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Broader Context Statement
Hydrogen peroxide (H2O2)-mediated electrochemical reactions—including two-electron oxygen 
reduction (2e⁻-ORR), H₂O₂ oxidation (HPOR), and reduction (HPRR)—are pivotal for sustainable 
energy technologies, such as electrosynthesis of H2O2 (a green oxidant and energy carrier), direct 
H2O2 fuel cells, and regenerative energy storage systems. However, the efficiency of these 
interconnected reactions is fundamentally limited by the lack of universal activity descriptors and 
catalysts that can selectively drive target pathways while suppressing competing side reactions.

Here, we decouple the structure-activity relationships of Co-N4 single-atom catalysts with defined 
coordination environments (pyrrolic vs. pyridinic) for all three H2O2-related reactions. We 
demonstrate that the conventional descriptor (ΔG*OOH) fails to predict HPRR activity, which is 
governed by H2O2 adsorption configurations and dissociation kinetics instead. This work provides 
design principles for on-demand catalysts tailored to specific H2O2 energy applications—enabling 
efficient H2O2 electrosynthesis, high-power fuel cells, and closed-loop H2O2-based energy storage.
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Abstract

H2O2-related electrochemical reactions, including two-electron oxygen reduction 

reaction (2e-ORR), H2O2 oxidation reaction (HPOR), and H2O2 reduction reaction 

(HPRR), have received significant attention for the electrosynthesis of H2O2 and energy 

storage. Understanding the complex structure-activity relationships among 2e-ORR/ 

HPOR/HPRR and their connections is crucial for further developing highly efficient 

catalysts and working systems. Herein, we unveil these intricacies by employing model 

Co-N-C catalysts with well-defined active site configuration (Co-N4-pyrrolic and Co-N4-

pyridinic) in a combined experimental and computational approach. We report the higher 

2e-ORR/HPOR but lower HPRR activity of the CoN4-pyrrolic site than the CoN4-pyridinic 

site based on their reaction free energy landscapes remodeled considering the 

chemisorption steps of O2 and H2O2. The results reveal that the binding free energy of 

*OOH (G*OOH) can only be utilized as a reliable descriptor for 2e-ORR/HPOR activity, 

but not indicative of HPRR activity, regardless of the scaling relationship of the 

common reaction intermediates (*OOH or *OH). The HPRR activity of CoN4 sites 

strongly depends on the H2O2 adsorption strength and configuration. These findings 

provide valuable insights into the design of catalysts for H2O2-related electrochemical 

energy conversion and storage systems. 

Keywords: Structure-activity relationship, activity descriptor, two-electron oxygen 

reduction reaction, hydrogen peroxide oxidation reaction, hydrogen peroxide reduction 

reaction, single atom catalyst
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1. Introduction

Hydrogen peroxide (H2O2)-related electrochemical reactions, including two-

electron oxygen reduction reaction (2e-ORR), H2O2 oxidation reaction (HPOR), and 

H2O2 reduction reaction (HPRR), have received significant attention for their key roles 

in the H2O2 electrosynthesis,1-5 fuel cells,6-10 and energy storage systems.11-14 These 

reactions often couple with each other positively or negatively, depending on the 

specific applications (Scheme 1). For instance, at the 2e-ORR electrode for H2O2 

electrosynthesis, the undesired HPRR often occurs and consumes the valuable 

product.15,16 Conversely, in the cathode of hydrogen fuel cells, the HPRR can convert 

harmful H2O2 into water, thereby enhancing stability and efficiency.17,18 The 2e-ORR 

and its reverse reaction, HPOR, facilitate the electrochemical cycle of H2O2, offering 

potential applications in energy and hydrogen storage.11 In the case of an H2O2 

electrolyzer for power-to-H2 conversion, the coupling of HPRR with HPOR at the 

anode reduces the H2O2 utilization and energy efficiency of the system.13,14 

Furthermore, HPOR and HPRR can be employed in driving the direct-H2O2 fuel cells 

at the anode and cathode, respectively.6-10 To date, the mechanistic studies of 2e-

ORR,2,19,20 HPOR,11,14,21,22 and HPRR23-26 are often conducted independently rather 

than being fully integrated. Given the significance of these reactions and their intricate 

relationships in various applications, understanding their comprehensive connections is 

imperative for the advancement of highly efficient catalysts and operational systems.
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Scheme 1. Critical roles of H2O2-related electrochemical reactions, including 2e-ORR, 

HPOR, and HPRR, for various applications.

Among these reactions, 2e-ORR and HPOR share the same intermediate of 

adsorbed hydroperoxyl (*OOH, where * denotes the catalytic site), and the HPRR 

involves an intermediate of adsorbed hydroxyl (*OH).2,13,27-30 The binding free energies 

of these intermediates, namely ΔG*OOH and ΔG*OH, have been proposed as the 

thermodynamic activity descriptors for the above reactions.31-34 Considering the 

established scaling relationship between ΔG*OOH and ΔG*OH for various catalyst types 

(ΔG*OOH = ΔG*OH + 3.2 ± 0.2 eV), there may be an intrinsic correlation among the 2e-

ORR, HPOR, and HPRR (2e-ORR/HPOR/HPRR) processes. 

Cobalt and nitrogen-doped carbon (Co-N-C), specifically those with nitrogen-

coordinated cobalt (CoNx) sites, have demonstrated activities across all three H2O2-

related reactions.11,15,35 For instance, Dodelet et al. observed that Co-N-C is a 
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remarkable catalyst for both HPOR and HPRR.35 And Strasser et al. found that Co-N-

C exhibits high 2e-ORR selectivity and low HPRR activity, contributing significantly 

to H2O2 productivity.15 However, there is a discrepancy in the HPRR activity of the Co-

N-C catalyst between these findings, possibly due to differences in the coordination 

environment around the Co ions. A recent study combining theoretical simulation and 

experiments identified that pyrrolic-type CoN4 (CoN4-pyrrolic) is mainly responsible for 

the 2e-ORR, while pyridinic-type CoN4 (CoN4-pyridinic) catalyzes the 4e-ORR.36 This 

highlights the significance of the coordination environment around Co ions for its 

catalytic properties. Through precise control of the coordination environment of Co, we 

could gain fundamental insights into the structure-activity relationship between CoN4 

and the 2e-ORR/HPOR/HPRR, opening opportunities to find a correlation among these 

reactions.

