
1 
 

Elucidating Electrocatalytic Oxygen Reduction Kinetics via 

Intermediates by Time-Dependent Electrochemiluminescence 

 

Kaiqing Wu, Ran Chen, Zhixin Zhou, Xinghua Chen, Yanqin Lv, Jin Ma, Yanfei Shen, 

Songqin Liu, Yuanjian Zhang* 

Jiangsu Engineering Laboratory of Smart Carbon-Rich Materials and Device, Jiangsu 

Province Hi-Tech Key Laboratory for Bio-Medical Research, State Key Laboratory of 

Bioelectronics, School of Chemistry and Chemical Engineering, Medical School, 

Southeast University, Nanjing 21189, China. Email: Yuanjian.Zhang@seu.edu.cn 

 

Abstract 

Facile evaluation of oxygen reduction reaction (ORR) kinetics for massive 

electrocatalysts is critical for sustainable fuel cells development and industrial H2O2 

production. Despite great success in ORR studies by mainstream strategies, such as 

membrane electrode assembly, rotation electrode technique and advanced surface-

sensitive spectroscopy, the time/spatial distribution of reactive oxygen species (ROS) 

intermediates in the diffusion layer is still unknown. By time-dependent 

electrochemiluminescence (Td-ECL), here we report an intermediate-oriented 

methodology for ORR kinetics analysis. Thanks to multiple ultra-sensitive 

stoichiometric reactions between ROS and the ECL emitter, except for electron transfer 

numbers and rate constants, the potential-dependent time/spatial distribution of ROS 

was successfully obtained for the first time. Such uncovered exclusive information 

would guide fuel cells and H2O2 production with maximized activity and durability, for 

instance, a larger overpotential would be beneficial to electrocatalysts of 2e− reduction 

for H2O2 production, because of the high yield of H2O2 and low concentration of 

attackable O2
•−. This work would pave the exploration of not only the fundamentals of 

unambiguous ORR mechanism but also the durability of electrocatalysts for practical 

applications. 
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Introduction 

Carbon neutrality is widely regarded as the ultimate way to address global warming 

and achieve a sustainable world. Among them, fuel cells have garnered increasing 

attention as a promising solution since it does not emit carbon dioxide during the 

conversion of chemical energy into electricity, and the theoretical efficiency is near-

unity.1 However, owing to multiple electron-transfer processes, the oxygen reduction 

reaction (ORR), the cathodic reaction in fuel cells, is kinetically sluggish, which 

significantly hampered the commercialization of fuel cells.2 Along this line, developing 

ORR electrocatalysts with high activity, reasonable durability, and low cost has been 

intensively explored for several decades,3 in which accurate and fast screening ORR 

kinetics is essential to examine electrocatalyst and give feedback in preparation. 

The membrane electrode assembly (MEA), primarily consisting of the proton 

exchange membrane, catalyst layer, and gas diffusion layer, is the closest to the actual 

fuel cell use and adept at giving the ultimate performance of electrocatalysts.1b, 4 

Nevertheless, its operation is time-consuming and need costly equipment, professional 

expertise, and a large number of samples.5 In this event, newly developed 

electrocatalysts, often in small amounts, are preferred to be examined by laboratory 

testing from a fundamental point of view before applying in MEA or realistic fuel cells. 

For this reason, the rotation electrode technique, including rotating disk electrode (RDE) 

and rotating ring disk electrode (RRDE), has been the most common way to obtain the 

intrinsic activities of ORR electrocatalysts.6 The Koutecky-Levich (K-L) equation 

describes the current density of electrocatalysts on RDE (Eq. S1-3). The selectivity of 

H2O2 and the associated electron transfer number (n) during ORR can also be calculated 

by RRDE (Eq. S4, 5). Nonetheless, due to the lack of consideration for intermediates, 

