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Abstract 

Design and screening electrocatalysts for gas evolution reactions suffer from scanty 

understanding of multi-phase processes at the electrode-electrolyte interface. Due to the 

complexity of multi-phase interface, it is still a great challenge to capture gas evolution 

dynamics under operando condition to precisely portray the intrinsic catalytic performance of 

interface. Here, we establish a single particle imaging method to real time monitor a potential-

dependent vertical motion or hopping of electrocatalysts induced by electrogenerated gas 

nanobubbles. The hopping feature of single particle is closely correlated with intrinsic activities 

of electrocatalysts, thus is developed to be an indicator to evaluate gas evolution performance 

of various electrocatalysts. This optical indicator diminishes interferences from heterogeneous 

morphologies, non-Faradaic processes and parasitic side reactions that are unavoidable in 

conventional electrochemical measurements, therefore enables precise evaluation and high-

throughput screening of catalysts for gas evolution systems. 
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Introduction 

Multi-phase interface in electrochemical reactions, where charge transfer and mass transport 

occur concomitantly at the electrode-electrolyte interfaces (EEIs), plays a key role in 

understanding reaction mechanisms and is important for advancing renewable energy storage 

and conversion. The phase evolution generates unusual mass transport behavior, leading to a 

kinetic limitation of electrochemical processes. Moreover, this phase evolution is influenced 

by disorder of localized electric environment and spatiotemporal changes of heterogeneous 

morphology and electron transfer on electrode surface, thus is readily hidden by vast spectators 

and electrolytes.1 As a result, a fundamental description of multi-phase interface evolution 

under polarization remains elusive. To take oxygen evolution reaction (OER) as an example, 

OER involves four-electron oxidation and complicated multi-phase processes, and is a sluggish 

kinetics in water splitting.2 Therefore, it is urgently needed to accurately recognize the 

dynamics of phase evolution under operando condition3-6, which will facilitate a precise 

evaluation of intrinsic OER performance of various electrocatalysts. 

Resolving the dynamic phase evolution during OER requires a technique with high 

spatiotemporal resolution and fast response towards catalytic events on electrocatalysts.7, 8 

Conventional electrochemical measurements that widely used in characterizing electrocatalytic 

reactions suffer from inherent weaknesses of chemical identification and susceptibility to 

perturbation from non-Faradaic processes, such as double layer charging and concomitant 

spectator reactions, thereby are less efficient in recognizing the dynamic phase evolution 

process. Up to now, some advanced operando techniques9, 10, including scanning probe 

microscope2, 11, 12, mass spectrometry13-16, in situ infrared and Raman spectroscopy17, nuclear 

magnetic resonance18, 19 and X-ray based spectroscopy20, 21 have been developed to identify 

active species in electrochemical conversion and reveal catalytic mechanisms at atomic level.22 

However, these charaterizations still lack the capability of real time tracing phase change 

dynamics, particularly at the eletrocatalyst-electrolyte-gas interface due to a short of either 

spatial resolution to follow individual electrocatalyst or temporal resolution to real time 

monitor OER event.23 

Optical imaging microscopy possesses advantages of superior spatiotemporal resolution and  
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Fig. 1. Schematic illustration of the electrochemical generated gas bubble-induced vertical motion or 
hopping of electrocatalyst to evaluate their intrinsic activities. The hopping of electrocatalyst (i) is recorded 
through the attenuated scattering light intensity in evanescent field (ii). The hopping behavior of various 
electrocatalysts is then quantitated by their diffusion coefficient as obtained from the mean-square displacement 
(MSD) analysis (iii), normalized diffusion coefficient is developed as an optical indicator to define the intrinsic 
catalytic activity of various electrocatalysts (a-c) (iv). 

negligible beam degradation, thus has been used to monitor interfacial reactions under 

operando condition including insulator to metal phase transition,24, 25 energy flow and transport 

of chemical species,7, 26 to identify reaction mechanisms27-32. These implementations mostly 

rely on specific electronic or optical properties of systems, for instance, large Raman scattering 

cross-section, desirable emission or absorption and appreciable photostability.33, 34 However, 

these imaging methods mainly focus on catalytic events occurred on focal plane, while 

electrochemical reactions could generate a concentration gradient of either substrate or product 

that perpendicular to electrode surface. Vertical motions of catalysts in this concentration 

gradient during OER may carry rich information about the multi-phase reaction dynamics, 

however, are largely ignored. 

