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Pd-N-C Shelled Pd Nanoparticle Catalysts for High-Performance 
Hydrogen Peroxide Electrosynthesis
Jiao Dong,‡a Zixiang Su,‡bc Yanyan Jia,‡d Runjia Xing,‡a Sixuan She,e Daqin Guan,f Sheng Dai,d Jinling 
Wang,a Manqing Chai,a Zhenshan Hou,a Zhi-Qiang Wang,*a Hehe Wei,*a P. Hu,ag and Xue-Qing 
Gong*b

Metal-nitrogen-carbon (M-N-C) catalysts have attracted very wide attention due to their potential in promoting the 
electrochemical oxygen reduction reaction (ORR) for the selective production of hydrogen peroxide (H2O2). However, the 
effects of their diverse structures and complex compositions on the catalytic performance remain poorly understood. 
Herein, systematic theoretical calculations reveal that the Pd-N-C based single-atom catalyst featuring a 1:1 ratio of pyridinic 
and pyrrolic nitrogen adopts a centrosymmetric PdN4 structure (PdSAN2-2C), and the Pd dz2  orbital can strongly interact with 
the O 2p orbital of the adsorbed OOH intermediate, thereby strengthening its adsorption and facilitating subsequent 
conversion to H2O2. Guided by the theoretical insights, the PdSAN2-2C catalyst as well as a novel Pd@PdSAN2-2C core-shell 
catalyst with Pd nanoparticles encapsulated by an ultrathin PdSAN2-2C shell are synthesized, and the latter exhibits a 
remarkable H2O2 selectivity of 97% and a high yield of 35.88 mol gcat

-1 h-1 at an industrially relevant current density of 200 
mA cm-2, along with superior operational stability. This combined theoretical and experimental study provides useful 
guidance for the rational design of high-efficiency M-N-C catalysts for selective electrocatalysis.

Introduction
Nitrogen-modified-carbon supported metal single-atom 
catalysts (M-N-C) have shown significant promise for the 
oxygen reduction reaction (ORR) owing to their structural 
tunability1-3, excellent electrical conductivity and low cost4-8. 
The varying types of nitrogen coordination (such as pyridinic, 
pyrrolic and graphitic nitrogen) as well as the electronic 
properties of the active metal sites in M-N-C catalysts are 
expected to be critically important for the two-electron (2e-) 
ORR toward hydrogen peroxide (H2O2) production9-11. In 
particular, significant research efforts have been dedicated to 
elucidating how the pyridinic- and pyrrolic-nitrogen 

coordination environments affect the active sites and enhance 
the catalytic selectivity toward 2e- ORR12-16. Through combined 
theoretical and experimental studies, Chen et al. reported that 
the pyrrole-type CoN4 single atom catalysts exhibit a 
remarkable H2O2 selectivity of 94% at 0.3 V versus reversible 
hydrogen electrode (vs. RHE) in a flow cell12, and it was mainly 
attributed to the increased adsorption strength of OOH, the key 
intermediate species for H2O2 formation, as the result of charge 
redistribution among the multiple d orbitals of the Co after its 
adsorption. In contrast, Wang et al. found that the pyridine-type 
CoN4 catalysts exhibit a much lower H2O2 selectivity of only 29% 
at 0.4 V vs. RHE. This decrease in selectivity was potentially 
attributed to the modulation of the metal center by pyridinic N, 
which leads to a strong H2O2 adsorption and subsequent 
dissociation13. Although these studies illustrated that the 
pyrrole-type M-N-C single-atom catalysts generally exhibit 
higher 2e- ORR selectivity than the pyridine-type ones, the 
synergistic effects of different nitrogen coordination 
environments on the active metal center remain elusive, and 
the related catalytic mechanisms are also controversial11-19.

Beyond nitrogen coordination, the selection of the metal 
center is another crucial determinant of the 2e- ORR selectivity 
and activity. Several studies have demonstrated that atomically 
dispersed metal centers coordinated with nitrogen-doped 
carbon matrices may display divergent catalytic performances 
in H2O2 production. Notably, it has been suggested that the 
single-atom Pd-N-C catalysts are highly efficient for the 2e- ORR 
to H2O218-21. For example, Jiang et al. synthesized a series of 
single atom catalysts including Pd-N-C, Co-N-C, and Mn-N-C, 
and they demonstrated that the corresponding H2O2 selectivity 
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at 0.82 V vs. RHE was 90.3%, 74.8% and 39.8% for these 
catalysts, respectively18. Wang et al. confirmed the outstanding 
performance of the single-atom Pd-N-C catalyst, which 
achieved approximately 95% H2O2 selectivity and an onset 
potential of ~0.8 V vs. RHE19. Generally, these findings 
underscored that both the local nitrogen coordination 
environment and the identity of the active metal center can 
tailor the 2e- ORR performance. Notably, under the alkaline 
conditions, the 2e- ORR usually exhibits enhanced activity and 
selectivity towards the H2O2 due to the pH effect22,23, which can 
help optimize the intermediate adsorption strength24 as well as 
the thermodynamics of ORR processes25. Therefore, to unravel 
the distinct nitrogen coordination motifs and electronic 
characteristics of catalytic centers at the atomic level is 
imperative for enabling efficient H2O2 electrosynthesis under 
industrially relevant alkaline conditions.