Herein, we employ Co-N-C catalysts with CoN4-pyridinic and CoN4-pyrrolic sites to 

establish the structure-activity relationships for 2e-ORR/HPOR/HPRR, examining the 

underlying connections among these reactions. The catalyst characterization and 

performance evaluation confirm that the CoN4-pyrrolic site exhibits higher 2e-ORR and 

HPOR activity but lower HPRR activity compared to the CoN4-pyridinic site. The results 

from density functional theory (DFT) calculations predict the same active site structural 

dependency for these reactions. The chemical process involving H2O2 determines the 

HPRR activity while the ΔG*OOH determines the 2e-ORR/HPRR activity. The activity 

of 2e-ORR and HPOR can be accurately predicted using a single thermodynamic 

descriptor. While HPRR follows chemical-electrochemical mechanisms, predicting its 

activity requires an in-depth analysis of the reaction pathway. This work advances the 

field by providing the first systematic investigation of three distinct H₂O₂ reaction 

pathways across differently coordinated CoN₄ motifs, while rigorously evaluating the 

universality of conventional activity descriptors through both theoretical and 

experimental validation. These valuable insights into the H2O2-related reactions can 
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guide the development of high-performance catalysts for various H2O2-based energy 

applications.

2. Experimental Section

2.1 Materials

Cobalt chloride (CoCl2, 99.7%, anhydrous, Aladdin Biochemical Technology 

Co.), cobalt(II) acetate tetrahydrate (Co(CH3COO)2·4H2O, 98%, Sigma Aldrich), Zinc 

acetate dihydrate (Zn(CH3COO)2·2H2O, analytical reagent grade, Aladdin Biochemical 

Technology Co.), aniline (98%, Sigma-Aldrich), hydrogen peroxide (H2O2, 30 wt%, 

Alfa Aesar), 2-methylimidazole (2-MIM, C4H6N2, 98%, Aladdin Biochemical 

Technology Co.), tannic acid (TA, analytical reagent grade, Aladdin Biochemical 

Technology Co.), hydrochloric acid (HCl, 36-38 wt%, analytical reagent grade, SCR, 

China), nitric acid (HNO3, 65-68 wt%, analytical reagent grade, SCR, China), sulfuric 

acid (H2SO4, 95-98 wt%, analytical reagent grade, SCR, China), APS (98%, Sigma-

Aldrich), isopropanol (IPA, >99.7%, analytical reagent grade; Kermel, SCR, China), 

methanol (CH3OH, analytical reagent grade, SCR, China), deionized water (DI-water, 

Milli-Q, 18.2 MΩ cm at 25 °C), ultrapure N2 (99.999%), ultrapure O2 (99.999%), 

carbon black (BlackPearl 2000, Cabot Co.), 20 wt% Pt/C (Hispec3000, Johnson 

Matthey Co.) and a D521 Nafion dispersion (5 wt%, EW = 1100, Chemours) were 

utilized as received.

2.2 Preparation of catalysts

The Co-N-C catalyst, featuring CoN4-pyrrolic dominated coordination (CoNpyrrC), 

was prepared by heating a precursor mixture containing CoCl2, polymerized aniline, 

and oxidized carbon black (OCB). Aniline (1.024 g, 8.11 mmol) was added to 200 mL 

of 1 M HCl under continuous magnetic stirring to form a monomer solution. Separately, 

a second solution was prepared by adding 1.246 g of 30 wt% H₂O₂ solution (11 mmol 

H₂O₂) and 7.141 g of CoCl₂ (55 mmol) to 200 mL of 1 M HCl. This second solution 

was then introduced into the aniline solution to initiate the polymerization process. The 

resulting mixture was maintained at room temperature with constant magnetic stirring 
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at 60 rpm for 4 h. Concurrently, a dispersion of OCB was prepared by sonicating 0.20 

g of OCB in a mixture of 100 mL H2O and 10 mL IPA. The OCB dispersion was then 

added to the polymer dispersion under stirring at 600 rpm. After 24 h, the combined 

dispersion was heated to 80 °C and concentrated under continuous stirring at 600 rpm 

to yield a dark slurry. Then, the slurry was loaded into an alumina combustion boat and 

heat-treated at 900 °C in a tube furnace in N2 under ambient pressure. The ramping rate 

was 30 °C/min, and the holding time at 900 °C was 1 h. Finally, the pyrolyzed material 

was ground into a fine powder using an agate mortar and pestle and treated with a 12 

N HCl solution for 24 h to remove spectator Co-rich phases. The acid-leached sample 

was washed with DI water and dried under vacuum at 60 °C. The final product was 

obtained after the second heat treatment at 900 °C for 3 h in flowing N2 with a ramping 

rate of 30 °C/min.

The NpyrrC refers to the blank N-doped carbon matrices that replicate the 

morphological features of the CoNpyrrC but are intentionally devoid of CoN4 

coordination sites. Its synthesis follows a similar procedure to that of CoNpyrrC but 

without adding the CoCl2.