MEA and RDE/RRDE methods can hardly offer information of intermediate reactive 

oxygen species (ROS), such as O2
•−, which is critical to the fundamental exploration of 

unambiguous ORR mechanism7 and the durability concern of electrocatalysts for 

practical applications.8 

Indeed, ROS are produced at the surface of electrocatalysts, which have recently 

been confirmed by surface-sensitive spectroscopic methods, such as surface-enhanced 
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infrared reflection absorption spectroscopy (SEIRAS)9 and surface-enhanced Raman 

scattering (SERS).10 Moreover, the dissolved ROS were observed in ORR by scanning 

electrochemical microscopy (SECM), but the extremely short distance between 

ultramicroelectrode and substrate, typically tens of nanometers to several micrometers, 

requires smooth electrocatalyst, restricting its general applications.11 Notably, although 

the generation of ROS on the surface of electrocatalysts and the existence of dissolved 

ROS have been observed, the quantitative time/spatial distribution of ROS 

intermediates is still unknow,12 owing to challenges in facile quantitative detection of 

these trace and short-lived ROS. 

Due to theoretical zero background and simple instrumentation, 

electrochemiluminescence or electrogenerated chemiluminescence (ECL), has drawn 

increasing attention across diverse fields, ranging from clinical diagnosis to super-

resolved imaging.13 As known, ROS are excellent co-reactants for luminol to gain a 

strong ECL signal.14 For instance, the detection limit of H2O2 by ECL via O2
•− pathway 

(Eq. 1-3) was three orders of magnitude superior to that by RRDE (Figure 1a), down to 

nM level. Thus, ROS-triggered ECL would be a powerful tool with a high signal-to-

noise ratio to screen kinetics of ORR electrocatalysts. Nonetheless, although the highly 

sensitive ECL between luminol and ROS, including which produced in ORR,15 has been 

established for several decades,16 the quantitative ORR kinetics, particularly the 

time/spatial distribution of ROS intermediates in the vicinity of electrocatalysts, have 

been rarely reported using ECL. 

Herein, we report a ROS-oriented strategy for kinetic evaluation of ORR 

electrocatalysts in alkaline media using time-dependent ECL (Td-ECL). The kinetic 

evaluation includes synchronous sequential ORR and ECL reactions driven by double-

potential step chronoamperometry and the subsequent ECL intensity collection. Only 

commonly-used potentiostat, glassy carbon electrodes, and a photomultiplier (PMT) 

were required to drive ORR and detect trace-amount ROS intermediates in the diffusion 

layer. Interestingly, ORR electrocatalysts with two-/four-electron reduction could be 

reliably discriminated by ECL peak intensities using principal component analysis 

(PCA). Moreover, due to multiple ultrasensitive stoichiometric reactions between ROS 
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and the ECL luminophore, the quantitative kinetic information, such as apparent rate 

constant and potential-dependent time/spatial distribution of ROS were successfully 

extracted by finite element analysis (FEA) of the ECL decay curves. 

 

Results and discussion 

 

Figure 1. Principle and setup of ECL for ORR kinetics evaluation. (a) Responses of H2O2 at 

different concentrations by ECL and RRDE methods. The colored areas represent the standard error. 

(b) Reaction pathways of ORR in a modified Damjanovic model. (c) Brief setup of Td-ECL method 

for ORR kinetics analysis and the electrochemical/ECL signals at a different time during the Td-

ECL measurement. The enlarged area and line charts show the dissolved O2, ROS, and Ap* 

distribution in the diffusion layer. 

 

The modified Damjanovic model for the ORR is shown in Figure 1b,17 which 

generally consists of several parallel steps. For the typical four-electron (4e−) transfer 

pathway, O2 is directly reduced into H2O by accepting four electrons. The sequential 

path involves a two-electron (2e−) reduction of O2 into H2O2 and a further reduction by 

another 2e− reduction via OH• as the intermediate into water. Alternatively, the reaction 

is stopped at the generation of H2O2 via O2
•− as the intermediate, which is the 

representative 2e− transfer pathway. For most electrocatalysts, 2e− and 4e− transfer 

pathways parallelly occur. Along the line, there were four preconditions for ECL to be 

applicable in ORR kinetics evaluation using the instruments in Figure 1c: (1) whether 
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ROS were generated in ORR; (2) would ROS trigger chemiluminescence of luminol; 

(3) could short-lived ROS produced during ORR be stable until the chemiluminescence 

was triggered; and (4) the side influence of exotic luminol on ORR is negligible or not. 

