-atom Pd or Pt supported on car-
bons,[11] sulfides,[12] and nitrides[6d] has demonstrated improved 

Decentralized electrochemical production of hydrogen peroxide (H2O2) is an 
attractive alternative to the industrial anthraquinone process, the applica-
tion of which is hindered by the lack of high-performance electrocatalysts in 
acidic media. Herein, a novel catalyst design strategy is reported to optimize 
the Pd sites in pure metallic aerogels by tuning their geometric environments 
and electronic structures. By increasing the Hg content in the Pd–Hg aero-
gels, the PdPd coordination is gradually diminished, resulting in isolated, 
single-atom-like Pd motifs in the Pd2Hg5 aerogel. Further heterometal doping 
leads to a series of M–Pd2Hg5 aerogels with an unalterable geometric envi-
ronment, allowing for sole investigation of the electronic effects. Combining 
theoretical and experimental analyses, a volcano relationship is obtained for 
the M–Pd2Hg5 aerogels, demonstrating an effective tunability of the electronic 
structure of the Pd active sites. The optimized Au–Pd2Hg5 aerogel exhibits an 
outstanding H2O2 selectivity of 92.8% as well as transferred electron num-
bers of ≈2.1 in the potential range of 0.0–0.4 VRHE. This work opens a door for 
designing metallic aerogel electrocatalysts for H2O2 production and highlights 
the importance of electronic effects in tuning electrocatalytic performances.

Research Article
﻿

1. Introduction

Hydrogen peroxide (H2O2), as a valuable and environmentally 
friendly oxidizing agent, plays an indispensable role in the fields 
of chemical synthesis, renewable energy, and wastewater treat-
ment.[1] The current industrial production of H2O2 via the anth-
raquinone process suffers from inherent complexity, high energy 
consumption, high production cost, and environmental pollu-
tion.[2] An appealing alternative is the electrochemical approach 
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selectivity for the two-electron pathway. Dilution by alloying with 
catalytically inert Hg,[6b] Au,[13] or Se[6c] also leads to a single-atom-
like coordination feature of the Pd or Pt sites, thus facilitating the 
selective production of H2O2. However, the nonuniform struc-
ture in these catalysts hinders the identification of active sites, 
the mechanistic study of electronic and geometric effects, as well 
as further rational optimization. Meanwhile, the tedious fabrica-
tion process and the inevitable corrosion issue of carbon support 
add extra obstacles toward practical application.

In this work, we address the abovementioned challenges by 
developing a systematic strategy to optimize the Pd active sites 
in pure metallic aerogels. Benefiting from the self-supportability, 
high porosity, and interconnected network structures, metallic 
aerogels have demonstrated significant potential as next-
generation electrocatalysts, yet are barely being explored in H2O2 
production.[14] The optimization strategy starts with the construc-
tion of Hg-coordinated, single-atom-like Pd motifs with dimin-
ished PdPd coordination, followed by the fine tuning of the 
electronic structure by doping different heterometals. By opti-
mizing the Hg content, improved selectivity, activity, and stability 
have been achieved upon the intermetallic Pd2Hg5 aerogel. The 
preservation of the geometric environment upon further het-
erometal doping was demonstrated by various structural charac-

terizations, such as X-ray diffraction (XRD) and X-ray absorption 
spectroscopy (XAS), resulting in the controlled modulation of the 
electronic effects.[15] Combining density functional theory (DFT) 
and electrochemistry studies, we reveal the role of ligand effects 
in manipulating the activity and selectivity of Pd sites and report 
a structure–property relationship of the M–Pd2Hg5 aerogels. As a 
result, the as-obtained Au–Pd2Hg5 aerogel exhibits a high H2O2 
selectivity of 92.8% in the potential range of 0.0–0.4 VRHE, which 
could be sustained for 10 h without decay. Our work, to the best 
of our knowledge, provides the first strategy to modulate the 
single-atom site in a pure metallic substrate and holds promise 
for the rational design of novel catalysts in the future.