The Co-N-C catalyst, featuring CoN4-pyridinic dominated coordination (CoNpyC), 

was synthesized by heat treatment of the ZIF-67 material obtained by reacting acetate 

with 2-MIM. First, Zn(CH3COO)2·2H2O (1 mmol) and Co(CH3COO)2·4H2O (1 mmol) 

were dissolved in 5 mL of H2O to form a clear pink solution, which was subsequently 

added to 5 mL of H2O containing 2-MIM (13.6 mmol) under stirring at room 

temperature. The resulting mixture turned purple after a few seconds and was left 

undisturbed at room temperature for 4 h, then washed three times with DI-water to 

obtain ZIF-67. Then, the prepared ZIF-67 was etched with 50 mL TA solution (5 

mg/mL) while stirring for 20 min. The products were washed with water and methanol 

and then dried in an oven at 80 °C. Finally, the dried powder was loaded into an alumina 

combustion boat and heat-treated at 900 °C (5 °C/min) in a tube furnace in N2 at 

ambient pressure. The holding time at 900 °C was 2 h. 
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The NpyC refers to the blank N-doped carbon matrices that mimic the 

morphological features of the CoNpyC but lack CoN4 coordination sites. Its synthesis is 

similar to that of the CoNpyC but without the incorporation of the Co(CH3COO)2·4H2O.

2.3 Physical characterizations

The Co-N-C catalysts were characterized using a scanning electron microscope 

(SEM, JSM-7001F, Japan) operated at an accelerating voltage of 80 kV and a high-

resolution transmission electron microscope (TEM, JEM-2100F, JEOL, Japan). Powder 

X-ray diffraction (XRD, D8 ADVANCE A25, Bruker Co., USA) patterns were 

recorded using a Bruker D8-Advance-A25 diffractometer with Cu Kα radiation over a 

2θ range from 5° to 90°. Raman spectra were recorded on a LabRAM HR Evolution 

(HORIBA Scientific, France) using a 514 nm laser as the excitation source. The X-ray 

photoelectron spectroscopy (XPS, Axis Ultra DLD, Kratos Analytical Ltd, UK) was 

performed on a monochromatic Al Kα source at 150 W without charge compensation. 

Cobalt K-edge X-ray Co K-edge X-ray absorption spectroscopy (XAS) was measured 

at the XRD station of beamline 4B9A of Beijing Synchrotron Radiation Facility (BSRF) 

in transmission or fluorescence mode. 

2.4 Electrochemical measurements

The electrochemical activities of 2e-ORR were measured at ambient temperature 

(25 ± 2 °C) in a five-necked electrochemical cell filled with a 0.5 M H2SO4 electrolyte 

employing a bipotentiostat (CHI 760E; CH Instruments, Inc.). A rotating ring-disc 

electrode (RRDE, Pine Research Instrumentation) with a glassy carbon disk (Φ = 5.50 

mm, area = 0.2375 cm2) and a Pt ring was employed as the working electrode, whereas 

a graphite rod and reversible hydrogen electrode (RHE) were employed as the counter 

and reference electrodes, respectively. Catalyst ink was prepared by dispersing 5 mg of 

the catalyst powder in 500 μL of DI water. Subsequently, 500 μL of IPA was added, 

followed by the addition of 12 μL of Nafion D521 dispersion. The mixture was then 

sonicated in an ice-water bath for 1 h to ensure homogeneity. Subsequently, to prepare 

the electrodes, 4.7 μL of the ink was deposited onto the GCE, resulting in a catalyst 
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loading of 0.1 mg/cm2. Uniform catalyst coating on the GCE was achieved by slow 

drying under rotation.

Their cyclic voltammograms (CVs) were recorded from 0 to 1.0 V vs. RHE in an 

N2-saturated 0.5 M H2SO4 solution at a scan rate of 50 mV/s. The 2e-ORR performance 

was measured in O2-saturated 0.5 M H2SO4 (O₂ purged for ≥ 30 min) under steady-

state conditions by polarizing the working electrode from 1.0 to 0 V vs. RHE employing 

20 mV potential steps and a hold time of 20 s at each step. The rotation rate was 900 

rpm. The ring current was measured at a ring potential of 1.3 V vs. RHE, and the current 

collection coefficient of the ring electrode (N) was 0.38. The electrochemical surface 

areas (ECSA) of the catalyst were calculated from the equation:

𝐸𝐶𝑆𝐴 =
𝑄

𝐶𝑠∆𝐸𝑚Eq.1

where Q is integrated double-layer charge (mC) measured in CV over a 0-1.0 V vs. 

RHE, Cs is the specific double-layer capacitance (30 μF/cm2), ∆E is the width of the 

potential window (1.0 V), and m is the catalyst mass loading on the electrode (mg).

Electron transfer number (n) and H2O2 yield (YH2O2) were calculated using the 

following equations: 

𝑛 =
4𝐼𝑑

𝐼𝑑 +
𝐼𝑟
𝑁

Eq.2

𝑌H2O2 = 200%
𝐼r
𝑁

𝐼d +
𝐼r
𝑁

Eq.3

where Id and Ir are the disk and ring currents, respectively. 

The electrochemical activities of HPOR/HPRR were measured by a bipotentiostat 

(CHI 760E) in an H-type electrolysis cell. A proton exchange membrane (Nafion® 

NR211) was used to separate the two compartments of the H-cell. A glassy carbon 

rotating disk electrode (RDE) (Φ = 5.00 mm, area = 0.1963 cm2) and an Ag/AgCl (KCl, 

3 M) reference electrode were placed in one cell compartment, which was filled with 

0.5 M H2SO4 and 0.5 M H2O2. At the same time, a graphite rod counter electrode was 
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positioned in the other compartment that was filled with 0.5 M H2SO4. Catalysts loaded 

at 0.1 mg/cm2 were prepared by depositing 3.9 μL of ink onto the GCE. CVs were 

recorded from 0.4 to 1.0 V vs. RHE in an N2-saturated 0.5 M H2SO4 and 0.5 M H2O2 

solution at a scan rate of 50 mV/s. The rotation rate was 900 rpm.

The kinetically limited current density (jk) was determined using the Koutecký-

Levich equation:
1
𝑗  =

1
𝑗𝑘

 +
1
𝑗𝑑

 Eq.4

where j is the measured current density and jd is the diffusion-limited current density.