 

Figure 2. Principle verification of ECL for ORR kinetics evaluation. (a) Fluorescence spectra of 

DCDFH after reaction with ROS generated by ORR with different accumulated time. (b) 

Chemiluminescent spectra of luminol with H2O2 (red line), O2
•− (blue line), OH• (black line) 

collected by a minimized optic fiber grating spectrometer and FL spectrum of luminol (green line). 

(c) Intensity of ROS triggered ECL with time when ORR was off and the fitted curve. (d) Electron 

transfer number (n) and polarization curves for Pt/C by RRDE in O2-saturated 0.1 M KOH with and 

without luminol (0.1 mM).  

 

To validate these requirements, in the first set of experiments, 2,7-

dichlorodihydrofluorescein diacetate (DCDFH) was used as an intermediate indicator, 

as it can chemically react with ROS, once which were formed, producing a fluorescent 

product.18 Taking Zn-N-C ORR electrocatalyst as an example, it was observed that 

when a potential of −0.3 V was applied to drive ORR for a period of time, the typical 

fluorescence for the oxidized product of DCDFH was detected, and the fluorescent 

intensity accumulated upon the extended reaction time (Figure 2a, Figure S1). It 

verified the production of ROS in ORR that oxidized DCDFH. Complementarily, the 

trapping experiments for ROS were also explored. For this, dimethyl sulfoxide (DMSO) 
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and p-benzoquinone (BQ), which are the scavengers for OH• and O2
•−, respectively, 

were selected to identify the types of ROS. Previous reports implied that the second-

order rate constant of the reaction between DMSO and OH• (k = 5.4 × 109 M−1
 s−1) was 

greater than that of luminol with OH• (4.8 × 109 M−1
 s−1).19 However, the influence of 

DMSO on the ECL intensity was negligible, even when the concentration of DMSO 

was up to 10 mM (Figure S2a), suggesting OH• was not apparently produced during 

ORR in alkaline conditions. Interestingly, BQ that has a reaction rate constant (k = 9.6 

× 108 M−1
 s−1) faster than luminol with O2

•− (k = 2.3 × 108 M−1
 s−1), demonstrated a 

clear inhibition of ECL under a low concentration of 0.2 mM (Figure S2b).20 The 

decreased activity by raising the concentration of BQ in the reaction further 

demonstrated O2
•− was generated during ORR in alkaline conditions, consistent with 

the modified Damjanovic model. 

Next, we explored whether ROS could trigger the chemiluminescence of luminol. 

For this purpose, H2O2, OH•, and O2
•−, were individually produced by chemical 

reactions (Figure S3), and reacted with luminol. As shown in Figure 2b, the maximum 

emission at ca. 440 nm was observed in all cases, almost identical to the fluorescence 

spectrum of luminol. The noise and slight red shift of the chemiluminescence spectrum 

compared to the photoexcited spectrum was noticed, attributing to the lower S/N of 

minimized optic fiber grating spectrometer compared to the standard FL spectrometer 

and an inner filter effect of luminol,21 respectively. Moreover, under electrochemical 

oxidation that generates the more excited form of luminol, the chemiluminescence 

could be significantly boosted in the presence of ROS, such as O2
•− (Figure S4). Thus, 

the chemiluminescence of luminol could be triggered by different ROS or/and 

electrochemical oxidation. Nonetheless, it should be noted that the lifetime of OH• 

(about 10-9-10-6 s),22 was much shorter than that of O2
•− (about 60 s)23 and H2O2 (a few 

days)24 in the alkaline electrolytes, which could be utilized to deconvolute the 

contributions of them in ORR. 

To check whether short-lived ROS could be captured by ECL, the duration of the 

ECL triggered by ROS was studied. As shown in Figure 2c, the ECL decay had an 

exponential shape (see the fitted curve using exponential function), which indicated that 
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the concentration of ROS near the electrode surface was exponentially decreasing in 

time, and practically, the concentration of ROS can be analyzed up to 10 s. Considering 

the consumption of ROS by ECL (Eq. 1-3) and the lifetime of ROS (e.g., ~ 1 min for 

O2
•− in alkaline condition),23 the ECL intensity after ORR was collected with an 

optimized time of 5 s for kinetic evaluation (Figure S7). 