In the present study, we establish a correlative in situ electrochemical total internal reflection 

microscopy (EC-TIRM) imaging platform to visualize motion of electrocatalysts at multi-

phase interface during OER. Particularly, by harnessing the depth-sensitive scattering intensity 

under total internal reflection illumination (< 200 nm, a comparison with other operando 

techniques was shown in Supplementary Table S1), this EC-TIRM resolves vertical motion of 

single electrocatalysts during gas evolution. We provide evidences of the existing of 
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heterogeneous electrogenerated oxygen nanobubbles with long lifetime and high mass density. 

The accumulating of supersaturated nanobubbles at solid-liquid interface, results in a vertical 

motion or hopping of electrocatalysts on electrode. We thus build a quantitative correlation 

between gas-induced hopping and OER performance of electrocatalysts (Fig. 1). The hopping 

of electrocatalysts is developed as an efficent indicator for accurate assessing and high-

throughput screening of electrocatalysts for not only OER, but also most gas involving systems. 

 

Results 

Identification of Local Supersaturated Dissolved Oxygen Regions at EEIs. TIRM provides 

both wide and near field capability for imaging interfacial subjects, we thereby built a set of 

correlative EC-TIRM to visualize the dynamic phase evolution at EEIs during OER in order to 

corroborate the presence of local heterogeneous supersaturated regions at catalytic active sites 

readily for oxygen bubble nucleation and growth (Supplementary Fig. S1-S4). We first 

explored the liquid-gas phase change events, i.e., gas bubble nucleation and growth, on 

electrode surface. Rhodamine 6G (R6G) was introduced to label gas bubbles through 

hydrophobic interaction (Fig. 2a). A planar Cu substrate obtained from seed-mediated 

electrodeposition was used as an electrode for OER (Supplementary Fig. S2).35 The adoption 

of a planer electrode instead of electrocatalyst particles-modified electrode, is based on the 

consideration to avoid interferences from particle scattering on R6G fluorescence. 

The nucleation of gas bubble at liquid/solid interface leads to a trapping of R6G on the top 

of bubble1, 36, 37, therefore the fluorescence spots of R6G enable to accurately identify local 

phase interface evolution regions without possible interferences caused by ex-situ analysis 

techniques and chemical additives.38-41 The fluorescence of R6G was synchronized recorded 

with potential scan, as shown in Fig. 2b, bright spots occurred at a potential of 0.08 V (vs Pt 

quasi-reference electrode), then gradually disappeared after 0.50 V during anodic polarization, 

whereas increased again from 0.90 to 0 V in cathodic polarization. The fluorescence intensity 

time trajectories of several representative spots during dynamic potential scan were 

demonstrated in Fig. 2c. Considering the large energy barrier for nanobubble desorption from 

electrode and absence of supersaturated oxygen region in bulk electrolyte, the blinking features 
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Fig. 2. Identification of local supersaturated dissolved oxygen regions at EEIs. (a) Schematic illustration of 
visualizing single R6G labeled gas bubble using correlative electrochemical total internal reflection microscopy 
(EC-TIRM). (b) A series of EC-TIRM images (19 × 17 μm2 area) of oxygen nanobubble (highlighted by white 
dash circles) under various polarizations (open circuit potential (OCP); anodic polarization: 0.08, 0.75 V; cathodic 
polarization: 0.70, - 0.28 and - 1.05 V vs Pt) taken from consecutive potential scan from -1.10 to 0.90 then to -
1.10 V on a Cu/ITO electrode, at a scan rate 0.10 V s-1, in a solution containing 0.10 M KOH and 20 nM R6G 
(Scale bar, 5 μm). Fluorescence images were recorded at 4 frames s-1 with a 100 ms exposure time. The center 
positions of nanobubble were super-localized with nanometer-scale precision through point spread function fitting. 
(c) Representative enlarged intensity trajectories for single oxygen bubble during dynamic potential scan (i-v). 
The representative potential dependent fluorescent images at different polarization potential (top panel) 
corresponding to the green dots in intensity trajectory (i). (d) Cyclic voltammograms of Cu/ITO electrode (i, red 
solid line), ITO (ii, green solid line) in 0.10 M KOH and the relative probability of bubble occurrence (events per 
frame/total events collected in all frames) for Cu/ITO electrode during dynamic potential scan (iii, blue square 
line) from – 1.10 to 0.90 V, at a scan rate 0.10 V s-1. (e) The lifetime of oxygen bubbles generated during dynamic 
potential scan (i), and the relative distribution of bubble lifetime under anodic polarization (ii) and cathodic 
polarization (iii). The lifetime of oxygen bubbles is fitted by a single-exponential decay function (iv). 