The diffusion-limited current density is governed by the equation:

𝑗𝑑 = 0.62𝑛𝐹𝐶𝐻2𝑜2𝐷
2
3
𝐻2𝑜2

𝜈―1
6𝜔

1
2Eq.5

where n is the stoichiometric number of electrons transferred in the HPOR/HPRR, F is 

the Faraday constant, CH2O2 is the concentration of dissolved H2O2 (0.5 M), DH2O2 is the 

diffusion coefficient (1.3×10-5 cm2/s), ν is the kinetic viscosity of the solution (0.009 

cm2/s), and ω is the rotation rate of the disc electrode (900 rpm).

The logarithm of the current density (jk) was plotted against the potential to obtain 

a semilogarithmic polarization curve, also known as a Tafel plot. The linear part of this 

curve was fitted using the equation:

𝜂 = 𝑎 + 𝑏log𝑗𝑘Eq.6

where η is the overpotential, a is the intercept at the x-axis when η = 0, b is the Tafel 

slope, and j is the average of the forward and reverse scan current density in CV.

Mass activity (MA) and specific activity (SA) were quantified through the 

following equations:

𝑀𝐴 =
𝑗𝑘

𝑚Eq.7

𝑆𝐴 =
𝑀𝐴

𝐸𝐶𝑆𝐴Eq.8

2.5 Computational details
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All spin-polarized density functional theory (DFT) calculations were performed using 

the GGA-PBE functional in the VASP 5.4.4 code.37-39 The core-valence interactions 

were described using the projector augmented wave (PAW) pseudopotential,40,41 with 

a plane-wave basis set truncated at a cut-off energy of 400 eV. The van der Waals (vdW) 

interactions were incorporated through the empirical Grimme’s DFT-D3 method.42 The 

k-point grids were set to be 4 × 4 × 1 by the Monkhorst–Pack method. Geometric 

optimizations employed the conjugate gradient algorithm, with force and energy 

convergence criteria set to 0.01 eV/Å and 10−5 eV, respectively. A 15 Å vacuum layer 

was set to avoid interactions.

The chemical potential of the H+/e− pair is equal to half of the gas-phase H2 at 

standard hydrogen electrode (SHE) conditions from the computational hydrogen 

electrode (CHE).43 All free energies were calculated relative to H2O (l) and H2 (g). 

The free energy (G) for each reaction intermediate was calculated as:

G=EDFT + ZPETS + Esol Eq.9

where EDFT is the total energy by DFT calculation, ZPE is the zero-point energy, S is 

the entropy, and T is the temperature (298.15 K, in our work). For adsorbed reaction 

intermediates, their ZPE and S were obtained via vibrational frequency computations. 

Esol is an implicit solvation correction of ~0.3 eV for the adsorption free energies.44

The adsorption free energies of *OOH, *OH, and *O were defined as follows:

ΔG(*OOH)=G(*OOH)G(*)2G(H2O) +  3/2G(H2)Eq.10

ΔG(*OH)=G(*OH)G(*)G(H2O) +
1

2G(H2)Eq.11

ΔG(*O)=G(*O)G(*)G(H2O) + G(H2)Eq.12

where G(*OOH), G(*OH), and G(*O) are the adsorption free energies of OOH, 

OH, and O intermediate, respectively. G(*) is the energy of a clean surface. G(*OOH), 

G(*OH), and G(*O) are the free energies of intermediate (OOH, OH, and O) adsorbed 

on the surface. G(H2O(l)) and G(H2(g)) are the energies of free H2O(l) and H2(g).
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3. Results and discussion

3.1  Co-N-C catalysts with CoN4-pyrrolic and CoN4-pyridinic active sites 

We synthesized Co-N-C catalysts with dominant CoN4-pyrrolic sites (CoNpyrrC 

catalyst) and CoN4-pyridinic sites (CoNpyC catalyst) using separate methods (Figure 

1a).45,46 Briefly, the CoNpyrrC catalyst was prepared by heat-treatment of a precursor 

mixture containing cobalt (II) chloride, polyaniline (PANI), and oxidized carbon black 

(OCB).45 The CoNpyC catalyst was synthesized by heat-treatment of ZIF-67 material 

obtained by reacting cobalt (II) acetate with 2-methylimidazole (2-MIM).46
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Figure 1. a) Schematic synthesis routes for the Co-N-C catalysts with different 

coordination structures. b, c) TEM images; d, e) element mapping images; and f, g) 

HAADF-STEM images of the CoNpyrrC and CoNpyC catalysts, respectively.

The structural and elemental analysis results indicate that both catalysts are 

primarily carbon matrices doped with dispersed Co and N elements. Specifically, XRD 

patterns of both catalysts display a graphite-type phase, evident by two distinct 

characteristic peaks at 26.54 and 43.28 corresponding to the (002) and (101) planes of 

graphite (PDF #75–1621), respectively (Figure S1a). No peaks indicative of cobalt-

rich phases were observed. Their Raman spectra (Figure S1b) share a similar ratio of 

D-band (disordered carbon, at ca. 1350 cm-1) to G-band (graphitic carbon, at ca. 1580 

cm-1) with ID:IG of 1.07 and 1.08, respectively, indicating comparable disordered 

graphitic structures. SEM and TEM (Figure 1b-c and Figure S1c-d) micrographs show 

that the CoNpyrrC catalyst exhibits an amorphous carbon particle morphology, while the 

CoNpyC catalyst displays a hollow dodecahedral structure with a concave shell. EDS 

elemental mapping (Figure 1d-e) indicates the distinguishable signals of C, N, and Co, 

revealing uniform dispersion of Co within the carbon matrix. HAADF-STEM images 

show bright and isolated spots (Figure 1f-g), indicative of atomically dispersed Co sites 

in both catalysts. 

