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Abstract: Unveiling the key influencing factors towards 

electrode/electrolyte interface control is a long-standing challenge for 

a better understanding of microscopic electrode kinetics, which is 

indispensable to building up guiding principles for designer 

electrocatalysts with desirable functionality. Herein, we exemplify the 

oxygen evolution reaction (OER) via water molecule oxidation with the 

iridium dioxide electrocatalyst and uncovered the significant 

mismatching effect of pH between local electrode surface and bulk 

electrolyte: the intrinsic OER activity under acidic or near-neutral 

condition was deciphered to be identical by adjusting this pH 

mismatching. This result indicates that the local pH effect at the 

electrified solid-liquid interface plays the main role in the “fake” OER 

performance. This local pH effect on the OER electrode process is 

further verified by integrating a wide spectrum of analytical 

approaches. This study will accelerate the understanding of the local 

proton-induced effect on electrode interface processes and the 

development of advanced electrochemical activity. 

Introduction 

 

Figure 1. Upon oxygen evolution reaction (OER) with water molecule as the 

reactant, the local pH at solid-liquid interface (local pH) negatively shifts 

compared to bulk electrolyte pH (bulk pH) with OER rate increases due to 

accumulation of protons at the interface. This mismatching between the local 

and the bulk pH induces a potential mismatching, i.e., the Nernstian loss. Our 

work elaborates to quantify this Nernstian loss and clarify its influence on OER 

performance via water molecule oxidation. 

With growing attention on carbon neutrality, a wide spectrum of 

electrochemical approaches producing green and sustainable 

chemicals by combining renewable electricity and aqueous-

electrolyte-based energy conversion systems,[1] such as 

electrolysers,[2] is of great interest in both modern academia and 

industry communities.[3] For example, the investment in 

electrolysers will reach USD 5 billion in 2024.[4] As such, water 

molecule (H2O) not only acts as solvents in a wide spectrum of 

electrochemical reactions but also can directly participate in the 

reactions for the sake of electrified electrode-electrolyte 

interface.[5] Although the study on electrified electrode-electrolyte 

interface has initiated by Frumkin in the 1930s and a modern 

version of microscopic description by Schmickler in the 1980s,[6] 

many basic aspects in this subject are still yet to be known,[7] such 

as the structure of interfacial water,[8] the influence of local 

environment and the relevant electrode reactions,[5b, 9] the 

interface structure in non-aqueous solvents,[10] the dynamic 

interface structure away the equilibrium,[11] and complete atomical 

theoretical descriptions of the interface.[12] One of the most 

representative questions here lies in the electrochemical water 

splitting, id est (i.e.) hydrogen evolution reaction (HER), and 

oxygen evolution reaction (OER).[13] Especially, the OER is well-

known as the bottleneck for the overall water splitting due to its 

sluggish kinetics with four-electron/proton-transfer steps to 

release one dioxygen molecule (O2) from two H2O.[14] However, 

its microscopic electrode process is still under debate. Especially, 

pH mismatching is known to cause misleading interpretation 

mechanisms or observe “fake” electrochemical activities.[9b, 15] As 

for OER, there are two types of reactants, i.e. hydroxides (OH-) 

and H2O.[16] Benefited from the much higher concentration of 

water molecules (e.g., ~55.6 M in pure water) for promoting the 

supplementary of reactant, the H2O path for OER exhibits larger 

limiting current density as compared to the OH- path (see a simple 

comparison in Figure S1 in the Supporting Information (SI)). This 

makes H2O path more promising in industrial applications with 

typically large current densities as compared with lab-scale 

configurations.[17] However, the accumulated protons during 

water molecule oxidation gives rise to an additional concentration 

overpotential, so-called Nernstian loss (ΔφNernstian) by following the 

Nernst Equation 

∆𝜙𝑁𝑒𝑟𝑛𝑠𝑡𝑖𝑎𝑛 =
2.303𝑅𝑇
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, where R is gas constant, T is absolute temperature for reaction, 

F is Faraday constant, pHlocal and pHbulk are local pH in the 

electrode-electrolyte interface and the pH in the bulk electrolyte, 

respectively. This energetic loss due to thermodynamic 

mismatching on potential brings down the energy efficiency of 

OER, especially significant in a higher current density with a lower 

local pH for a larger ΔφNernstian.[15a, 18] Although it is the ultimate 

goal to establish a comprehensive theoretical model, which is able 

to let us understand the detailed effects of microscopic reaction 

environment on electrocatalytic processes with high accuracy and 

reliability by first-principle calculations and/or modern 

experimental approaches,[9c, 19] our understanding on microscopic 

pictures of solid-liquid interfaces is still yet far to achieve this 

grand challenge. Therefore, in order to advance our 

understanding on the dominating local pH effect on OER 

performance and further promote a rational design of a highly 

efficient anode electrolysis system, a simple but reliable picture of 

microscopic electrified solid-liquid interfaces described by a 

combination of experiment and theory is highly demanded. 

Herein, we focused on the local pH adjacent to electrode surface 

for water molecule oxidation towards OER while monitoring the 

dynamic Nernstian loss (Figure 1). We combined microkinetic 

analyses with operando electrochemical methods to reveal the 

main effect of local pH drift on OER performance. An 

unconventional reversible hydrogen reference electrode 

calibrated by local pH was proposed to facilitate an easy 

understanding of the intrinsic performance of water molecule 

oxidation for OER. This work shows the crucial roles of not only 

reactants but also products in electrode-electrolyte interface 

processes. We hope that this fundamental study will contribute to 

the elucidation of key effects of the local microenvironment on 

oxygen electrolysis and promote the development of high-

efficiency electrochemistry-based green industries in the future. 