in trajectories are only assigned to nanobubble nucleation and growth at the EEIs rather than 

escaping from the surface.37 Four types of fluorescence fluctuations were observed, suggesting 

remarkable heterogeneity catalytic activities across the interface (Type i and ii fluctuations 

were collected for bubble lifetime statistical analysis, Supplementary Fig. S5-S6). Notably, the 

peak in potential-dependent fluorescence response in Fig. 2d suggested the presence of a 

competition between bubble nucleation and subsequent growth. Interestingly, the rise of 

fluorescence signal initiated (ca. 0 V) earlier than the onset potential in electrochemical 

measurement (ca. 0.60 V), indicating the existence of some highly active catalytic sites that 
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facilitate the heterogeneous oxygen bubble nucleation. When the coverage density of gas 

bubble was high (at 0.20 V), surrounding dissolved oxygen tends to diffuse to adjacent oxygen 

bubbles due to a high activation energy required for forming a new gas-liquid interface, 

resulting in the growth of gas bubble instead of heterogeneous nucleation of new bubbles, as 

shown by the gradual reduction of fluorescence signals from 0.20 V to 0.90 V.42 

The nucleation rate of oxygen bubbles as a function of applied potential could be modeled 

by classical nucleation theory (Fig. 2e and Supplementary Eq.7).43, 44 Notably, the size and 

lifetime distribution of gas bubble could be estimated from the variations of R6G fluorescence 

trajectories in the evanescent field.45 The average lifetime of gas bubble was obtained from 

counting the blinking time of R6G florescence, and calculated to be 3.85 s and 5.77 s in anodic 

and subsequent cathodic polarization, respectively. The calculated bubble lifetimes were of 2 

orders of magnitude longer than theory predicted values.46, 47 Because of the oversaturation 

region around gas bubbles, the mass transfer of gas molecule across the liquid-gas interface 

behaved as the limiting step in gas bubble’s shrinkage and growth.48 In order to clarify the 

origin of the prolonged lifetime, the surface bubble lifetime (tb) was deduced according to an 

equilibrium between the oversaturation pressure and Laplace pressure (Eq. 1, and 

Supplementary Fig. S7): 𝑡 = ( ( ) )                               (1) 

where L is the footprint diameter of bubble (approximate to the diameter of gas bubble), D is 

diffusion coefficient of oxygen (2.0×10-9 m2 s-1), ξ(t) refers to oversaturation pressure, Cb is the 

solubility of oxygen in electrolyte (0.041 kg m-3), ρb is the mass density of gas bubble.  

From Eq. 1, we found that the lifetime of gas bubble is closely related to its mass density. 

After anodic potential scan, it was reasonable to assume that the oversaturation around the 

active catalytic sites remained a stable equilibrium, where ξ(t) was considered as a constant. 

Noteworthy, the prolonged lifetime (5.77 s) and grown radius (63.40 nm) of oxygen bubble 

during subsequent cathodic potential scan led to a remarkable reduction of Laplace pressure on 

the bubble surface. In order to balance the force equilibrium, the mass density (ρb) in oxygen 

bubble during the cathodic polarization increased ca. 41 % compared to that in anodic 

polarization, which compensated the Laplace pressure and stabilized the force balance on the 
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bubble interface (detailed discussion shown in the Supplementary Information, Supplementary 

Fig. S8). The enhanced mass density in oxygen bubble was consistent with recent discovery of 

the presence of “dense gas” with in-situ synchrotron-based scanning transmission X-ray 

microscopy technique.49 To further verify the saturated oxygen region, we performed finite 

element models (FEM) analysis to simulate the potential-dependent evolution of oxygen 

diffusion layer, and results suggested that the high potential scan rate used in the present study 

(0.10 V s-1) facilitates the formation of a supersaturating region of oxygen and improves 

nanobubble nucleation and growth (Supplementary Fig. S9). 