The N 1s XPS spectra for the CoNpyrrC and CoNpyC (Figure 2a) can be fitted with 

four main types of N species, including pyridinic-N (398.6 eV), pyrrolic-N (400.3 eV), 

graphitic-N (401.3 eV), and oxidized-N (403.2 eV) species.36, 47, 48 The fitting results 

(Figure 2b and Table S1) show that the CoNpyrrC catalyst has a higher proportion of 

pyrrolic-N (ca. 45 at%) compared to pyridinic-N (ca. 22 at%). Conversely, the CoNpyC 

predominantly contains pyridinic-N species (ca. 52 at%) with a low fraction of pyrrolic-

N (ca. 14 at%). Assuming that atomically dispersed Co is randomly coordinated with 

pyridinic- or pyrrolic-N sites, and considering their favorable thermodynamic 
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formation energies,36,49 the probability of CoN4 sites in CoN4-pyrrolic or CoN4-pyridinic 

configurations is 67% vs. 33% in CoNpyrrC, and 79% vs. 21% in CoNpyC catalyst.

To further investigate the oxidation state and local coordination environment of the 

Co ions at the atomic level, Co K-edge XAS measurements were conducted. For 

comparative purposes, Co foil and cobalt phthalocyanine (CoPc) were also analyzed. 

We acknowledge the lack of a well-defined pyridinic-CoN4 reference material for direct 

XAS comparison. The Co K-edge X-ray absorption near-edge structure (XANES) 

spectra (Figure 2c) show that both CoNpyrrC and CoNpyC exhibit a higher pre-edge 

adsorption energy at the energy half of the edge maximum intensity compared to Co 

foil, indicating a positive valency of Co in the catalysts.36,50,51 The XANES spectrum 

of CoPc shows a sharp pre-edge peak at 7712 eV (peak B), indicative of the square-

planar symmetry (D4h) of the CoN4 structure (Figure 2c).45,47,52 

Figure 2. a) N 1s XPS spectra, and b) proportion of different N species for the CoNpyrrC 

and CoNpyC. c) Co K-edge XANES spectra, d) FT k2-weighted and fitting EXAFS 

spectra, and e) WT k2-weighted EXAFS contour plots of the CoNpyrrC, CoNpyC, and 

other reference sample.
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In contrast, CoNpyrrC and CoNpyC lack peak B, but instead, feature a peak at 7706 eV 

(peak A), attributable to the distorted local structures of atomically dispersed CoN4 sites. 

The presence of peak A confirms the existence of the CoN4 site structure within the 

CoNpyrrC and CoNpyC catalysts.

The Fourier-transform (FT) of Co K‐edge extended X-ray absorption fine structure 

(FT-EXAFS) spectra (Figure 2d) confirms the absence of Co-Co bonds (2.17 Å) in 

CoNpyrrC and CoNpyC, consistent with the HAADF-STEM images. The prominent 

peaks at 1.44 Å for CoNpyrrC and CoPc point to the CoN4-pyrrolic structure, whereas the 

prominent peak at 1.33 Å for CoNpyC aligns well with the CoN4 structures featuring a 

pyridinic-N configuration reported in the literature.36,53 To further confirm this analysis, 

we performed a least-square curve fitting analysis for the first coordination shell of Co 

(Figures S2-S5). The fitted coordination numbers for the CoNpyrrC and CoNpyC are 

3.99 and 4.02 (Table S2), respectively. And the fitted bond lengths of Co-N in the 

CoNpyrrC and CoNpyC are 2.02 Å and 1.90 Å, respectively. These bond-length trends 

align with those reported by others and those from our DFT modeling (Figure S8), 

validating the CoN4-pyrrolic and CoN4-pyridinic in the Co-N-C catalysts.53,54 

The Wavelet-transform (WT) of EXAFS analysis further elucidates the 

differences in the coordination environments across the samples, as illustrated in 

Figure 2e. The CoNpyrrC exhibits a maximum intensity around ca. 3.8 Å–1, closely 

aligned with the Co-N path in CoPc. In contrast, CoNpyC displays a maximum intensity 

at 3.6 Å–1, reflecting its different coordination environment compared to CoNPyrrC.53 

Summarizing the above results, we have experimentally obtained the Co-N-C catalysts 

with CoN4-pyridinic and CoN4-pyrrolic sites. These samples serve as model catalysts to 

explore the structure-activity relationship between the Co-N coordination structure and 

the ORR/HPOR/HPRR and to investigate the connections among these reactions. 

3.2  2e-ORR/HPOR/HPRR on Co-N-C with CoN4-pyridinic and CoN4-pyrrolic sites 
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The Co-N-C catalysts with CoN4-pyridinic and CoN4-pyrrolic coordination exhibit 

distinct catalytic properties. In Figure S6, the CV reveals comparable capacitive 

currents for both catalysts, corresponding to similar electrochemical active surface 

areas of 360.3 m²/g for CoNpyrrC and 379.8 m²/g for CoNpyC. This surface area 

equivalence establishes a controlled baseline for subsequent performance comparisons,

Figure 3. a) Steady-state ORR polarization curves, b) YH2O2 and n in O2-saturated 0.5 

M H2SO4 by an RRDE system for the CoNpyrrC and CoNpyC. c) Polarization curves 

recorded at 900 rpm in N2-saturated 0.5 M H2SO4 +0.5 M H2O2 by an H-cell system, 

and d) Tafel plot of the current density for HPOR measured with the CoNpyrrC and 

CoNpyC.

eliminating morphological factors as primary contributors to catalytic differences. The 

steady-state polarization curves in Figure 3a highlight that the CoNpyrrC exhibits 

significantly higher 2e-ORR activity than CoNpyC, with an onset potential (Eonset) of 

0.71 V vs. RHE, closer to the thermodynamic theoretical potential (0.695 V vs. RHE). 
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The limiting current density (jL) of the CoNpyrrC is 2.10 mA/cm2, closer to the 

theoretical jL value for 2e-ORR, while that of CoNpyC is 4.02 mA/cm2. Figure 3b 

compares the YH2O2 and n for these two structures. The maximum YH2O2 for CoNpyrrC is 

ca. 66.5% at 0.6 V vs. RHE, corresponding to n around 2.6. The YH2O2 for CoNpyC is 

below 12% over the wide voltage range (0-0.6 V vs. RHE), with n close to 4. This result 

implies that the CoN4-pyrrolic coordination is more favorable for 2e-ORR than CoN4-

pyridinic coordination.