In this work, by using integrated density functional theory 
(DFT) calculations and experimental investigations, we 
elucidated the atomic-level interplay between nitrogen 
coordination symmetry and d-orbital engineering in Pd-N-C 
catalysts for highly efficient H2O2 production via the 2e- ORR. 
Our calculated results revealed a synergistic modulation 
mechanism where a balanced 1:1 ratio of pyridinic to pyrrolic N 
coordination induces a centrosymmetric PdN4 structure and 
promotes the coupling between the Pd dz2  orbital and the 2p 
orbital of the terminal O atom (OT) of the OOH species binding 
with the Pd through such OT. This configuration enhances OOH 
adsorption and reduces the 2e- ORR overpotential (η) to 0.54 V, 
which is significantly lower than that of the previously reported 
Pd-N-C catalysts (η = 0.77 V)19. Guided by the theoretical 
insights, we employed a dynamic coordination and selective 
etching (DC-SE) approach for the syntheses of atomically 
dispersed Pd sites with targeted nitrogen coordination ratios, 
and an interface-constrained self-assembly (ICSA) strategy for 
the construction of a novel core-shell type catalyst featuring 
metallic Pd core encapsulated by the ultrathin (~1.0 nm) N-
coordinated Pd shell with a 1:1 coordination of pyridinic and 
pyrrolic nitrogen (Pd@PdSAN2-2C). The Pd@PdSAN2-2C catalyst 
delivered exceptional H2O2 electrosynthesis performance with 
a remarkable selectivity of 97%. Moreover, it delivered a high 
H2O2 yield of 35.88 mol gcat-1 h-1 at an industrially relevant 
current density of 200 mA cm-2 and produced 34.27 g L-1 H2O2 
within 1080 min, demonstrating superior durability and thereby 
outperforming previously reported catalysts2,19,26-31. This work 
also provides valuable insights into designing high-performance 
single-atom catalysts through modulating atomic-level 
coordination symmetry and active-site orbital levels.

Methods
Computational methods

All the structural optimizations and total energy calculations in 
this work were performed with the spin-polarized DFT by using 
the Vienna Ab initio Simulation Package (VASP)32-35. The 
Perdew-Burke-Ernzerhof (PBE) functional within the 
generalized gradient approximation (GGA)36,37 and the 

projector augmented wave (PAW) method38,39 were applied 
throughout the geometric, electronic and energetic 
calculations. A cut-off energy of 400 eV was used, and the 
convergence criteria of energy and force in the calculations 
were set as 10-4 eV/Å and 0.05 eV/Å, respectively.

For the construction of the PdSANC model catalyst, we built 
the p(77) single-layer graphene structure, where two adjacent 
C atoms were replaced by one Pd atom and four C atoms around 
the Pd were further substituted by four N atoms, and one O was 
also included on the surface to form the C-O-C group. Both 
pyridinic N and pyrrolic N were considered. To model the core-
shell structure of Pd@PdSAN2-2C, we built the surface slab of 
Pd(111) covered by a PdSAN2-2C layer with minimal lattice 
mismatch. Specifically, the complex slab contains the p(9  9) 
PdSAN2-2C and p(8  8) Pd(111) which were determined to give a 
lattice mismatch rate of 0.29%. A vacuum gap of ~10 Å for 
PdSANC surfaces and ~20 Å for Pd@PdSAN2-2C surface were used 
to eliminate the interaction between neighboring slabs. The 
Brillouin zones were sampled with k-point meshes of 2  2  1 
and 1  1  1 Gamma grids for PdSANC and Pd@PdSAN2-2C 
surfaces, respectively. The calculated ORR mechanisms and 
other computational details are provided in the Supplementary 
Information.

Synthesis of Core-Shell Pd@PdSANC Catalysts

The Pd@PdSANC catalysts were synthesized using an interface-
constrained self-assembly strategy40. In a typical synthesis, 90 
mL of ethanol, 45 mL of ultrapure water, 0.45 mL of 
ethylenediamine were added to a 250 mL beaker and stirred at 
the rate of 560 r.p.m. for 30 min. Subsequently, 0.36 g of 
resorcinol was gently introduced to the above solution and 
stirred for another 30 min. Concurrently, 0.02 g of Pd(acac)2 was 
dissolved in 10 mL of ethanol by ultrasonication at 40 ℃. 
Subsequently, 0.45 mL of formaldehyde and the prepared Pd 
solution were added into the above beaker and stirred for 24 h 
at room temperature. The resulting precursors were collected 
through centrifugation, rinsed three times with ultrapure water 
and ethanol, and dried at 65 ℃. Next, the dried precursors were 
placed in an alumina boat and pyrolyzed in a tube furnace under 
a constant N2 flow at temperatures of 550 and 950 ℃ for 2 h to 
synthesize Pd@PdSAN2-2C and Pd@PdSAN3-1C, respectively.

The PdSANC materials were synthesized by the dynamic 
coordination and selective etching process, which involved the 
co-condensation of Pd precursors (0.02 g Pd(acac)2) with 
phenolic resin precursors (0.36 g resorcinol and 0.45 mL 
formaldehyde) and 0.45 mL ethylenediamine, followed by 
nitrogen-coordination-driven pyrolysis (550 and 950 ℃ for 2 h 
with N2 flow) and acid etching (50 mL nitrohydrochloric acid at 
50 ℃ for 24 h), which finally generated PdSAN2-2C and PdSAN3-1C, 
respectively. More details of synthesis are provided in the 
Supplementary Information.