2. Results and Discussion

2.1. Design and Characterization of the Pd–Hg Aerogels

Figure 1a illustrates the design concept of diminishing the 
PdPd coordination by tuning Pd–Hg alloys, which reveals the 
atomic coordination of the Pd site of pure Pd, PdHg, and Pd2Hg5 
alloys. Apparently, the PdPd coordination is progressively 
replaced by Pd–Hg (or HgPd) with increasing the Hg content, 
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Figure 1.  Design and characterization of the Pd–Hg aerogels. a) Schematic of the design concept of diminishing the PdPd coordination in the Pd–Hg 
aerogels by increasing Hg content. b–d) TEM images of the pure Pd (b), Pd3Hg (c), PdHg (d), and Pd2Hg5 (e) aerogels. The insets display the high-
resolution TEM (HR-TEM) images. The scale bars in the TEM and HR-TEM images are 50 and 1 nm, respectively. f,g) The normalized Pd K-edge (f) and 
Hg L3-edge (g) XANES spectra, as well as h,i) the Fourier transforms of the k2-weighted Pd K-edge (h) and k2-weighted Hg L3-edge (i) radial distance 
space spectra of the Pd–Hg aerogels. The insets of f,g) are the local enlargements.
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which reduces the possibility of μ-peroxo coordinated adsorption 
of O2 molecules and prompts the 2e pathway.[6b] In light of this 
principle, for the first time, a series of Pd–Hg aerogels was fab-
ricated via a facile one-step gelation method.[16] The as-prepared 
Pd–Hg aerogels show highly porous nanostructures (Figure S1, 
Supporting Information). Interestingly, the incorporation of Hg 
into the aerogel system leads to accelerated gelation kinetics, as 
well as a variation of the ligament size of the Pd–Hg aerogels 
(Figure S2, Supporting Information). As depicted in Figure 1b–d,  
the average ligament size increases from 12 nm (pure Pd 
aerogel) to 25 nm (Pd2Hg5 aerogel), indicating a diminishing 
of specific surface areas (Figure S2c, Supporting Information). 
Meanwhile, a lattice expansion with increasing Hg content has 
also been observed (shown in the insets of Figure 1b–e), which 
can be ascribed to the low cohesive energy and larger atomic 
size of Hg.[17] This phenomenon is consistent with the XRD 
analysis, which demonstrates shifts of the characteristic peaks 
toward smaller angles with increasing Hg content (Figure S2d, 
Supporting Information). It is worth mentioning that the Pd2Hg5 
phase is the highest Hg content that could be achieved in our 
Pd–Hg aerogels. Further increasing the Hg content leads to the 
formation of separated phases (i.e., Hg oxides; see Figure S2f in 
the Supporting Information).

The geometric and electronic structures of the Pd–Hg aerogels 
have been further investigated by both X-ray absorption near-
edge spectroscopy (XANES) and extended X-ray absorption fine 
structure (EXAFS). As shown in the Pd K-edge XANES analysis 
(Figure 1f), the PdHg and Pd2Hg5 aerogels show an almost iden-
tical absorption edge energy in the range of 24  344–24  575 eV, 
as well as similar white line intensities, which are both slightly 
lower than that of a Pd foil. This implies that the Hg-alloying pro-
motes the maintenance of the reduced state of Pd under ambient 

conditions. Due to the lack of a Hg reference, such analysis 
for the Hg L3-edge could only be performed within the Pd–Hg 
aerogels. As shown in Figure 1g, the Hg L3-edge XANES of the 
Pd2Hg5 aerogel shifts to higher energy compared to that of the 
PdHg aerogel, indicative of a more oxidized state of the Hg con-
tent in the Pd2Hg5 aerogel. This phenomenon agrees with the 
Hg alloying, which implies a possible charge transfer from Hg to 
Pd due to a higher Fermi level of Hg. As shown in Figure 1h, the 
radial distance space spectra χ(R) for the Pd K-edge of the Pd–Hg 
aerogels show distinct peaks at about 2.7 Å, which are ascribed 
to the scattering path of the Pd–Hg bond. Meanwhile, the scat-
tering path of the PdPd bond, revealed by the peaks at about 
2.5 Å in the Pd foil, could hardly be observed in the Pd–Hg aero-
gels, indicating a dramatic suppression of PdPd coordination. 
The radial distance space spectra χ(R) for the Hg L3-edge of the  
Pd–Hg aerogels (Figure 1i) show well-defined peaks of the scat-
tering path of the HgPd bond at around 2.7 Å, which is con-
sistent with the χ(R) for the Pd K-edge.