The last but not least critical requirement is that the introduction of ECL luminophore 

should not significantly influence ORR. In general, introducing excessive extraneous 

substances may affect the ORR kinetics.25 Nevertheless, the polarization curves on 

RRDE, e.g., by Pt/C, under hydrodynamic conditions showed that such impact was 

weak (< 1%) in the presence of luminol up to 0.1 mM, especially in the kinetics-

controlled region (Figure 2d). Such a phenomenon could be explained by the fact that 

an alkaline environment would weaken the adsorption strength of luminol on catalyst 

surfaces, thanks to an electric repulsion effect.26 The slightly reduced limiting current 

of the mixed solution might be caused by the slower O2 mass transport rate than the 

purely alkaline solution.27 In this sense, by rational selecting of ECL luminophores in a 

proper concentration (e.g., 0.05 mM in this work), the potential interference to the ORR 

kinetics can be minimized. 

Since all the requirements for the combined ORR and ECL reactions were satisfied, 

the ECL intensities by different electrocatalysts after ORR were collected using a 

double-potential step chronoamperometry (ERed, EOx), in which ERed and EOx were used 

to drive ORR and trigger ECL, respectively. When EOx was applied, ORR was 

terminated, and ECL was simultaneously activated. The duration time for ROS 

accumulation in ORR and the subsequent ROS consuming in ECL were optimized both 

to 5 s (Figure S7). Moreover, the reproducibility of these measurements was examined 

by repeated switching cycles (Figure S7b). Notably, ROS intermediates were not in situ 

monitored by ECL during ORR. It was because on one hand, the in-situ consumption 

of ROS by ECL may interfere with the ORR equilibrium.  
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Figure 3. Qualitative grouping ORR electrocatalysts according to electron transfer number 

(n) using ECL intensity. Raw ECL signal at (a) Fe-N-C-0.5 and (b) N-C by double-potential step 

chronoamperometry (ERed, EOx). ERed: −0.6 ~ 0 V; EOx: 0.3 V. (c) Calibrated ECL intensity of Fe-

N-C-0.5 and N-C at different ERed. (d) Potential dependent n (top) and LSV (bottom) curves of Fe-

N-C-0.5 and N-C. (e) Histogram of calibrated ECL intensity of 20 different electrocatalysts. Bar 

from left to right for each electrocatalyst: −0.6 ~ 0 V. The error bar represents the standard deviation. 

(f) PCA scatterplot from calibrated ECL intensity of different electrocatalysts. (g) PCA scatterplot 

from calibrated ECL intensity and reduction peak potential (Epc) of different electrocatalysts. Solid 

cycle lines correspond to the 95% confidence interval of the spread for each cluster. Considering 

robust classification, five repetitive trials were independently performed for each electrocatalyst. 
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As proof of concept, the ECL intensity of two well-known precious group metals 

(PGM)-free electrocatalysts, i.e., N-C and Fe-N-C-0.5 (Figure S8 and S9), were first 

measured as different reduction potentials (ERed). It was found that the ECL intensity of 

Fe-N-C-0.5 was low and almost kept constant at all measured ERed (Figure 3a); while 

that of N-C became much higher and altered significantly at different potentials (Figure 

3b). For fair comparisons, the ECL intensity at ERed of 0 V and EOx of 0.3 V was set as 

the internal control (ECL0) to minimize the intrinsic varieties of ECL at different 

electrocatalysts, and the measured ECL intensity was calibrated to the extent of ECL 

intensity changes ((ECL−ECL0)/ECL0). Such calibrated ECL intensity was plotted 

against different potentials and shown in Figure 3c. Since the ECL intensity was 

positively correlated with the concentration of ROS (Eq. 1-3), the marginal detected 

ROS depicted that the ORR of Fe-N-C-0.5 at each ERed only produced a small amount 

of ROS. In contrast, more substantial ECL emissions from N-C were obtained, e.g., by 

a factor up to 100 at ERed of −0.3 V (Figure 3c), manifesting the generation of abundant 

ROS during ORR. 