Oxygen bubble-Induced Single Electrocatalysts Hopping. Having confirmed the existence 

of saturated oxygen nanobubbles with long lifetime and high mass density at highly active 

catalytic interface, we then monitored the conceivable interfacial nanobubble evolution-

induced electrocatalysts motion at reduced catalytic dimension (from two dimension to quasi-

zero dimension) under operando condition using the correlative EC-TIRM through their elastic 

scattering signal (Fig. 3a and Supplementary Fig. S10). Briefly, under wide field illumination 

of 488 nm, the back-scattered light from the particle was collected by objective lens and imaged 

on EMCCD.50 Here, a classical OER catalyst, IrO2 particles with an average diameter of 200 

nm (Supplementary Fig. S11), was used as a model system to demonstrate the oxygen 

nanobubble-induced motion of OER catalysts.51 The IrO2 particles were drop-casted and 

sparsely dispersed on transparent ITO electrode, and the prominent current under anodic 

polarization revealed a remarkable oxygen evolution (Supplementary Fig. S11). It should be 

noted that we did not introduce R6G to label oxygen nanobubble in this IrO2 system because 

the scattering of IrO2 is extremely larger than the fluorescence of R6G. As a result, the 

fluorescence spot of R6G was invisible. 

As shown in Fig. 3b, the scattering intensity of IrO2 gradually decreased in a potential scan 

from - 0.30 V to 1.20 V (Supplementary video 1). In evanescent field, the scattering intensity 

of a subject is proportional to its distance from the interface (Fig. 3c). We thus speculated that 

the attenuation in scattering intensity of single IrO2 particle was a result of vertical motion or 

hopping of IrO2 caused by the propelling of high mass density gas bubbles generated at the  
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Fig. 3. Oxygen bubble-induced single electrocatalysts hopping. (a) Schematic of in situ EC-TIRM for 
monitoring the hopping of single particle. (b) Sequential scattering image of catalysts under polarization from - 
0.30 to 1.20 V (vs Pt) during OER, at a scan rate of 0.10 V s-1, scale bar: 2 μm. Inset: Representative field emission 
scanning electron microscopy image of single IrO2 particle. Scale bar: 100 nm. (c) The attenuation formulation 
between scattering intensity and position coordinate along perpendicular direction. The schematic shows the 
nanobubble-induced IrO2 particle hopping behavior under different anodic polarization (I-III). (d) The height 
profiles of IrO2 particles depicted by the white dash circle in (b) as a function of polarization potential. (e) The 
extracted mean-square displacement (MSD) curves along the vertical direction from representative particles 
depicted by the white dash circle in (b), based on the one-dimensional diffusion equation. (f) and (g) the statics of 
height evolution and corresponding MSD distribution. (h) Comparison the signal to noise ratio in optical and 
electrochemical approaches. The scattering intensity collected from dark region close to IrO2 particle was adopted 
as background diffusion coefficient, and current density obtained at bare ITO electrode at 1.20 V was served as 
the background current density. 

IrO2/electrode interface (Supplementary Fig. S12-S14). In OER process, accompanied by 

increasing anodic polarization, excess positive charges are first accumulated on particle surface, 

which improve the adsorption of hydroxide through local electrostatic force and promote direct 

Faradaic transition from hydroxide to oxygen (Fig. 3d, I). Then, the gradual enrichment of 

oxygen species results in a formation of diffusion layer and an increase of chemical potential 
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of oxygen molecules near the particle surface. Upon the generation of supersaturated oxygen 

regions around individual particle, supersaturated state overcomes the activation energy barrier 

for nanobubble evolution, drives the heterogeneous nucleation and growth of nanobubbles that 

results in a lower local viscosity at the bottom of particle that eventually facilitate the 

dislocation of particle along the perpendicular direction of electrode surface (Fig. 3d, II). As 

the catalytic reaction ceases when the particle dissociates from the surface and shuts off the 

electron transfer pathway, the rapid attenuation of supersaturated oxygen layer around 

nanobubble accelerates the bubble breakage, thus providing supernumerary energy for the 

particle to overcome the energy barrier for desorption from the EEIs rather than recovering to 

its initial location (Fig. 3d, III). 