Electrochemical Measurements

All electrochemical measurements were conducted on a CHI 
760E electrochemical workstation at room temperature. The 
experimental setup comprised a RRDE, an Ag/AgCl reference 
electrode (saturated by KCl), and a graphite rod as the counter 
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electrode. The RRDE assembly (IPS Elektroniklabor) consisted of 
a glass carbon rotating disk electrode (disk area of 0.196 cm2) 
and a Pt ring (ring area of 0.159 cm2). Notably, the 
experimentally determined apparent collection efficiency 
under the ferrocyanide/ferricyanide half-reaction system 
agreed well with the theoretical value of 34.4%. All potentials 
were calibrated to the RHE according to the equation of ERHE = 
EAg/AgCl + 0.199 V + 0.059 × pH – iR × 85%, where pH was 
measured using a pH meter.

For the preparation of catalytic ink, 4 mg of as-prepared 
catalyst and 1.5 mg of XC-72R were dispersed in a mixture 
containing 870 μL of isopropanol, 100 μL ultrapure water and 
30 μL Nafion solution (5 wt.%), followed by ultrasonication for 
30 min to ensure a homogeneous dispersion. Then, 2.5 μL of ink 
was drop onto the glassy carbon disk electrode and dried by 
electrode rotating at 500 r.p.m., yielding a film-coated 
electrode.

The RRDE measurements were performed in O2-saturated 0.1 
M KOH aqueous solution, over a potential range from 1.1 to 0.1 
V vs. RHE, at a scan rate of 10 mV s-1 and a rotation speed of 
1600 r.p.m. During these measurements, the ring electrode was 
held at a constant potential of 1.2 V vs. RHE. Prior to each ORR 
test, the catalyst was activated by 30 cycles of potential cycling 
between 1.1 and 0.1 V vs. RHE at a scan rate of 50 mV s-1 in N2-
saturated 0.1 M KOH solution. Subsequently, the electrolyte 
was purged with O2 at least 30 min to ensure optimal ORR 
conditions. The LSV curves for ORR were obtained by 
subtracting the currents measured in N2-saturated 0.1 M KOH, 
effectively eliminating capacitive currents. The H2O2 reduction 
performance was tested in N2-saturated 0.1 M KOH containing 
10 mM H2O2. The stability of the as-prepared catalysts was 
recorded by the current-time (i-t) chronoamperometric 
response at 0.1 V vs. RHE in an O2-saturated 0.1 M KOH at 1600 
r.p.m. for 60000 s. The H2O2 selectivity and the electron transfer 
number (n) were determined by the following equations:

𝑯𝟐𝑶𝟐% =  
𝟐𝟎𝟎𝑰𝑹 𝑵
𝑰𝑫 + 𝑰𝑹 𝑵

(𝟏)

𝒏 =  
𝟒𝑰𝑫

𝑰𝑫 + 𝑰𝑹 𝑵
(𝟐)

where ID is disk current, IR is ring current, and N is current 
collection efficiency of the Pt ring.

Results and discussion
Theoretical Exploration of PdSANC Catalysts with Specific N Ratios 
for 2e- ORR

It is well known that the surface structure and composition of 
the M-N-C catalysts, especially the ratio of pyridinic to pyrrolic 
N, can significantly influence their ORR activity11,16,18. Moreover, 
as shown in previous studies, the presence of surface O species 
(particularly in the form of C-O-C groups) may also improve the 
2e- ORR activity3,31,41-43. Therefore, in this work, we first 
constructed the Pd-N-C catalyst modified with four pyridinic N 
atoms and one adsorbed O atom, and progressively replaced 
the pyridinic N by the pyrrolic one, i.e., PdSAN4-0C, PdSAN3-1C, 
PdSAN2-2C and PdSAN1-3C (where 4-0, 3-1, 2-2 and 1-3 denote the 
numbers of pyridinic and pyrrolic N atoms, see Figure 1a-d). For 

each PdSANC catalysts, multiple possible C-O-C configurations at 
different carbon sites were examined (Figures S1-4 and Tables 
S1-4), and the thermodynamically most stable structure was 
selected for all subsequent calculations. Our calculations 
showed that the PdSAN4-0C structure exhibits a high degree of 
both axial and central symmetries. Then, the introduction of 
pyrrolic N effectively alters the surface symmetry, resulting in 
the asymmetric PdSAN3-1C and PdSAN1-3C structures, while the 
PdSAN2-2C structure is still centrosymmetric around the Pd 
center. These differences in nitrogen ratios and surface 
symmetries can modulate the valence state of the single Pd 
atom. Specifically, the calculated density of states (DOS) (Figure 
1e) illustrated that the highest occupied energy levels are from 
the dz2  orbital in the single-atom Pd of the various PdSANC 
catalysts, while the introduction of pyrrolic N can modify the d-
orbital configurations of the single Pd atom by causing the 
disappearance of the dx2-y2  and the appearance of the dxy at the 
high energy levels.