2.2. Electrocatalytic Performance of the Pd–Hg Aerogels

The modulation of the Pd sites in terms of geometric structure 
in the Pd–Hg aerogels has been investigated by cyclic voltam-
metry (CV) in N2-saturated 0.1 m HClO4 electrolyte. The potential 
range of 0.09–0.30 VRHE has widely been employed to study the 
underpotential deposition (UPD) of hydrogen, while the range of  
0.62–0.90 VRHE suits the surface Pd oxidation and reduction.[18] 
The pure Pd aerogel shows well-defined redox peaks in the 
hydrogen range and the surface Pd oxidation (Figure 2a). Upon 
increasing the Hg content (i.e., the Pd–Hg aerogels), these redox 
peaks are remarkably decreased and ultimately become negligible 

Adv. Mater. 2023, 35, 2211512

Figure 2.  Electrocatalytic performance of the Pd–Hg aerogels. a) Cyclic voltammetry (CV) curves of the pure Pd and Pd–Hg aerogels in 0.1 m N2-saturated 
HClO4 with a scan rate of 50 mV s−1. UPD represents underpotential deposition. b) Linear sweep voltammetry (LSV) curves of the pure Pd and Pd–Hg 
aerogels in 0.1 m O2-saturated HClO4 at a rotation rate of 1600 rpm and a scan rate of 20 mV s−1, as well as the detected H2O2 currents on the Pt ring 
electrode at a fixed potential of 1.2 VRHE. The inset shows the calculated transferred electron number. c) The corresponding ORR Tafel slope and the 
H2O2 selectivity (at 0.2 VRHE) of the pure Pd and Pd–Hg aerogels. d) LSV curves of the Pd2Hg5 aerogel before and after continuous CV cycling within 
the potential range of 0.1–0.67 VRHE in O2-saturated HClO4 with a scan rate of 100 mV s−1.
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for the Pd2Hg5 aerogel (Figure S3, Supporting Information), 
which is ascribed to the surface enrichment of Hg.[6a,b] The 
complete disappearance of hydrogen UPD peaks for the Pd2Hg5 
aerogel demonstrates the successful construction of single-atom-
like Pd sites, as the hydrogen adsorption requires at least PdPd 
dimers.[19] Moreover, the reduction peak of surface PdO shifts 
to more positive potentials with increasing Hg contents, indica-
tive of a weaker adsorption of hydroxyl intermediates.

The electrocatalytic performance of the Pd–Hg aerogels has 
been evaluated using a rotating ring–disk electrode in O2-saturated 
0.1 m HClO4 electrolyte with the collection efficiency of about 
20% (Figure S4, Supporting Information). The pure Pd aerogel 
shows an electron transfer number of 3.98 e−, which is consistent 
with the typical 4e pathway (Figure 2b). With the increasing Hg 
content in the Pd–Hg aerogels, the ring current prominently 
increases and reaches a maximum of 25.9 µA at 0.2 VRHE for the 