We next performed a series of control experiments to verify this assumption. (1) The IrO2 

catalyzed OER was carried out at neutral environment, only weak fluctuation of IrO2 scattering 

was observed (Supplementary Fig. S15). (2) The attenuated scattering of IrO2 during OER was 

independent of illuminated laser wavelength and corresponding intensities (Supplementary Fig. 

S16). (3) OER was also performed on a catalytic inert SiO2 sphere-modified ITO electrode, 

and the scattering of SiO2 sphere also remained unchanged during OER (Supplementary Fig. 

S17-S18). (4) The attenuation of IrO2 scattering was synchronized with oxygen evolution. 

Below the oxygen evolution potential where no phase transition was occurred, irreversible 

scattering intensity attenuation of IrO2 was not observed (detailed discussion shown in 

Supplementary Fig. S19-S24). These control experiments indicated that the attenuation of IrO2 

scattering was closely related to multi-phase interface evolution during OER. 

In addition, electrochemical charging of IrO2 during dynamic potential scan may also result 

in a change of refractive index of its environment, leading to scattering intensity fluctuations. 

To exclude this possibility, cyclic voltammetry of IrO2-modifed electrode was carried out in a 

solution containing Fe(CN)63-/Fe(CN)64- redox probe and the scattering of IrO2 was monitored 

during continuous potential scans from - 0.50 V to 0.30 V and a periodic scattering change 

profile was observed (Supplementary Fig. S19-S24). The electrochemical charging and 

discharging-induced periodic scattering change profile was significantly different from the 

attenuation profile case in OER; therefore, this possibility was also ruled out. Moreover, 
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another possible explanation for scattering intensity fluctuation was the occurrence of O2 

bubble around IrO2 particle surface. If this explanation is reasonable, a reversible scattering 

intensity change during successive potential scan is anticipated, however, we observed only a 

rapid scattering intensity decay in the first cycle scan under anodic polarization, and the 

scattering profile was irreversible under cathodic polarization. Meanwhile, the evaluated O2 

bubble could only enhance the scattering intensity of IrO2 by increasing the apparent diameter 

of particle, which was clearly opposite to the attenuation results (Supplementary Fig. S25). All 

these control experiments suggested the attenuation of IrO2 scattering intensity was a result of 

hopping of IrO2 that induced by electrogenerated supersaturated nanobubble. 

We then attempted to extract the diffusive information of IrO2 from the scattering 

fluctuations. As illustrated in Eq. 2, the scattering intensity of a subject in evanescent field is 

proportional to its distance from interfaces: 𝐼 = 𝐼 𝑒𝑥𝑝 −𝑑/ℎ                            (2) 

Therefore, the scattering intensity fluctuations of IrO2 during OER could be converted to its 

distance change away from electrode. To simplify the calculation, the nanobubble-induced 

hopping of IrO2 was supposed to be perpendicular to electrode, while hopping with other angles 

was dismissed. The potential dependent vertical hopping height profiles of three representative 

individual particles (marked in Fig. 3b) were demonstrated in Fig. 3d. While lateral motion of 

particles was monitored by single particle tracking, the obtained confined motion trajectories 

excluded lateral motion from future analysis (Supplementary Fig. S25). Diffusion coefficient 

of the one-dimensional vertical motion could be extracted from mean square displacement 

(MSD) analysis of moving trajectories (Fig. 3e). MSD of three different IrO2 particles in Fig. 

3b revealed an almost linear increase over time, suggesting a Brownian behavior. Owing to the 

inhomogeneous growth of gas bubble, the hopping of different IrO2 particles also revealed 

heterogeneity (Fig. 3f and g). Notably, the signal to noise ratio in the averaged diffusion 

coefficient of IrO2 was significantly high (ca. 410 times), while the OER catalytic current at 

1.20 V was only ca. 9 times higher than the background current (Fig. 3h). The bigger gap in 

diffusion coefficient indicated that the hopping of electrocatalysts could be a more sensitive 

parameter to evaluate the intrinsic OER performance of electrocatalysts (Supplementary Fig. 
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S26). These distinctive attributes from particle hopping enable detailed structure–function 

correlations in a broad range of materials and precisely recognizing the origin of composition 

and function heterogeneity in OER catalysts. Of note, due to sensitivity limit of EMCCD, only 

scattering profile of relatively large IrO2 particles (> 100 nm) could be collected and analyzed. 