To investigate the activity and selectivity of ORR on the 
PdSAN4-0C, PdSAN3-1C, PdSAN2-2C and PdSAN1-3C catalysts, we 
systematically calculated the Gibbs free energy changes (ΔG) for 
the key steps in both 2e- and 4e- ORR processes (2e- associative 
pathway: O2 + 2(H2O + e-) → H2O2 + 2OH-, 4e- associative 
pathway: O2 + 4(H2O + e-) → 2H2O + 4OH-) on these catalysts 
(Figures S5-10). The computational details are presented in 
Supplementary Methods: ORR mechanism and calculation 
details. It is widely accepted that the catalytic selectivity 
towards H2O2 formation over H2O is critically governed by the 
thermodynamics of the key intermediates, and a key descriptor 
for predicting this selectivity is the Gibbs free energy of *O 
(ΔG(*O))44,45. This is because that, to make H2O2 production 
thermodynamically favorable, the O-O bond scission for the 
surface *OOH intermediate must be suppressed, and this can 
be achieved when the ΔG(*O) is higher than 3.52 eV (∆GH2O2

-∆
GH2O)44-47. Our results showed that the calculated ΔG(*O) values 
for the PdSANC catalysts are all higher than 3.52 eV (the 
corresponding ΔG(*O) values are 3.63, 4.24, 4.81 and 4.92 eV 
for PdSAN4-0C, PdSAN3-1C, PdSAN2-2C and PdSAN1-3C, see Figure S1), 
indicating a high selectivity for H2O2 production on these 
catalysts. At the same time, it can be noticed that the steps with 
the maximum ΔG (ΔGmax) during the 2e- ORR are identical at 
various PdSANC catalysts, i.e., the potential determining step 
(PDS) is the first step: O2 + H2O + e- + * → *OOH + OH-. The 
corresponding overpotentials (η) were calculated to be 1.25 V, 
0.63 V, 0.54 V and 0.59 V for the PdSAN4-0C, PdSAN3-1C, PdSAN2-2C 
and PdSAN1-3C catalysts, respectively, clearly showing that 
PdSAN2-2C gives the highest 2e- ORR activity (Figure 1f).

To understand the differences in 2e- ORR activity and 
selectivity among these PdSANC catalysts, we performed DOS 
and Bader charge analyses to investigate the adsorption of key 
intermediates during the reaction processes on these catalyst 
surfaces. The calculated results revealed that on all the PdSANC 
catalysts, the *OOH intermediate binds to the Pd sites (with the 
O atom directly bonding with Pd being defined as OT). Although 
a weak hydrogen-bond interaction between the H atom in 
*OOH and the O atom in C-O-C group can help stabilize *OOH, 
this effect is common to all PdSANC catalysts, and the C-O-C 
group does not alter the Bader charge of the Pd center (Figures 
1a-d, S11 and 12). The stability of the resulting Pd-OT bond 
mainly originates from electron transfer from the dz2  orbital of 
Pd to the OT 2p orbital (see Figures 1e, 1g and S10, Tables S5 
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and 6). The amount of electron transferred in this process 
follows the order: PdSAN2-2C > PdSAN1-3C > PdSAN3-1C ≈ PdSAN4-0C 
(with transferred charges being calculated to be 0.225, 0.159, 
0.103 and 0.108 |e|, respectively, see Table S5). In addition, we 
also found that on the surfaces where both pyridinic- and 

pyrrolic-N exist, in comparison with the PdSAN4-0C surface, the 
energy level of the dxy orbital is lowered upon OOH adsorption, 
which may further indicate the enhancement of OOH 
adsorption.

Fig. 1 DFT calculations of the ORR processes and electronic properties of various PdSANC catalysts. Calculated structures (top view) of (a) PdSAN4-0C, (b) PdSAN3-1C, (c) PdSAN2-2C and (d) 
PdSAN1-3C catalysts and those with OOH adsorption (insert: side view). Green: Pd, blue: N, red: O, grey: C, pale pink: H. Hydrogen bonds are shown in the diagram. (e) Calculated 
partial density of states (pDOSs) of the split d orbitals of Pd single-atom at various PdSANC catalysts. (f) Calculated free energy profiles of 2e- ORR pathway and the corresponding 
overpotentials of different catalysts. (g) Calculated pDOSs of the p orbitals of OT in *OOH and split d orbitals of Pd single-atom of PdSANC catalysts. All DOSs were aligned with respect 
to the 2s orbital of one specific C atom in the complete hexagonal ring of the catalysts.

Furthermore, we observed that as the content of pyrrolic N 
increases, the calculated Bader charge on the single atom Pd 
becomes more positive (0.709, 0.702, 0.712, and 0.741 |e| for 
PdSAN4-0C, PdSAN3-1C, PdSAN2-2C and PdSAN1-3C, respectively, see 
Figure S13). It clearly showed that a moderate (neither too high 
nor too low) positive Bader charge on the Pd site is favorable for 
OOH adsorption. Nevertheless, the PdSAN2-2C surface still 
exhibits the largest Bader charge change for the Pd after OOH 
adsorption, reaching 0.119 |e| (Figure S13). Finally, we further 
calculated the electrostatic interaction energies (Einter) between 
the OT atom of the adsorbed OOH species and the Pd active site, 

which again confirms that the PdSAN2-2C surface interacts most 
strongly with the *OOH species (Einter values for PdSAN4-0C, 
PdSAN3-1C, PdSAN2-2C and PdSAN1-3C are -1.27 eV, -1.28 eV, -1.50 
eV and -1.35 eV, respectively, see Table S7), in excellent 
agreement with the calculated 2e- ORR activity of the PdSANC 
catalysts.