The polarization curves of the two catalysts in an N2-saturated solution containing 

0.5 M H2O2 and 0.5 M H2SO4 electrolyte are presented in Figure 3c. The anodic current 

at high potential represents the HPOR-dominated process, and the cathodic current at 

low potential represents the HPRR. When the anode and cathode processes are in 

equilibrium, the net current becomes zero at the mixing potential (Umix).11,14 For an 

ideal HPOR catalyst, the Umix should be close to the thermodynamic equilibrium 

potential (0.704 V, reversible cell voltage in 0.5 M H2SO4 and 0.5 M H2O2 anolyte) to 

achieve high efficiency in HPOR. As displayed in Figure 3c, the CoNpyrrC and CoNpyC 

show a Umix of ca. 0.66 and 0.75 V vs. RHE. At 1.0 V vs. RHE, these catalysts achieve 

maximum current densities of ca. 300 and 130 mA/cm2, respectively. Corresponding 

MA and SA at this potential, detailed in Table S3, are 5440 A/g and a SA of 1.51 

mA/cm2 for CoNpyrrC versus 1617 A/g and 0.43 mA/cm2 for CoNpyC. Furthermore, the 

calculated Tafel slopes are 94 and 337 mV/dec for CoNpyrrC and CoNpyC, respectively, 

based on the Tafel equation (Eq.6) (Figure 3d). The CoNpyrrC exhibits significantly 

higher HPOR activity compared to the CoNpyC. We assume that the CoN4-pyrrolic is the 

active site for the HPOR process. 

For the HPRR process, CoNpyC exhibits significantly higher activity than the 

CoNpyrrC catalyst. At 0.4 V vs. RHE, the CoNpyC catalyst achieves a current density of 

ca. 62 mA/cm2, much higher than that of the CoNpyrrC (ca. 10 mA/cm2). This enhanced 

activity is reflected in the MA and SA values at 0.4 V vs. RHE. CoNpyC achieves a 

markedly higher MA of 675 A/g and SA of 0.18 mA/cm2, while CoNpyrrC displays an 
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MA of 119.8 A/g and SA of 0.03 mA/cm2 (Table S3). Despite this superior activity, 

CoNpyC displays a larger Tafel slope (305 mV/dec) compared to the CoNpyrrC (231 

mV/dec). It is noteworthy that both CoNpyC and CoNpyrrC catalysts exhibit large Tafel 

slopes for HPRR. Tafel slopes larger than 120 mV/dec are typically associated with a 

chemical-electrochemical mechanism in which the chemical step is rate-determining.23 

Overall, the CoN4-pyrrolic coordination shows high activity for 2e-ORR/HPOR, whereas 

CoN4-pyridinic coordination exhibits preferred HPRR. Critical control experiments with 

negligible ORR/HPOR/HPRR activity for NpyrrC and NpyC blank N-doped carbon 

matrices (Figure S7) further confirm that the catalytic activity difference is 

predominantly due to the variation in CoN₄ coordination environment rather than 

morphological features or residual metals. 

Table S4 provides a benchmark comparison of our CoNpyC and CoNpyrrC catalysts 

with selected CoN₄-based catalysts reported in prior studies.15,35,55,56 It appears that the 

high 2e-ORR is accompanied by high HPOR and low HPRR, while 4e-ORR occurs, it 

is typically accompanied by acceptable HPOR and HPRR. Subsequent DFT 

calculations will provide further insight into the correlation among these reactions.

3.3 Theoretical calculation on 2e-ORR/HPOR/HPRR. 

DFT calculations were performed to understand the structure-activity relationship 

between CoN4 catalysts with CoN4-pyridinic and CoN4-pyrrolic coordination and the 2e-

ORR/HPOR/HPRR. We built the CoN4-pyrrolic and CoN4-pyridinic models and optimized 

their structures. The optimized lattice parameters and Co-N bond length are shown in 

Figure S8. The detailed calculation data for all species are displayed in Table S5.

For 2e-ORR, the generally accepted pathway in acid is as follows34, 57:

* + O2 + H+ + e― *OOH                                       Eq.13

*OOH + H+ + e― * + H2O2                                  Eq.14
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This pathway is composed of two consecutive proton-coupled electron transfer (PCET) 

steps, involving a single intermediate, *OOH. However, the chemisorption of oxygen 

(* + O2 → *O2) and the desorption of H2O2 are not considered in this pathway, and the 

reason is not well documented.32 Therefore, we first remodeled the 2e-ORR pathways 

on the CoN4-pyrrolic and CoN4-pyridinic surfaces by considering the O2-adsorption and 

H2O2-desorption steps and compared the results with the conventional 2e-ORR 

pathway model. The remodeled pathway is as follows:

* + O2  *O2                                                Eq.15

*O2 + H+ + e―  *OOH                                        Eq.16

*OOH + H+ + e―  *H2O2                                     Eq.17

*H2O2  H2O2 + *                                           Eq.18

Figure 4a shows the reaction free energy diagrams of these pathways at U = 0.695 V. 

The optimized structures of the intermediates are shown in Figure S9. We found that 

the strong binding of *O2 at the CoN4-pyridinic site creates a high barrier for the next 

reduction step of *O2 to *OOH, which would negatively affect both 4e-ORR and 2e-

ORR activity (dashed line in Figure 4a), while the slightly weak binding of *O2 at the 

CoN4-pyrrolic site can be easily overcome. However, this prediction is not consistent with 

the observed high 4e-ORR activity of the CoNpyC catalyst in our experiment. 