Our control experiments suggested catalytic activity of the IrO2 electrode still possessed ca. 

33 % after 10 scan cycles, suggesting the presence of some invisible IrO2 particles on electrode 

that counts for the residual OER activity (Supplementary Fig. S14). The propose of the present 

study is to evaluate the OER activity of electrocatalysts from its departure from electrode 

surface, while the catalytic durability is not considered. 

Electrocatalysts Hopping as an Indicator for Evaluating OER Performance. Having 

confirmed the supersaturated gas bubble induced hopping of single electrocatalyst on electrode, 

we next employed this hopping behavior to evaluate the intrinsic catalytic activity of various 

catalysts. We defined an indicator (f, Eq. 3) to describe the normalized oxygen bubble-induced 

electrocatalyst hopping, 𝑓 =                                 (3) 

where <D> devotes to averaged diffusion coefficients of vertical motion of electrocatalysts, 

and A is the projected area of particle on electrode. 

We then used this indicator to interrogate different OER catalysts. The first case is to study 

doping effect in transition metal oxides OER catalysts. Doping of foreign elements could 

regulate the local electronic structure of transition metal oxides and optimize the binding 

strength between active sites and hydroxyl ion on transition metal oxides, thus eventually 

enhance OER performance.52, 53 Calcium Cobalt oxide (Ca3Co4O9), a promising a transition 

metal oxide for oxygen evolution, represents an archetypal system for studying elements 

doping on multi-phase interface evolution. We thus evaluated the OER performance of 

Ca3Co4O9 with different doping (Supplementary Fig. S27-S28) with this indicator. Linear 

sweeping voltammetry (LSV) and Tafel plots of a series of catalysts were shown in Fig. 4a, the 

OER performance of different doping followed the order of Ca3Co3.2Fe0.8O9 > Ca3Co4O9 > 

Co3O4 from Fig. 4b and c. 
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Fig. 4. Electrocatalysts hopping as an Indicator for evaluating OER performance. Correlation of 
electrochemical parameters and optical indicator among various electrocatalysts. (a) Linear potential scan during 
potential scan from 0 to 2.50 V vs RHE for series catalysts in 0.10 M KOH aqueous solution at a scan rate of 0.10 
V s-1. Inset indicates corresponding Tafel slopes. (b) Comparison of Tafel slope and current density at 2.50 V vs 
RHE of various catalysts. (c) Comparison of TOF value (numbers of oxygen molecule converted per second) and 
oxygen evolution overpotential at a current density 2.5 mA cm-2. (d) The normalized indicator (fcatalyst/fIrO2) 
compared with Tafel slopes (upper panel) and normalized TOF value (TOFcatalyst/TOFIrO2) of various catalysts 
(bottom panel). 

We monitored the hoping of these catalysts and the corresponding f values were calculated 

to be 6.9×10-6 s-1 and 3.9×10-9 s-1 for Ca3Co3.2Fe0.8O9 and Ca3Co4O, respectively 

(Supplementary Fig. S29-S33). The order of Ca3Co3.2Fe0.8O9 > Ca3Co4O9 well matched the 

results from Tafel plots (79 and 125 mV dec-1) and TOF values (1.19 and 1.10 s-1). The 

enhanced catalytic activity by Fe doping was assigned to the modification of intrinsic electric 

structure that decrease the hydroxyl adsorption activation energy on Co active sites and 

increase anisotropic electron conduction, as confirmed by electrochemical impedance 

spectroscopy and synchrotron X-ray adsorption spectroscopy results.54, 55  
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However, the order of Co3O4 was inconsistent in electrochemical and optical tests. Co3O4 

possessed a lower f value as compared to Ca3Co4O9, while its current was similar with 

Ca3Co4O9. We argued that the OER current of Co3O4 involves non-efficient Faradaic 

contribution. Co3O4 exhibits two bulk redox transformations with increasing anodic 

polarization at E1 ≈ 1.60 V and E2 ≈ 1.85 V (vs reversible hydrogen electrode (RHE), which 

are assigned to the conversion of Co(II) to Co(III) and Co(III) to Co(IV), respectively 