Adv. Mater. 2023, 35, 2211512

Figure 3.  Characterization of the heterometal-doped M–Pd2Hg5 aerogels. a) XRD patterns, and b,c) the Fourier transform k2-weighted Pd K-edge (b) 
and k2-weighted Hg L3-edge (c) radial distance space spectra of the M–Pd2Hg5 aerogels. d,e) Normalized Pd K-edge (d) and Hg L3-edge (e) XANES 
spectra of the M–Pd2Hg5 aerogels with insets showing zoomed-in plots from the dashed area. f) HR-TEM image, g) high-angle annular dark-field scan-
ning TEM (HAADF-STEM) image and corresponding energy-dispersive X-ray spectroscopy (EDXS)-based element maps of the Au–Pd2Hg5 aerogel. The 
inset in (f) shows the fast Fourier transform of the dashed area.
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Pd2Hg5 aerogel. When the molar ratio of HgPd is larger than 
5:2 (e.g., the PdHg3 and PdHg5 aerogels), the ORR performance 
is severely suppressed, which could be ascribed to the absence 
of surface Pd sites (Figure S5, Supporting Information). The cal-
culated numbers for transferred electrons in the potential range 
of 0–0.4 VRHE gradually decreased from ≈3.8  e− for the Pd3Hg 
aerogel, ≈3.3 e− for the PdHg aerogel, to ≈2.8 e− for the Pd2Hg5 
aerogel. As the ORR kinetics gradually slow down with increasing 
Hg content (revealed by the Tafel slope; Figure S6, Supporting 
Information), the H2O2 selectivity shows a positive dependence 
on the Hg ratio (Figure 2c). As a result, the Pd2Hg5 aerogel shows 
a Tafel slope of 352.9 mV dec−1 and a promising H2O2 selectivity 
of 58.5% at 0.2 VRHE. The improved electrocatalytic performance 
of the Pd2Hg5 aerogel can be ascribed to the isolated single-atom-
like Pd sites.[11a] Moreover, the Pd2Hg5 aerogel exhibits excellent 
stability with only 10.6% of the current density being reduced 
after the accelerated durability test (Figure 2d).

2.3. Design of the Heterometal-Doped M–Pd2Hg5 Aerogels

The electronic structure of the single-atom-like Pd sites in 
the Pd2Hg5 aerogel was further fine-tuned by isostructural 
substitution of heterometals while maintaining their geometric 
structures.[15] Eight different metals (denoted as M, which 
are Au, Bi, Cu, Co, Ir, Ni, Rh, and Ru) were selected, and the 
resulting heterometal-doped M–Pd2Hg5 aerogels preserve the  
same morphology and backbone diameters (Figure S7, Sup-
porting Information). Furthermore, their diffraction peaks 
remain unaltered compared to that of the Pd2Hg5 aerogel, 
indicative of maintained crystal structures and thus the con-
sistent arrangement of the internal atoms (Figure 3a). The 
maintained geometric environment is further evidenced by the 
EXAFS analysis. As shown in radial distance space spectra χ(R) 
for the Pd K-edge (Figure 3b), the scattering path of the PdHg 
bond is shown as the peaks at about 2.7 Å, which are identical to 
that of the undoped Pd2Hg5 aerogel. Furthermore, the EXAFS 
based on the Hg L3-edge displays the same appearance before 
and after heterometal doping (around 2.7 Å, Figure 3c). While 
the geometric environment is maintained, the alterations of 
electronic structures have been established (Figures S8 and S9,  
and Table S1, Supporting Information). As shown in the Pd 
K-edge XANES analysis (Figure  3b), the M–Pd2Hg5 aerogels 
demonstrate similar adsorption edge positions and slightly 
increased white line intensities compared to that of the Pd2Hg5 
aerogels. A similar phenomenon has been observed in the Hg 
L3-edge XANES analysis (Figure 3c). This evidence suggests an 
electronic effect in the M–Pd2Hg5 aerogels based on the partial 
charge transfer between dissimilar atoms. Taken together, the 
M–Pd2Hg5 aerogels provide an unaltered geometric environ-
ment, which allows us to selectively investigate the electronic 
effects in tuning the electrocatalytic performance of the Pd 
sites. Taking the Au–Pd2Hg5 aerogel as an example, the high-
resolution transmission electron microscopy (HR-TEM) reveals 
the same crystalline backbone with a lattice spacing of ≈0.252 nm  
(Figure  3f), which is consistent with the Pd2Hg5 aerogel. The 
successful doping of heterometals into the Pd2Hg5 aerogel was 
further demonstrated by the homogeneous distribution of all 
elements throughout the aerogel backbone (Figure 3g).