As a control, the hydrodynamic linear sweep voltammetry (LSV) curves were 

recorded by RRDE at a rotation rate of 1600 rpm in an O2-saturated 0.1 M KOH 

solution with 10 mV s−1 sweep rate and negative scan polarity. The associated electron 

transfer number (n) for the two selected electrocatalysts was shown in Figure 3d. The 

n value of Fe-N-C-0.5 was close to 4, particularly at the potential negative than the 

onset potential of −0.05 V, indicating a typical 4e− pathway; while that of N-C was ca. 

3, suggesting a mixed 2e−/4e− pathway. Interestingly, the change trends of calibrated 

ECL intensity were practically consistent with the RRDE result. Nonetheless, the 

RRDE method needs to manually select the reliable potential region of the as-measured 

ORR data, as abnormal n values were generated near the onset potential of ORR, while 

the ECL approach did not. In this sense, the inspection of ROS-intermediates enabled 

by ultrasensitive ECL showed advantages in disclosure of kinetic information of ORR 

with generality in the whole potential window. 

Other 18 reported electrocatalysts (see Supporting Information Figure S10-25 for 

conventional characterizations) comprising noble metals/alloys and recent PGM-free 
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carbon-based catalysts were also examined by Td-ECL, showing similar results (Figure 

S26-45). As summarized in Figure 3e, the calibrated ECL intensity could be divided 

into three groups. Using the calibrated ECL intensity and n values of the well-known 

N-C (3e−) and Fe-N-C-0.5 (4e−) as the reference, the n of electrocatalysts in the same 

group was roughly estimated to be similar. For the other electrocatalysts, the n values 

were supposed to position between them. Notably, the larger difference in electron 

transfer number, the more distinctive Td-ECL curves. These speculations were 

supported by the RRDE measurements (Figure S26-45). As the Td-ECL curves could 

be conveniently obtained, it provided a simple yet reliable way to discriminate 

electrocatalysts by electron transfer numbers for H2O2 production or fuel cells 

applications. 

To better associate the n value of electrocatalysts to the sophisticated ECL, the 

principal component analysis (PCA) that can maximize variance was further applied.13d, 

28 By reducing the dimensionality, the data set was displayed in a score plot with a 

coordinate system that best discriminates it. In the first attempt, the data set, including 

the calibrated ECL intensity obtained from various ERed with five repetitive trials for 

each electrocatalyst, was used for the PCA processes. In the scatter graph (Figure 3f), a 

circle can be marked, representing an exclusive zone for a specific type of 

electrocatalyst, namely, beneficial to fuel cells, H2O2 production, or other particular 

applications. Nonetheless, some minor overlap of the circled zone was noted, indicating 

insufficient discrimination primarily because of the deficiency of uncorrelated variables. 

In fact, the cathodic peak potential (Epc) of ORR that was simultaneously measured 

after the activation of electrocatalysts by cyclic voltammetry was also a typical kinetic 

parameter for ORR. Interestingly, further introducing Epc (Table S1) into the data set 

for PCA, all electrocatalysts could be discriminated with the 95% confidence ellipses 

(Figure 3g). Therefore, based on ROS generation in ORR, the comprehensive PCA of 

the associated ECL intensity and Epc could well discriminate electrocatalysts into 

different groups according to electron transfer numbers. 

Beyond the qualitative classification of electrocatalysts, the quantitative 

determination of ORR kinetics, particularly at different potentials, is essential for the 
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complete evaluation of electrocatalyst performances and understanding the complicated 

mechanism. For this, time-dependent ECL was supposed to provide insightful 

information, because the ECL decay curves were closely correlated with ROS 

fluctuation in the diffusion layer by stoichiometric reactions; meanwhile, the 

time/spatial distribution of ROS is a kind of output of ORR. Thus, it suggested that the 

ORR kinetics can be theoretically simulated by finite element analysis (FEA) of the 

ECL decay curve. Figure 4a shows the ECL intensity as a function of time for different 

ORR electrocatalysts, which exhibited variable maxima and decay profiles, implying 

distinctive ORR kinetics. The ECL mechanism of luminol (LH−, the conjugated base in 

alkaline solution) was outlined in Eq. 1-3 (see SI for detailed reaction mechanisms): 

HO2
− + OH− – e−

         
→  O2

•− + H2O        (1) 

LH− + OH− – e−
         
→  L•− + H2O         (2) 