(Supplementary Fig. S34).56 To investigate the influence of redox state transformations on OER 

performance, we performed kinetic measurements at different potential scan rate during 1.20 

and 1.90 V. A scan rate-dependent relationship for coupled redox peaks revealed that Co atom 

was quasi-reversibly oxidized and reduced in this pre-catalytic region, which can be explained 

as the restraint of inherent charge transfer property of Co species, rather than supply of reactants 

from bulk electrolyte under polarization.35 Notably, OER begins concomitantly with the second 

bulk redox process at E > 1.80 V (Supplementary Fig. S34), indicating the presence of 

supererogatory charge contribution from redox couple transformation rather than absolute 

Faradaic transition from hydroxide ion to oxygen. Considering these perturbations on accurate 

evaluation of OER efficiency, it requires to eliminate these non-efficient contributions from 

OER performance. In contrast, the scattering optical response is independent of chemical 

transition and ions intercalation of interface compositions. As a result, we found that the 

average onset potential for Co3O4 hopping exhibits a slight lag behind ca. 0.28 V compared to 

that in electrochemical measurements. In contrast to the high Co atom proportion in Co3O4 (ca. 

43 %), the lower Co atom proportion (ca. 25 % for Ca3Co4O9, and ca. 19 % for doping species), 

gives a negligible redox transition contribution on OER evaluation, where the doping induced 

thermodynamic property improvements play a dominate role in OER performance. These 

results suggested that single particle hopping measurements enable us to accurately recognize 

intrinsic onset potential of OER and facilitate to preclude non-efficient Faradaic contribution 

to OER performance from redox state transformation, which cannot be excluded from 

traditional electrochemical approaches.57 

The second case is to explore morphology feature of electrocatalysts on OER with Pt 

nanoparticles decorated on g-C3N4 (Pt-g-C3N4) nanosheets (Supplementary Fig. S35-S37). The 
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morphological heterogeneity of layer structure results in a ca. 120 times enhancement in the 

optical indicator over TOF value of Pt-g-C3N4-modifed electrode (Fig. 4d). Notably, the onset 

potential in hopping measurement (1.87 V) exhibited ca. 130 mV earlier than LSV results (2.00 

V) (Supplementary Fig. S38). We argued that the higher catalytic activity in hopping 

measurement might arise from two factors, i.e., electronic conduction and mass transfer pattern. 

For single layer of Pt-g-C3N4 nanosheet, Pt nanoparticles not only provides abundant spaces 

for hydroxide ion adsorption, but also accelerates the subsequent charge transfer and quasi-

sphere mass transport to facilitate OER proceeding, whereas the morphology of bulk Pt-g-C3N4 

electrode exhibited flat topography with a thickness of ca. 460 nm (Supplementary Fig. S39-

S40). The pile of Pt-g-C3N4 nanosheets on electrode not only blocks the vertical charge 

transport from electrode to electrolyte, but also changes the mass transfer pattern to an 

insufficient two-plane diffusion mode that limits diffusion of OH- towards electrode surface 

(finite element simulations shown in Supplementary Fig. S41). These results confirmed 

previous hypothesis of pursuing single particle or even supreme single atom dispersion that 

expose sufficient active sites and electronic conductivity pathways to achieve prominent 

improvement of OER performance by eliminating ensemble morphology limitations.58 

 

Discussion 

In conclusion, we developed an indicator to accurately define the intrinsic catalytic activity 

of OER catalysts. This indicator was derived from the hopping of electrocatalysts on electrode 

under operando condition. Benefitting from the depth-sensitive EC-TIRM, the vertical motion 

behaviors of electrocatalysts during OER were investigated. This indicator diminishes 

interferences from morphology, non-efficient Faradaic effects and concomitant chemical 

reactions on Faradaic processes, enabling to establish an accurate correlation with the inherent 

activity in a broad range of materials. We envision that the proposed strategy is important for 

providing a complement of existing operando methodologies for high-throughput screening of 

catalysts for OER as well as more complex gas-evolving systems. Moreover, the concept of 

motion-activity relationship, instead of structure-activity relationship, may shed new light on 

investigation their contributions to catalysts. 
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Methods 