2.4. Electrocatalytic Performance of the M–Pd2Hg5 Aerogels

The electronic structure of the Pd sites has been fine-tuned to 
improve the electrocatalytic activity and selectivity. The heter-
ometal-doped M–Pd2Hg5 aerogels exhibit similar CV curves 
compared to that of the Pd2Hg5 aerogel, further confirming 
the maintenance of the single-atom-like geometry (Figure S10a,  
Supporting Information). The electrocatalytic activities and 
selectivities were evaluated by linear sweep voltammetry (LSV) 
in O2-saturated 0.1 m HClO4 electrolyte (Figure S10b–e, Sup-
porting Information). Table 1 summarizes the electrocatalytic 
performances of the M–Pd2Hg5 aerogels. Among them, the 
Au–Pd2Hg5 aerogel exhibits the optimal performance with 
a mass activity of 15.6 A g−1

noble-metal and a H2O2 selectivity of 
92.8% within the potential range of 0–0.4 VRHE (Figure 4b). 
The corresponding transferred electron number is 2.1, which is 
close to the ideal value of 2 and suppresses most of the recently 
reported results (Figure 4d).[20] Besides the H2O2 selectivity, the 
Au–Pd2Hg5 aerogel also exhibits excellent stability with nonde-
gradable activity and slightly decreased selectivity (transferred 
electron numbers of 2.43) after the accelerated durability test 
(Figure  4c; Figure S11, Supporting Information). In addition, 
the as-designed Au–Pd2Hg5 aerogel shows great potential in 
practical H2O2 production in a H-cell with a production rate of 
1.49 mmol g−1 h−1 and a Faradic efficiency of 71.6% (Figure S12, 
Supporting Information).

The correlation between electronic effects and electro-
catalytic performances has been further investigated by 
DFT calculations. The thermodynamically favorable atomic 
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Table 1.  Detailed comparison of the 2e ORR performances.

Electrocatalysts H2O2 selectivity [%] Transferred electron numbers References

Pd 1.2–3.5 3.9–4.0 This work

Pd3Hg 6.2–14 3.7–3.9

PdHg 26.9–41.1 3.2–3.4

Pd2Hg5 56.0–61.0 2.8–2.9

PdHg3 9.9–15.6 3.7–3.8

PdHg5 0–10.0 3.8–4.0

Au–Pd2Hg5 90.6–93.8 ≈2.1

Bi–Pd2Hg5 47.3–61.0 2.8–3.0

Co–Pd2Hg5 67.0–80.3 2.4–2.7

Cu–Pd2Hg5 54.9–69.3 2.6–2.9

Ir–Pd2Hg5 70.3–77.0 2.5–2.6

Ni–Pd2Hg5 39.1–49.1 3.0–3.2

Rh–Pd2Hg5 23.7–36.3 3.3–3.5

Ru–Pd2Hg5 24.2–27.7 3.4–3.5

PtHg/C 62.5–90 ≈2.1 [6a]

PdSe NPsa) 89–91.6 ≈2.1 [21]

50%PdAu 19.8–55.0 3.5–2.7 [13]

30%PdAu 50.0–60.2 2.6–2.8 [13]

PdHg/C 83–95 ≈2.4 [6b]

PtAg NPsa) 67–69 ≈2.6 [22]

a)Note that NPs represents nanoparticles.
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configurations of the M–Pd2Hg5 aerogels are presented in 
Figure S13 (Supporting Information). In most cases, the het-
erometal atom occupies the Hg site to reach a thermodynami-
cally stable condition and minimum lattice distortion. It is well 
known that the catalytic ORR activity can be determined by the 
binding strength of the key reaction intermediate *OOH.[6a,b] 
The calculated limiting potential (UL) is used as an indicator of 
activity toward the 2e ORR, which is defined as the maximum 
potential at which both the 1e reduction of O2 to *OOH and 
the subsequent 1e reduction of *OOH to H2O2 are downhill in 
free energy. Figure  4e shows the volcano correlation between 
ΔG*

OOH and UL for the Pd2Hg5 and M–Pd2Hg5 aerogels. The 
Pd2Hg5 aerogel positions at the left leg of the volcano plot, 

indicative of a strong *OOH adsorption, which favors the disso-
ciation of the OO bond to drive the 4e ORR pathway. Notably, 
the heterometal doping dramatically lowers the adsorption 
strength of *OOH, leading to the positioning of the M–Pd2Hg5 
aerogels near the top of the volcano. It is worth noting that only 
small differences of ΔG*

OOH were observed for Ni-, Co-, and Au-
doped aerogels, which coincide with experimental data (Table 1; 
Figure S2, Supporting Information).