Interestingly, our results can reveal a direct linear correlation 
between electron transfer and electrostatic interaction across 
the different PdSANC configurations: systems exhibiting larger 
electron transfer consistently display stronger electrostatic 
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interactions (Figure S14). Specifically, different N-coordination 
environments modulate the energy levels distribution of Pd d-
orbitals; the resulting changes further tune the ability of Pd to 
transfer electrons to *OOH, thereby strengthening the 
electrostatic interaction between Pd and the terminal O atom 
(OT) in *OOH and ultimately governing the adsorption strength 
of *OOH. From the above discussion, we can conclude that the 
centrosymmetric PdSAN2-2C surface, with its balanced pyridinic-
to-pyrrolic N ratio, can regulate the d-orbital distribution of the 
Pd center to transfer more electrons and achieve stronger 
electrostatic stabilization, and help it maintain a moderate 
Bader charge, thereby facilitating OOH adsorption and leading 
to excellent 2e- ORR catalytic activity.

Syntheses and Characterizations of Novel Pd-N-C Catalysts

Inspired by the theoretical predictions of the optimal nitrogen 
coordination ratio for the electrochemical synthesis of 
hydrogen peroxide via the 2e- ORR, we tentatively synthesized 
two prototypical single-atom PdSANC catalysts, PdSAN2-2C (with 
high activity) and PdSAN3-1C (with low activity), both featuring 
the coexistence of pyridinic and pyrrolic nitrogen species. To 
rationally engineer these PdSANC catalysts, we developed two 
distinct synthetic strategies. Firstly, a dynamic coordination and 
selective etching approach40 was used to construct these single-
atom PdSANC catalysts with atomically dispersed Pd-N sites and 
tunable pyridinic-to-pyrrolic N distributions. Transmission 
electron microscopy (TEM) and high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) 
images confirmed the atomic dispersion of Pd in the as-
prepared PdSANC catalysts (Figures S15-17). X-ray 
photoelectron spectroscopy (XPS) analysis revealed that the 
PdSAN2-2C and PdSAN3-1C catalysts synthesized in this way indeed 
possess optimized pyridinic-to-pyrrolic nitrogen ratios of 1:1 
and 3:1, respectively (Figure S18). Notably, the PdSAN2-2C 
catalyst exhibited approximately 64% higher ring current (iring) 
and 16% higher disk current density (jdisk) than PdSAN3-1C, with 
these performance enhancements being consistently observed 
across a broad potential window ranging from 0.3 to 0.6 V vs. 
RHE. Furthermore, the PdSAN2-2C exhibited exceptional 
electrocatalytic performance, with a hydrogen peroxide 
selectivity close to 93% and a transferred electron number (n) 
of 2.2, which is also a significant improvement over PdSAN3-1C 
(77% selectivity, n = 2.5) as evidenced by the rotating ring-disk 
electrode (RRDE) measurement (Figures S19-22). The general 
consistency between experimental results and theoretical 
calculations suggested that the nitrogen coordination 
engineering strategy for the construction of a centrosymmetric 
structure can potentially give rise to the enhanced 2e- ORR 
activity and selectivity.

Secondly, an interface-constrained self-assembly strategy 
(Figure 2a) was used to form a N-containing resin precursor on 
Pd, followed by pyrolysis under N2 to generate a structure in 
which Pd nanoparticles are encapsulated by an ultrathin Pd-N-
C shell. By varying the pyrolysis temperature, the 
pyridinic/pyrrolic N distribution in the shell can be tuned. 
Specifically, at relatively lower temperatures, pyrrolic-N in 

pentagonal ring structures is more readily retained within the 
forming carbon matrix. As the temperature increases, 
additional dehydrogenation and structural rearrangement favor 
the formation of thermodynamically more stable pyridinic-N 
sites in hexagonal rings, leading to a corresponding increase in 
the proportion of pyridinic-N. Intriguingly, the as-prepared 
catalyst gave the conformation with a PdSANC shell 
encapsulating the Pd nanoparticle, i.e., a Pd@PdSANC core-shell 
architecture was obtained through this synthesis strategy 
(Figure 2b-e). The TEM measurement revealed that the core-
shell Pd@PdSANC catalysts exhibit a nanosphere morphology, 
showing Pd nanocrystals with an average size of 21.9 nm 
(Figures 2b and S23-25) encapsulated by a PdSANC shell with the 
thickness of 1.0 nm (Figure 2c-e). The core-shell structure was 
further confirmed by HAADF-STEM images (Figures S26 and 27). 
Moreover, the uniform distribution of Pd, N, O, and C atoms in 
the shell of Pd@PdSANC was evidenced by STEM energy 
dispersive X-ray spectroscopy (EDS) mapping (Figures S28 and 
29). Overall, these findings suggested that following an 
interface-constrained self-assembly strategy, the structural 
evolution of the catalyst is mainly originated from the 
suppression of Pd aggregation mediated by oxygen-containing 
functional groups. This modulation also facilitates lattice match 
between metallic Pd and graphitic carbon domains during 
pyrolysis, thus promoting the epitaxial growth of nitrogen-
doped carbon shells.