Instruments. Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) measurements 

were performed using a ToF-SIMS V (ION-TOF GmbH, Münster, Germany) mass 

spectrometer equipped with a time-of-flight analyzer of a reflectron type. A 30 keV Bi3+ 

primary ion beam was used at 10 kHz frequency with a pulsed beam current of 0.36 pA, and it 

was focused to be ~ 450 nm diameter in fast imaging mode to proceed chemical species 

imaging. All ion images resolution was 512 × 512 pixels. The negative and positive mass 

spectra were calibrated by CH3+, H3O+ and NH4+ and C-, OH- and C2-, respectively. The vacuum 

pressure in the main chamber during the measurements was below 3 × 10-9 mbar. UV-Vis 

spectra were achieved on a UV-2600 spectrophotometer (Shimadzu, Japan). Sizes distributions 

were detected using dynamic light scattering (DLS) in Malven Zetasiwer Nano-ZS90. AFM 

measurements were performed on a Bioscope Resolve AFM (Bruker Corp., USA) under 

tapping mode with a scan rate of 1.0 Hz frequency. AFM images with a resolution of 512 × 512 

pixels were acquired using silicon cantilevers with a normal spring constant of 0.35 N m-1. All 

recorded AFM images were conducted by “Flatten” function prior to analysis in NanoScope 

Analysis software (version 1.60). X-ray diffraction (XRD) patterns were collected on a Bruker 

D8-ADVANCE X-ray diffractometer with DteX Ultra 250 detector and copper target using 

monochromatic Cu Kα radiation (λ = 1:5406 Å). The range of diffraction (Bragg) angles were 

measured within the scan range from 10° to 60° with a step angle of 0.02° and a scan rate of 

20° min-1 at 40 KV, 30 mA. The incident Soller slit and length-limiting slit was set as 2.5° and 

5 mm, respectively. Field Emission transmission electron microscope (TEM) images were 

collected on JEOL-2100F (Japan) equipped with an energy dispersive X-ray detector and 

operated at voltage 200 kV. High-resolution TEM images and relative elemental mapping were 

carried out during HRTEM measurements. For TEM characterization, the catalyst 

nanoparticles (5 μg) were gently dispersed in aqueous solution (200 μL) by sonication (10 min). 

Then, a droplet of the suspension with 20 μL was gently dropped onto a carbon coated-copper 

grid (300 mesh), allowing the solvent to evaporate prior to imaging. The surface morphology 

analysis of the samples and energy dispersive X-ray (EDAX) mapping analysis were carried 
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out using field emission-scanning electron microscopy (FE-SEM) (Zeiss Gemini 450, Jena, 

Germany) fitted with an Oxford Symmetry Electron Back Scattering Diffraction (EBSD) 

detector. For cross-sectional FE-SEM, side-view images of Pt-g-C3N4 modified ITO substrate 

(cut from a bulk electrode by using a diamond pencil) were collected. 

EC-TIRM Analysis. In situ EC-TIRM experiments were performed on a confocal 

fluorescence microscope (Nikon Ti2-E) equipped with Z-drive and Perfect Focus System (PFS) 

autofocusing mechanisms that ensured a better focus stability and avoided long-term focus drift 

during continuous dynamic potential scan. The detector was equipped with an iXon EMCCD 

camera (897) controlled by NIS-Elements software. The excitation laser 488 nm passed 

through the excitation filter (502–549 nm) and was directed into an oil-immersion objective 

(CFI Apochromat TIRF 100XH Oil, NA 1.49, W.D. 0.12 mm). The built-in 1.5× zoom-in 

adaptor enables a magnification factor of 150×. An exposure time of 100 ms per frame was 

used. The delay between frames was 15 ms. After 10 s collection of the TIRM images at open 

circuit potential, the in situ TIRM images were recorded under dynamic potential scan from - 

1.10 to 0.90 V (vs Pt), at a scan rate of 0.10 V s-1. Briefly, upon wide field illumination at a 

wavelength of 488 nm (Ei), the back-scattered light from the particle (Es) was collected by 

objective lens and imaged on EMCCD. The TIRM images were analyzed using ImageJ 

software. The shading correction and background correction were applied on the original 

images. The central position of individual emitters was determined through fitting with a two-

dimensional (2D) Gaussian function. 

 

Data availability 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 
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