Furthermore, the optimal Au–Pd2Hg5 aerogel was elected to 
calculate the Gibbs free energy diagram of the 2e ORR in com-
parison with the undoped counterpart. As shown in Figure 4f, 
the Au–Pd2Hg5 aerogel presents a free energy of only −0.03 eV 
deviated from the ideal, which is much lower than that of the 

Figure 4.  Optimizing the electrocatalytic performance by doping heterometals. a) LSV curves of the Pd2Hg5 and Au–Pd2Hg5 aerogels in 0.1 m O2-sat-
urated HClO4 at a rotation speed of 1600 rpm and a scan rate of 20 mV s−1 (bottom), as well as the detected H2O2 currents on the Pt ring electrode 
(top) at a fixed potential of 1.2 VRHE. b) The corresponding H2O2 selectivity and transferred electron numbers. c) LSV characterization of the Au–Pd2Hg5 
aerogel before and after an accelerated durability test. d) Comparison of the H2O2 selectivity with recently reported catalysts in acidic media. e) The 
calculated ORR activity volcano relationship between the limiting potential (UL) and the free energy of *OOH (ΔG*

OOH) for the 2e pathway to H2O2. 
The inset shows the local enlargement. f) Calculated reaction coordinate diagrams for the Pd2Hg5 and Au–Pd2Hg5 aerogels with insets showing the cor-
responding atomic configurations. This represents the 100 plane of the Pd2Hg5 structure. g) The crystal orbital Hamilton population (COHP) analysis 
of PdO bonding interactions of the Pd2Hg5 and Au–Pd2Hg5 aerogels.
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Pd2Hg5 aerogel (i.e., −0.24 eV). This fact is in good agreement 
with the medium *OOH adsorption strength, highlighting the 
significance of the electronic effect by doping heterometals. 
The Bader charge analysis reveals that substituting Hg with Au 
reduces the net charge on Pd and leads to the weakened inter-
action between Pd 4d and O 2p orbitals, as demonstrated by 
the increased occupation of the antibonding states in the crystal 
orbital Hamilton population (COHP) analysis (Figure  4g; 
Figure S14, Supporting Information).

3. Conclusion

We have  demonstrated a systematic strategy to optimize both 
geometric and electronic structures in the Pd-based pure 
metallic aerogels. The increasing Hg content in the Pd–Hg 
aerogels breaks the PdPd coordination and leads to the con-
struction of single-atom-like Pd motifs in the Pd2Hg5 aerogel. It 
also results in an increase of the selectivity toward the 2e ORR 
to produce H2O2. Using the Pd2Hg5 aerogel as a substrate, the 
electronic structure of the Pd sites was further fine-tuned by 
doping eight different heterometals, while maintaining their 
geometric environment. The introduction of heterometals leads 
to a controllable electronic effect in the M–Pd2Hg5 aerogels. 
Combining theoretical and experimental analyses, we reveal 
the role of the ligand effect in manipulating the activity and 
selectivity of the Pd sites and report a structure–property rela-
tionship of the M–Pd2Hg5 aerogels. As a result, the as-obtained 
Au–Pd2Hg5 aerogel exhibits a high H2O2 selectivity of 92.8% in 
the potential region of 0.0–0.4 VRHE, which could be sustained 
for 10 h without decay. Our work opens a door for designing 
metallic aerogel electrocatalysts for H2O2 production and high-
lights the importance of electronic effects in tuning both the 
selectivity and activity.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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