Then, the electronic properties of the Pd@PdSANC catalysts 
were analyzed using XPS (Figures 2f and S30-35) and X-ray 
absorption spectroscopy (XAS). The deconvoluted C 1s XPS 
spectra revealed peaks at 284.8 eV (sp2-hybridized C-C), 285.9 
eV (C-O/C-N), 287.3 eV (C=O), 288.9 eV (COOH), and 290.7 eV 
(π-π*) (Figure S33a). The peak positions for both Pd@PdSAN2-2C 
and Pd@PdSAN3-1C remained virtually unchanged, with their 
corresponding peak area ratios also showing no significant 
variation. Combined with the Raman spectra (Figure S33b), the 
ID/IG values of Pd@PdSAN2-2C and Pd@PdSAN3-1C are both less 
than 1, indicating that the carbon defect contents of both are 
relatively low48-50. Therefore, we can expect that the main 
source of its 2e- ORR activity is not the carbon framework itself. 
The high-resolution N 1s XPS spectra of Pd@PdSAN2-2C (Figure 
2f) shows three prominent subpeaks at 398.4, 399.6 and 400.9 
eV, corresponding to the pyridinic-, pyrrolic- and graphitic-N, 
respectively. The combined atomic content of pyridinic- and 
pyrrolic-N in Pd@PdSAN2-2C was determined to be 4.17 at%, with 
their atomic ratio approximating 0.8 (close to 1:1, see Figure 
S35 and Table S8). In contrast, the Pd@PdSAN3-1C exhibited a 
ratio of 3:1 for these two nitrogen species. Hence, although the 
two Pd@PdSANC catalysts demonstrated similar carbon shell 
with similar carbon species and carbon defects, accompanied by 
atomically dispersed Pd, the Pd@PdSAN2-2C and Pd@PdSAN3-1C 
catalysts featured distinctive functional moieties in carbon 
shell, including the pyridinic- and pyrrolic-N, with a ratio close 
to 1:1 and 3:1, respectively. Complementary XAS results 
provided critical information of the Pd chemical states. In the X-
ray absorption near-edge structure (XANES) analysis, the 
absorption edges of these Pd@PdSANC catalysts shift to higher 
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energy compared with the metallic Pd foil, indicating partially 
oxidized Pd (Figure S36). Extended X-ray absorption fine 
structure (EXAFS) analysis further reveals a pronounced metal 
peak at ~2.5 Å, corresponding to Pd-Pd coordination (Figure 2g), 
together with an additional feature at ~1.5 Å that can be 
assigned to the Pd-N coordination1-3 (Figures S37 and 38). It 
should be noted that because the bond lengths of Pd-N and Pd-
O are nearly identical, structural assignment based solely EXAFS 
fitting carries uncertainly. To further support the presence of 
Pd-N coordination, the color change observed during catalyst 
preparation and the UV-Vis results (Figures S39 and S40) were 
provided. These results indicated that, at the early stage of the 

liquid-phase synthesis, ethylenediamine effectively replaces the 
original acetylacetonate ligands and preferentially pre-
coordinates with the Pd centers, thereby providing the basis for 
the formation of Pd-N coordination in the final catalyst. The 
fitted Pd-N coordination number is 3.89 (Table S9), suggesting 
the presence of Pd-N bonds within the PdN4 structures. The 
integration of the morphological characterizations and XPS 
analysis of Pd 3d gave compelling evidence for the existence of 
core-shell structure, where the oxidized Pd species with 
nitrogen coordination constitute the PdSANC shell, while the 
metallic Pd form the encapsulated Pd nanoparticle core51.

Fig. 2 Synthesis and characterization of Pd@PdSANC catalysts. (a) Schematic illustration of the interface-constrained self-assembly strategy for the syntheses of Pd@PdSANC. (b) TEM, 
(c, d) HRTEM and (e) STEM images of the Pd@PdSAN2-2C catalyst. (f) XPS spectra of N 1s and (g) EXAFS spectra of Pd@PdSANC catalysts. (h) Linear sweep voltammetry (LSV) curves of 
the ring current density and current density of H2O2 generation normalized by ECSA, (i) H2O2 selectivity and electron transfer number of ORR toward H2O2.

Intriguingly, the H2O2 selectivity of Pd@PdSAN2-2C was the 
highest among those of the various PdSANC and Pd@PdSAN3-1C 
catalysts, accompanied by the significantly enhanced intrinsic 
activity (Figures 2h and S20, 41-46), indicating its superior ORR 
performance. Specifically, the Pd@PdSAN2-2C catalyst achieved 
approximately 97% hydrogen peroxide selectivity and a 
transferred electrons number of 2.1 across a very broad 

potential range from 0.3 to 0.7 V vs. RHE, outperforming those 
of the previously reported catalysts2,19,26-31 (Figures 2i, S47 and 
48, Table S10). Furthermore, RRDE measurement revealed that 
the Pd@PdSAN2-2C catalyst also exhibited accelerated electron 
transfer kinetics and exceptional mass activity (Figures S49 and 
50). However, RRDE tests are often affected by O2 diffusion. In 
practical applications using a flow-cell measurement, which 
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effectively overcomes the influence of mass transfer, it can be 
anticipated that Pd@PdSAN2-2C would achieve more efficient 
H2O2 synthesis.