L•− + O2
•− 
      
→ 
        
→ Ap* 

         
→   Ap + hv        (3) 

Since the concentration of LH− was a constant in the experiment, the amounts of 

photon-emitting species (Ap*) were positively correlated to that of ROS. The ECL 

intensity was dynamically proportional to the concentration of Ap* at any given time, 

depending on the relative rates of formation and consumption. The intensity of ECL 

was simulated by FEA by using the transient concentration of Ap* as Eq. 4: 

IECL(t) = 
ECL
∫ [Ap*](t

 

V
)dV         (4) 

where 
ECL

 is the overall ECL generation and collection efficiency, t is the time, and 

V is the volume of Ap* solution. 

For simplicity, several hypotheses and approximations were employed in 

establishing the rate equation. Firstly, for each electrocatalyst, the ORR reaction 

occurred via a mixed and competitive 2e− and 4e− pathway. In the 2e− process, O2 was 

reduced to H2O2 via O2
•− intermediates, and the further reduction into H2O via OH• 

intermediates was ignored due to the slow reaction rate constant.17b, 29 In the 4e− process, 

O2 was supposed to reduce to H2O directly. Then, ROS production occurred only in the 

2e− pathway, while not in the 4e− pathway. As such, a ratio of electron-transfer rate for 

the 4e− to the 2e− pathway, m, can describe the level of participation for each pathway. 
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Secondly, the reduction reaction rate of O2
•− to H2O2, the rate-determining step, was 

assumed to be 10 times that of O2 to O2
•−.30 Thirdly, ROS production occurred only in 

the diffusion layer, and the concertation in bulk solution was set as zero.  

 
Figure 4. Quantitative determination of ORR rate constant and distribution of ROS by ECL 

decay curves. (a) ECL intensity as a function of time for XC-72R, Zn-N-C, Fe-N-C-Me. (b) Decay 

curves of experimental ECL data of Zn-N-C (solid black balls) and the simulated ECL curves (solid 

lines). Inset: the coefficient of determination (R2) for experimental to simulated curves. (c, f) Plot 

of the average [O2
•−] in the diffusion layer as a function of time , (d, g) histogram of [O2

•−] in the 

diffusion layer under different potentials at the 5th second, and (e, h) cross-sectional view of the 

spatial distribution of [O2
•−] at the 5th second for (c-e) Zn-N-C (ERed = −0.4 V, E0, 2e = −0.38 V, and 

k0, 2e = 6.7510−4 cm s−1) and (f-h) Fe-N-C-Me on GCE (ERed = −0.3 V, E0, 2e = −0.27 V, and k0, 2e = 

2.7510−5 cm s−1). (i) Chronoamperometric curves of Zn-N-C at −0.4 V and −0.6 V. The y-axis 

caption, “d”, in Figure 4e and 4h indicates the distance between the electrode to the solution. 

 

In numerical simulation, the diffusion of redox species was given by 

∂Ci

∂t
 = Di

2ci        (5) 

where ci and Di are the local concentration and diffusion coefficient of redox species i 
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(see SI for detailed description). The electron-transfer at the electrode surface is used 

as boundary condition (see SI for detailed description). To extract the apparent reaction 

rate constant (k
2e 

Red) from the experimental ECL decay curve, a series of simulated ECL 

were generated through the simulation of the concertation of Ap*. For example, as 

shown in Figure 4b, the best fit for Zn-N-C at −0.6 V was determined from the highest 

coefficient of determination (R2, see details in experimental) value, corresponding to k

2e 

Red value of 6.6710−3 cm s−1. Notably, to eliminate the differences of potential in drive 

ECL of luminol by different electrocatalysts, the kapp-LH- (the rate constant for the 

electro-oxidation of luminol, Eq. 2) of each electrocatalyst was corrected using the 

ECL0 during the Td-ECL measurements (Figure S48, Table S6). Along this line, k
2e 

Red of 

other typical electrocatalysts was similarly obtained (Figure S49-55), and summarized 

in Figure S56. Among them, XC-72R exhibited the highest k
2e 

Red in this study, thus was 

more suitably used for H2O2 production. In contrast, k
2e 

Red of Fe-N-C-Me was nearly two 

orders of magnitude lower than that of XC-72R, manifesting that Fe-N-C-Me was more 

inclined to a 4e− reduction pathway. 