Alternatively, considering the O2 gas, dissolved O2, and *O2 are at equilibrium (0.695 

V) and therefore have the same chemical potential, the free energy *O2 at equilibrium 

(rather than at the O2 coverage used in the DFT model) can be replaced with that of free 

O2. With this treatment, the conventional pathway model predicts higher 2e-ORR 

activity of CoN4-pyrrolic than CoN4-pyridinic (solid line in Figure 4a). In this case, the 

removal of *OOH is slightly uphill, and it serves as the rate-determining step (RDS) 

for both CoN4-pyrrolic and CoN4-pyridinic. The CoN4-pyrrolic exhibits a lower thermodynamic 
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onset overpotential (η, η2e-ORR = 0.06 V) compared to the CoN4-pyridinic (η2e-ORR = 0.25 

V), indicating that the CoN4-pyrrolic has a higher 2e-ORR activity than CoN4-pyridinic. 

Figure 4b shows the volcano-type relationship between the thermodynamic 

limiting potential (UL) and the binding free energy of *OOH (ΔG*OOH) and the predicted 

values for CoN4-pyrrolic and CoN4-pyridinic. The left region of the plot represents the strong 

binding of *OOH, while the right downhill part in the volcano plot corresponds to the 

weak binding of *OOH. The volcano reaches its peak at the equilibrium potential at 

0.695 V with the optimal ΔG*OOH of 4.225 eV. The CoN4-pyrrolic shows ΔG*OOH of 4.16 

eV, which is close to the optimal value, indicating that CoN4-pyrrolic prefers the 2e-ORR 

process. This prediction agrees with the observed low Eonset of 2e-ORR for the CoNpyrrC 

catalyst in Figure 3a. Furthermore, we also investigated the electron transfer between 

the *OOH intermediate and these two types of CoN4 sites by Bader charge analysis, 

which determines the binding strength of the *OOH intermediate. As shown in Figure 

S10, the CoN4-pyrrolic site transfers less charge (0.28 e) to the *OOH intermediate than 

the CoN4-pyridinic site (0.35 e), which leads to the weaker binding of *OOH at the CoN4-

pyrrolic site. The good agreement between the experimental and theoretical results 

indicates that ΔG*OOH is a suitable activity descriptor for 2e-ORR at these CoN4 sites. 

Therefore, deliberate engineering of CoN4-pyrrolic sites, guided by the ΔG*OOH descriptor, 

provides a strategic pathway to design highly active catalysts for H₂O₂ production.

On the other hand, the HPOR is the reverse 2e-ORR process involving the same 

intermediate, and its pathway is as follows:

* +H2O2  *OOH + H+ + e―                                           Eq.19

*OOH  * + O2 + H+ + e―                                            Eq.20

Figure 4a shows the calculated reaction free energy diagrams of the HPOR (inverse 

process of 2e-ORR) at 0.695 V. In the conventional pathway model, without 

considering the *O2 and *H2O2, the RDS of HPOR for both CoN4-pyrrolic and CoN4-pyridinic 

is the removal of *OOH, due to the uphill energy required for converting *OOH to O2. 
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The CoN4-pyrrolic exhibits ηHPOR of 0.06 V, lower than 0.25 V predicted for the 

CoN4-pyridinic, indicating its higher HPOR than the CoN4-pyridinic. If considering the *O2 

and *H2O2 states, the model predicts O2 desorption as the RDS for HPOR at CoN4-

pyridinic and its lower activity than CoN4-pyrrolic. 

Figure 4b shows the relationship between the UL of the HPOR and ΔG*OOH. An 

optimal HPOR catalyst should have a ΔG*OOH of 4.225 eV, and the corresponding UL 

should be close to the equilibrium potential (0.695 V) with minimized overpotential. 

The CoN4-pyrrolic demonstrates a ΔG*OOH of 4.16 eV with a UL of 0.76 V, which is near 

the theoretical equilibrium potential. While the CoN4-pyridinic has a ΔG*OOH of 3.97 eV, 

and the corresponding UL is 0.95 V. These results are consistent with the higher HPOR 

activity of CoNpyrrC than CoNpyC (Figure 3c). Consequently, ΔG*OOH serves as a 

thermodynamic activity descriptor for both the HPOR and 2e-ORR at CoN4 sites. The 

superior HPOR and 2e-ORR demonstrated by CoN4-pyrrolic sites enable an efficient 

electrochemical cycle of H2O2, offering potential applications in energy and hydrogen 

storage.11,13,14

Page 22 of 33EES Catalysis

E
E

S
C

at
al

ys
is

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
 2

1 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

3/
20

25
 1

:2
8:

07
 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/D5EY00224A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00224a


22

Figure 4. a) Free energy diagram of 2e-ORR/HPOR on the CoN4-pyrrolic and CoN4-pyridinic. 

The dash line represents 2e-ORR/HPOR process including the chemisorption of 

reactants. b) Volcano plot for the UL of the 2e-ORR/HPOR against ΔG*OOH on the 

CoN4-pyrrolic and CoN4-pyridinic. c) Free energy diagram for HPRR on the CoN4-pyrrolic, 

along with the optimized structures of intermediates involved in HPRR process on the 

CoN4-pyrrolic. d) Free energy diagram for HPRR on the CoN4-pyrrolic, and the optimized 

structures of intermediates. 

For HPRR, no general pathway has been proposed so far. The Tafel slopes 

observed in our results and reported for various catalysts exceed 120 mV/dec, which 

are very large and typical for chemical-electrochemical mechanisms.23,58,59 Therefore, 
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we propose the following possible chemical-electrochemical HPRR pathways on the 

CoN4-pyrrolic and CoN4-pyridinic. On the CoN4-pyrrolic, the HPRR is as follows:

* +H2O2  *H2O2                                           Eq.21

*H2O2  *OH + *OH                                         Eq.22

*OH + *OH + H+ + e―  *OH + H2O                               Eq.23

*OH + H+ + e―  H2O                                         Eq.24

The HPRR on the CoN4-pyridinic is as follows:

* +H2O2  *O + H2O                                           Eq.25

*O + H+ + e―  *OH                                           Eq.26

*OH + H+ + e―  H2O                                           Eq.27

where Eq.21 and Eq.22 are the chemical pathways, Eq.23 and Eq.24 are the 

electrochemical pathways on the CoN4-pyrrolic; Eq.25 is the chemical pathway, Eq.26 

and Eq.27 are the electrochemical pathways on the CoN4-pyridinic.