Theoretical Evidence for the High Performance of Pd@PdSANC in 
2e- ORR

To elucidate the reason for the enhanced 2e- ORR activity of the 
Pd@PdSANC catalysts, we modeled and calculated the 
characteristic Pd@PdSAN2-2C structure with the minimal lattice 
mismatch rate of 0.29% (Table S11). It was constructed with the 
metallic Pd slab as the core covered by the PdSANC single layer 
containing pyridinic and pyrrolic N at a 1:1 ratio (Figure 3a). We 
then systematically calculated the Gibbs free energy changes 
for the key steps of the 2e- and 4e- ORR processes on this 
Pd@PdSAN2-2C catalyst (Figures 3b and 3c, S51 and 52). The 
results showed that the ΔG(*O) on the Pd@PdSAN2-2C is 4.36 eV 
(Figure S52), which is greater than the benchmark of 3.52 eV44-

47, indicating a preference for the 2e- ORR pathway and the H2O2 
production. We also found that the calculated η of such core-
shell Pd@PdSAN2-2C catalyst (η = 0.04 V) is much lower than that 
of the PdSAN2-2C catalyst (η = 0.54 V) and the Pd-N-C materials 
reported in the literature as well (η = 0.77 V)19, which aligns well 
with our experimental results.

Fig. 3 Theoretical calculations of ORR toward H2O2 formation at Pd@PdSAN2-2C catalyst. 
(a) Calculated surface and (b) OOH adsorption structures of Pd@PdSAN2-2C catalyst (top 
view; insert: side view). Yellow: Pd single-atom, blue: N, red: O, white: H, grey: C, light 
blue: bulk Pd atoms, red and white lines: H2O molecules. (c) Calculated free energy 
profile of 2e- ORR on the Pd@PdSAN2-2C surface. (d) Calculated pDOSs of the p orbital of 
OT in *OOH and d orbitals of Pd single-atom in Pd@ PdSANC catalyst shells.

To further understand the fundamental reasons behind the 
high activity and selectivity of the Pd@PdSAN2-2C catalyst in the 
2e- ORR process, we first carried out DOS calculations for the 
key intermediates on the surface. The results demonstrated 
that during the formation of the bond between the *OOH 
species and the single-atom Pd on the Pd@PdSAN2-2C surface, 
the electron occupation of the Pd dz2  orbital is significantly 
reduced by 0.402 |e| (Figure 3d), which is nearly twice of that 

determined for the PdSAN2-2C catalyst (0.225 |e|, Table S5). 
Furthermore, Bader charge analysis revealed that, although the 
single atom Pd sites in both PdSAN2-2C and Pd@PdSAN2-2C 
catalysts possess similar Bader charges (0.712 and 0.718 |e|, 
respectively), the change in Bader charge of the shell Pd single 
atoms after OOH adsorption is more pronounced for the latter 
(0.119 and 0.125 |e| for PdSAN2-2C and Pd@PdSAN2-2C, 
respectively, Figure S53). Notably, further calculations revealed 
that the core Pd cluster also promotes the electrostatic 
interaction between the single-atom Pd site in the PdSAN2-2C 
shell and the OT in *OOH (the corresponding electrostatic 
interaction energy is -2.43 eV, see Figure S53). To further 
investigate the role of the metallic Pd core, we calculated the d-
band center of Pd on the PdSAN2-2C and Pd@PdSAN2-2C surfaces, 
as well as that of the shell (PdSAN2-2C(Pd@PdSAN2-2C)) and the 
core (Pd(Pd@PdSAN2-2C)) in Pd@PdSAN2-2C. The results indicate 
that the single-atom Pd in the PdSAN2-2C(Pd@PdSAN2-2C) shell 
has the lowest d-band center (Table S12), suggesting that the 
metallic Pd core can modulate the d‑band center of the surface 
single‑atom Pd via charge transfer, thereby optimizing the OOH 
adsorption and enhancing the 2e- ORR performance of 
Pd@PdSAN2-2C.

Structure-Activity Relationship of the Pd@PdSAN2-2C Catalyst

Detailed experimental tests were conducted to better 
illuminate the catalytic activity of the Pd@PdSAN2-2C catalyst. In-
situ attenuated total reflection Fourier-transform infrared 
spectra (ATR-FTIR) were obtained for the ORR process at various 
potentials ranging from 0.9 to 0.0 V vs. RHE, and they revealed 
three distinct peaks, where the peak at 1236 cm-1 corresponds 
to the O-O stretching of the adsorbed OOH, while the peaks at 
about 1397 cm-1 and 1457 cm-1 may originate from the 
adsorbed H2O2 and O2, respectively (Figure 4a). Most 
importantly, the intensity of the broad *OOH peak increased as 
the applied potential decreased from 0.9 to 0.0 V vs. RHE (Figure 
4b), confirming that the 2e- ORR pathway indeed occurs on the 
Pd@PdSAN2-2C surface.

In addition, to elucidate the effect of the Pd single atom 
within the PdSANC shell on the ORR activity and selectivity, a 
comparative study was performed by utilizing the commercial 
Pd/C and the PdSANC catalysts. The results showed that the 
exposed Pd nanoparticles in commercial Pd/C mainly facilitate 
the 4e- ORR pathway (Figure S54), while the abundant surface 
Pd single atom in the PdSANC shell of the Pd@PdSAN2-2C catalyst 
serve as key active sites to promote the ORR process for H2O2 
production. This conclusion was further confirmed by the SCN- 
poisoning experiment. Upon the addition of 10 mM KSCN, the 
disk current density decreased immediately by 9.6% (Figure 
S55), further indicating that the Pd species are the main 
catalytic sites. This is in line with the electronic properties 
illustrated by the theoretical calculations discussed earlier.