Notably, despite the success in comparing the simulated k
2e 

Red  of different 

electrocatalysts, the k
2e 

Red at different potential did not always follow the trend of getting 

larger with the increased overpotential.29, 31 To address this deviation, instead of simply 

using the linear relationship between k
2e 

Ox and k
2e 

Red (Table S4), the Butler−Volmer (BV) 

formulation that quantitatively describes the relationship between the rate constant and 

applied potential (see more discussion in Figure S57) was further used to get more 

reliable k
2e 

Red (Table S5), which is shown as follows (Eq. 6):  

kRed
BV, 2e

 = k
0, 2e

e
− 

F

RT
 (ERed−E0, 2e)

         (6) 

where kRed
BV, 2e

 is the rate constant for the reduction reaction derived from the BV model, 

k0, 2e is the standard rate constant, ERed is the applied potential, E0, 2e is the standard 

redox potential, α is the transfer coefficient, F is Faraday’s constant, R is the ideal gas 

constant and T is the temperature. 

Taking Zn-N-C of 2e− pathway (Figure S58, Figure S60a) and Fe-N-C-Me of 4e− 

pathway (Figure S59, Figure S60b) as examples, the simulated ECL intensity 
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approached the experimental data, resulting in (E0, 2e, k0, 2e) of (−0.38 V, 6.7510−4 cm 

s−1) and (−0.27 V, 2.7510−5 cm s−1), respectively. Several pioneering works had used 

to get k0 values by SECM and cyclic voltammetry methods. For example, Bard et al. 

obtained k0 of 3×10−3 cm s−1 from a simple 1e− transfer of ORR in 10 M NaOH solution 

by SECM.32 A voltammetry study of ORR at a methylphenyl-modified carbon electrode 

in 1 M KOH, k0 = 2.6×10−4 cm s−1 was reported.33 Compton et al. observed k0 of 3×10−1 

cm s−1 on a gold macroelectrode and k0 of 2.1×10−1 cm s−1 at an electrodeposited gold 

nanoparticle-modified glassy carbon electrode (GCE) in 0.5 M sulfuric acid (H2SO4).
34 

Also, they reported k0 of 10 cm s−1 at a platinum nanoparticles-modified GCE in 0.5 M 

H2SO4.
30b In addition, Hasnat et al. suggested a k0 of 5.48 × 10−9 cm s−1 at 0.05 V vs. 

Ag/AgCl (sat. KCl) at gold nanoparticle-modified GCE in 0.1 M H2SO4.
35 It can be 

seen that the k0 value has a large span in the previous works. Considering that this work 

examined the complicated four-electron reaction of ORR, and the electrocatalysts and 

electrolytes were also different from that used in previous work, the occurrence of k0, 2e 

with different values is well documented.  

On the other hand, it has been recently discussed that the free ROS radicals greatly 

influence the stability and durability of electrocatalysts and exchange membranes. Thus, 

disclosure of free radical concentration on the electrocatalyst surface (d = 0) and in the 

diffusion layer during the ORR is of important reference significance for optimal design 

of electrocatalysts for practical applications. Along this line, the variation of ROS 

concentration at a different time and applied potential were further simulated using the 

above fitted kinetic parameters. For Zn-N-C, as shown in Figure 4c, the average 

concentration of O2
•− varied with time in the diffusion layer, and the fluctuation of O2

•− 

concentration was observed, corresponding to the overall effect of the production in 

ORR process and the consumption in ECL measurements. In addition, the concentration 

of O2
•− at the electrocatalyst surface or in the diffusion layer, firstly became higher and 

later decreased with the increase of overpotentials (Figure 4d). Conversely, simulated 

concentration of H2O2 kept increasing with the increase of overpotentials (Figure S61). 