Figure 4c-d shows the complete HPRR pathways and calculated reaction free 

energy diagram at U = 0.695 V for both CoN4-pyrrolic and CoN4-pyridinic (Figure S11 for 

U = 0 V). On the CoN4-pyrrolic, H2O2 adsorbs on top of the Co atom via the O atom 

(Figure S12), and then dissociates to two *OH via HOOH scission, which is an 

endothermic chemical reaction. Subsequently, these two *OH combine with two (H+ + 

e) pairs to form two H2O molecules, which is characterized by significant 

exothermicity. The RDS of this pathway is the HOOH scission step, with an energy 

barrier exceeding 0.25 eV, in line with the chemical-electrochemical mechanism 

suggested by Tafel slope analyses (Figure 3d). In contrast, H2O2 undergoes spontaneous 

dissociation on the CoN4-pyridinic (Figure S13), resulting in the formation of *O and H2O. 

The *O combines with one (H+ + e) pair, forming *OH, followed by a second (H+ + e) 

pair and forming H2O. This pathway is entirely exothermic, with the RDS being the 
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electrochemical removal of *OH. Consequently, at U = 0.695 V, the HPRR activity on 

the CoN4-pyridinic is thermodynamically more favorable than that on the CoN4-pyrrolic 

surface, which aligns well with the observed activity order in Figure 3c. Furthermore, 

the simple electrochemical process involving only the *OH intermediate is also 

calculated to compare the HPRR activity (Figure S14). Therefore, DFT calculations 

and Tafel slope analysis validate the chemical-electrochemical mechanism for the 

HPRR on both CoN4-pyrrolic and CoN4-pyridinic. This leads to the conclusion that the ΔG*OH 

cannot serve as a reliable descriptor for HPRR. As the first atomistic-level elucidation 

of HPRR pathways on CoN₄ catalysts, this work provides fundamental insights for 

designing cathode catalysts in direct H₂O₂ fuel cells. 6-10

It is important to note that the free energy diagram indicates that CoN4-pyrrolic and 

CoN4-pyridinic exhibit lower overpotentials (ηHPRR  0.5 V) for HPRR, which deviates 

from the experimental results (ηHPRR ≈1 V). This discrepancy arises from the limitations 

of computational methods like DFT, which focus on thermodynamics but overlook 

kinetic barriers crucial for reaction rates, such as proton-electron transfer. Additionally, 

DFT may not accurately represent realistic surface coverages of reactants or 

intermediates, affecting the energetics of key reaction steps. Thus, while DFT and 

experimental data agree on the trend that HPRR is thermodynamically favorable on 

CoN4-pyridinic surfaces, factors like reaction kinetics and surface coverage lead to higher 

observed overpotentials than predicted by DFT.

Our detailed theoretical investigation on CoN4-pyrrolic and CoN4-pyridinic elucidates 

the critical role of the *OOH intermediate as a descriptor for both the 2e-ORR and 

HPOR activities. The CoN4-pyrrolic type structure exhibits higher 2e-ORR/HPOR activity 

than the CoN4-pyridinic type structure due to its more optimal ΔG*OOH. The HPRR 

pathway analysis offers insights that the oversimplified use of ΔG*OH as a descriptor 

might fail to depict chemical-electrochemical mechanisms accurately. The significant 

differences in HPRR pathways on CoN4-pyrrolic and CoN4-pyridinic originate from H2O2 

adsorption and thermodynamic energies. The CoN4-pyrrolic type structure demonstrates 
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inferior catalytic activity in HPRR compared to the CoN4-pyridinic type structure, 

attributable to a higher chemical dissociation barrier of H2O2, while H2O2 

spontaneously dissociates on the CoN4-pyridinic. Thus, ΔG*OOH can serve as a descriptor 

for 2e-ORR/HPOR activities, but not for the HPRR, which requires a more detailed 

consideration of the chemical reaction steps involved. For electrochemical H₂O₂ 

synthesis, we propose targeting CoN4-pyrrolic sites while tuning ΔG*OOH toward optimal 

values (4.225 eV) through coordination engineering. Conversely, for H₂O₂ fuel cell 

cathodes requiring efficient HPRR, catalyst design should prioritize CoN4-pyridinic 

configurations that facilitate spontaneous H₂O₂ dissociation and optimize *OH binding 

energetics. These site-specific design principles enable the rational development of 

integrated systems where H₂O₂ serves as both an energy carrier (in production) and a 

fuel (in consumption).

4. Conclusion

We explored the intrinsic relationship between 2e-ORR/HPOR/HPRR using two 

model Co-N-C catalysts with CoN4 sites in different coordination environments. The 

Co-N-C catalyst with CoN4-pyrrolic sites exhibits higher 2e-ORR and HPOR activity than 

that with CoN4-pyridinic sites, while the latter shows higher HPRR activity. Computational 

results indicate that the superior 2e-ORR/HPOR activity of the CoN4-pyrrolic site 

originates from its more optimal ΔG*OOH value. The HPRR activity of the CoN4 sites 

are determined by the chemical adsorption step of H2O2. The CoN4-pyrrolic exhibits a high 

H2O2 dissociation barrier that hinders HPRR, whereas H2O2 spontaneously dissociates 

on the CoN4-pyridinic, leading to higher HPRR activity. These results suggest that ΔG*OOH 

can serve as a descriptor for 2e-ORR/HPOR activities, but not for the HPRR, which 

needs to take the chemical reaction steps into consideration. These results can provide 

valuable insights into the H2O2-related reactions and guide the development of high-

performance catalysts for various H2O2-based energy conversion and storage 

applications.
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