Furthermore, the long-term stability of the Pd@PdSAN2-2C 
catalyst was evaluated using the chronoamperometry 
assessments at a constant potential of 0.1 V vs. RHE. Over 60000 
s of continuous 2e- ORR operation, both the disk and ring 
currents remained largely unchanged, and the H2O2 selectivity 

Page 7 of 11 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

12
:0

7:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SC09543C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09543c


ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

remained above 97% without any obvious decrease (Figure 4c). 
The very small current density of the H2O2 reduction reaction 
(H2O2RR) observed in Pd@PdSAN2-2C (Figure 4d) indicated its 
negligible activity for H2O2RR.

To rigorously assess the electrocatalytic performance of the 
Pd@PdSAN2-2C catalyst for H2O2 synthesis under actual 
operating conditions, we conducted tests using an advanced 
three-phase flow cell setup (Figures S56 and 57). The results 
further demonstrated that Pd@PdSAN2-2C exhibited a high 
catalytic activity, with the H2O2 yield exceeding 15 mol gcat-1 h-1 
at the current densities from 100 to 200 mA cm-2. Specifically, 
the H2O2 yield of Pd@PdSAN2-2C reached 35.88 mol gcat-1 h-1 at 

200 mA cm-2, with a H2O2 Faradic efficiency (FE) of 86.55% and 
mass activity of 870 AH2O2 gcat-1. Compared with those of most 
reported electrocatalysts, this result demonstrates the 
relatively superior performance of our material, particularly in 
terms of H2O2 yield (Figures 4e and S58, Table S13). Notably, 
even in 1.0 M KOH, Pd@PdSAN2-2C demonstrated a superior 
H2O2 formation activity of 50 mol gcat-1 h-1 and a H2O2 FE of 
approximately 90% (Figure S59). These results suggested that 
the core-shell Pd@PdSAN2-2C catalyst with a 1:1 ratio of pyridinic 
to pyrrolic N indeed exhibits a remarkable H2O2 generation rate 
at industrially relevant current densities.

Fig. 4 Electrocatalytic 2e- ORR performances and mechanisms for Pd@PdSAN2-2C catalyst. (a, b) In-situ ATR-SEIRAS spectra at different potentials from 0.9 to 0.0 V vs. RHE. (c) Stability 
at 0.3 V vs. RHE. (d) LSV curves of H2O2RR and ORR. (e) H2O2 yields and Faradic efficiency (FE) at the current densities from 100 to 200 mA cm-2. (f) Continuous tests for H2O2 production 
for 1080 min at 200 mA cm-2.

Moreover, the large-scale continuous productivity and 
electrochemical stability of Pd@PdSAN2-2C were further 
evaluated in 0.1 M KOH at 200 mA cm-2. During the test, the 
potential remained stable at around -0.1 V vs. RHE (Figure S60), 
and the H2O2 FE remained higher than 80%. Continuous 
electrolysis at 200 mA cm-2 for 1080 min gave a sustained high 
H2O2 yield, achieving a concentration of up to 34.27 g L-1 (Figure 
4f). Post-test XRD patterns, TEM images and XPS spectra of the 
catalyst showed neglectable changes (Figures S61-64). These 
findings demonstrated that the Pd@PdSAN2-2C catalyst can 
maintain excellent H2O2 generation performance even under 
scaled-up operation conditions, highlighting its superior efficacy 
and versatility.

Conclusions

In summary, we have systematically investigated the effects of 
local structures and nitrogen environment in Pd-N-C catalysts 
on the electrochemical 2e- ORR for H2O2 formation through the 
combined theoretical and experimental studies. The DFT 
calculated results revealed that the PdSAN2-2C catalyst, featuring 
a 1:1 ratio of pyridinic to pyrrolic N atoms, exhibited superior 
activity for the 2e- ORR. This exceptional activity was attributed 
to the centrosymmetric structure of PdN4 and the involvement 
of the dz2  orbital of the single Pd atom in the formation of stable 
Pd-O bonds with the 2p orbital of OT species in the adsorbed 
OOH intermediate. Furthermore, experimental efforts enabled 
the successful synthesis of both the PdSAN2-2C catalyst and a 
complex one with core-shell nanostructure, where the exposed 
two-dimensional structure involving atomically dispersed Pd 
atoms with tailored nitrogen coordination serves as the shell 
and the Pd nanoparticle as the core. The Pd@PdSAN2-2C catalyst 
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exhibited an excellent 2e- ORR performance for H2O2 
production, achieving a selectivity of 97% and a robust ring 
current across a broad potential window from 0.1 to 0.7 V vs. 
RHE in alkaline media. Our calculated results further illustrated 
that the high performance of the Pd@PdSAN2-2C catalyst for 2e- 
ORR can be again attributed to the centrosymmetric PdN4 
structure in the shell, which maintains a structure similar to 
PdSAN2-2C, as well as the existence of Pd core that can modulate 
the d-orbital arrangement of the single Pd atom in the shell. 
Within a gas diffusion electrode integrated flow-cell setup, 
Pd@PdSAN2-2C achieved a high H2O2 yield of 35.88 mol gcat-1 h-1 
at 200 mA cm-2 with over 80% selectivity, alongside a 
cumulative H2O2 concentration of 34.27 g L-1 over 1080 min, 
surpassing previously reported metal single-atom 
electrocatalysts. This work not only provides a deeper 
understanding of the structural and electronic features of the 
M-N-C materials in electrocatalytic reactions, it also offers 
valuable guidance for the development of highly efficient 
electrocatalysts for H2O2 production.
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