The side-view of the simulated concentration profile of O2
•− in Figure 4e clearly 

demonstrating the concentration distribution of ROS in the diffusion layer. Interestingly, 
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the O2
•− concentration for Fe-N-C-Me at different time and potentials was much lower 

than that for Zn-N-C, but the trend was similar (Figure 4f, g, h). The complete time and 

spatial distribution of H2O2 and O2
•− at Zn-N-C and Fe-N-C-Me are shown in Movie 

S1-4. Notably, OH• was frequently discussed in the destabilization of electrocatalysts 

in acidic media, but the role of O2
•− has been rarely studied, thus we could not rule out 

the possibility of a similar destabilizing effect by O2
•− that was dominantly produced in 

alkaline media.12a In this regard, it was assumed that the selection of a larger 

overpotential would be beneficial to electrocatalysts of 2e− reduction pathway for H2O2 

production, because of simultaneous getting high yield of H2O2 and low concentration 

of attackable O2
•−. In contrast, the choice of a smaller overpotential would be preferred 

to electrocatalysts of 4e− reduction pathway for fuel cells, owing to the simultaneously 

lower concentration of attackable O2
•− and higher output voltage. 

Such time/spatial distribution information of ROS was critical in guiding the specific 

application of ORR electrocatalysts to acquire both maximized electrochemical 

performance and stability. Nonetheless, it should be noted that MEA6d, RDE/RRDE6d, 

SECM11d, and some advanced surface-sensitive spectroscopic methods (e.g., SERS10b) 

generally cannot supply such information. To validate the above measured 

concentration information of ROS, the electrocatalysts stability test was performed at 

different reduction potentials. As shown in Figure 4i, the chronoamperometric curves 

showed the reduction current of Zn-N-C decreased to 84.9% and 87.4% of their initial 

current density after 40,000 s at −0.4 V and −0.6 V, respectively. It indicated that for 

H2O2 production herein a larger overpotential was favor of maintaining the stability, 

which supported the above measurement of less attackable ROS (Figure 4d). 

 

Conclusion 

In summary, we devised a simple yet powerful intermediate-oriented strategy for the 

kinetic evaluation of ORR electrocatalyst by time-dependent ECL. It utilized ROS 

intermediates during the ORR process to establish the reaction rate equation, which 

endowed a strong correlation between trace ROS and ECL thanks to multiple 

ultrasensitive stoichiometric reactions. It was found that the closer to the 2e− or 4e− 
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reduction, the more distinctive Td-ECL curve, thus ORR electrocatalysts could be 

reliably discriminated for H2O2 production or fuel cells applications. Moreover, beyond 

ORR selectivity and rate constant, the potential-dependent time and spatial distribution 

of ROS in the diffusion layer was successfully derived for the first time from the Td-

ECL decay curves by finite element analysis. Such uncovered exclusive information 

was validated preliminarily by the stability evaluation of electrocatalyst, and would 

guide fuel cells and H2O2 production with maximized activity and durability. Besides, 

only commonly-used potentiostat, glassy carbon electrodes, and a photomultiplier were 

needed for synchronous ORR operation and Td-ECL collection, which simplified the 

instrumentation and broadened the applicable scope. This work would provide a facile 

way to understand more detailed ORR kinetics and pave the way for the rational 

development of ORR electrocatalysts in practical applications. 

In this work, the rate equation and simulation make some simplifying assumptions, 

and it is undoubtedly important to be aware of the validity of these assumptions as we 

refine this approach in the future. For instance, the detailed adsorption/desorption of O2, 

ROS, and luminol on the electrocatalysts was not strictly considered. The 

adsorption/desorption of reactants, intermidiates and products generally occur, and are 

widely explored along with electron transfers by spectroscopic techniques and density 

functional theory (DFT) calculation to understand the possible rate-determining step 

(RDS).36 In practice, either the first or the last electron transfer step was often 

considered to be RDS for ORR of PGM-free electrocatalysts in alkaline media,37 while 

the present work only discussed the first electron transfer step as the RDS. Although 

ORR kinetics of several typical PGM-free electrocatalysts was obtained reasonably by 

simulation in this study, more careful consideration of adsorption/desorption processes 

and the last electron transfer step as the potential RDS is needed in the further work, 

particularly for new electrocatalysts. In addition, luminol, a broad-spectrum ECL 

emitter for all types of ROS, was used in this study. On the other hand, ECL probe 

molecules with selectivity will be beneficial for capturing the specific type of ROS for 

ORR and offering more complete ORR mechanisms. Work focused on these exciting 

subjects is ongoing.
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