Results and Discussion 

Given that OH- in the electrolyte is more competitive than H2O for 

OER and to avoid the influence of OH- path on water molecule 

oxidation, herein we selected two typical conditions with ultra-low 

OH- concentrations, i.e. strongly acidic with pH 1 and near-neutral 

with pH 5, in a three-electrode configuration by loading the 

benchmark IrOx on a rotating ring-disk electrode (RRDE). The 

details are shown in the Experimental Details in the SI. As 

compared to the acidic condition, the OER via water molecule 

oxidation in the near-neutral condition was observed with a lower 

activity (Figure 2a). The anion or cation effect (except H+ or OH-, 

i.e., the pH effect) should be ignored by using the identical 

concentration of ClO4
- or Na+ in electrolyte. No buffering agents 

were added to avoid complicating the electrochemical system. As 

the sake of continuous proton formation due to water molecules 

to dioxygen gas conversion, we carried out operando local pH 

measurements via a RRDE-based method (Figure 2b,c, Figure 

S2 in the SI, more details see the Experimental Details in the SI). 

In acid, the local pH at electrode-electrolyte interface reduced with 

the increase of OER current density (Figure 2b), showing an 

average pH change rate relative to OER current of -0.07 pH mA-1 

cm2. Same as the trend observed in acidic OER, the near-neutral 

condition showed decrease in local pH with increase of OER 

current density (Figure 2c), with an average pH change rate 

relative to OER current of -0.36 pH mA-1 cm2. This significantly 

faster pH change rate, as compared to that in acid, could be 

explained by the much higher sensitivity of pH change to proton 

concentration change in near-neutral condition than that in acid 

(Figure S3a in the SI). As a result, just a tiny change of proton 

concentration on electrode-electrolyte interface could be clearly 

detected by surface pH change in near-neutral condition during 

OER. This could be showcased by the obvious decrease in local 

pH even in the potential range (1.2-1.4 V) with negligible OER 

current (Figure 2c). We ascribed the pH change in this region to 

the produced protons by redox transition on the electrocatalyst 

IrOx.[20] We further conducted error analysis for the RRDE-based 

pH measurement used in this work (Figure S4 in the SI). 

On account of the thermodynamic influence of pH on OER 

equilibrium potential,[21] we calibrated the reversible hydrogen 

electrode (RHE) by using the local pH during OER for a clear 

picture (here marked as RHElocal pH). Surprisingly, we found that 

the OER activities in acidic and near-neutral conditions were 

almost identical (Figure 2d, more pH conditions see Figure S3b 

in the SI). This indicated that the different OER activities in a 

routine comparison (Figure 2a) mainly resulted from the local pH-

induced equilibrium potential shift of OER, i.e., the 

thermodynamical influence by local pH shift on OER performance 

(reaction kinetics). Given the nearly identical intrinsic OER 

performance between acidic and near-neutral conditions, in the 

next parts the results in 0.5 M NaClO4, with obvious local pH shifts 

during reaction, typified the exploration on local pH effects for 

water molecule oxidation. 

To further confirm the local pH effect on OER, first we carried out 

kinetic analysis by Koutecky-Levich (K-L) equation without 

considering Nernstian loss (Figure S5 in the SI). We found that 

the slopes in K-L plot under various potentials were quite different 

(Figure S5b,5c in the SI). This result was contradictory with the K-

L equation that the slope should be constant under different 

potentials. Such an inconsistency suggested that the change of 

OER performance under various rotating speeds (Figure S5a in 

the SI) was not from the mass transport of the reactant (i.e., the 

water molecules). Thus, we included the Nernstian loss in the 

above kinetic model (see more in Experimental Details in the SI) 

and obtained the linear 
1

𝑖
~

𝑖 

√𝜔
 plots (Figure 2e) and the nearly 

unchanged Slope/𝑒
−𝛼𝐹𝐸

𝑅𝑇  (Figure 2f). These results matched with 

the Nernstian loss-based kinetic model very well, as further 

evidenced by the linear relationship between 1/i and 𝑒
−𝛼𝐹𝐸

𝑅𝑇 i ω-1/2 

(Figure S5d in the SI). Through the above simple kinetic analyses, 

we can confirm that the reaction kinetics of water molecule 

oxidation for OER is dominatingly influenced by Nernstian loss 

induced by local pH shift because of continuous release of 

protons. 
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Figure 2. Local pH shift during OER. (a) LSV (1 mV s-1) in acidic and near-neutral conditions for OER at 1600 rpm, and local pH adjacent to the disk electrode in 

(b) acidic and (c) near-neutral conditions with OER proceeding. (d) Polarization curves for OER in acidic and near-neutral conditions by using local pH-calibrated 

RHE (RHElocal pH) as the reference electrode, the error bars were obtained by conducting experiments for three times. (e) 1/i – i ω-1/2 plots at various potentials by 

the Nernstian loss-based kinetic analysis for OER (0.5 M NaClO4) and (f) the related slope analysis, for more details please refer to the Experimental Details in the 

SI. The RHE calibrated by bulk electrolyte pH (i.e., RHEbulk pH) was simplified as RHE. 

Based on the above simple kinetic analysis for the local pH-

triggered thermodynamic barrier drift (as show in Figure 3a), we 

could envisage a more complicated microkinetic exploration on 

OER than ever before (see more discussions in Figure S6,S7 and 

Table S1,S2 in the SI). Thus, instead of the conventional RHE, 

we turned to use the RHE calibrated by local pH (i.e., RHElocal pH) 

as the potential reference to favour the understanding of intrinsic 

water molecule oxidation by fixing the OER equilibrium potential 

(i.e. always 1.23 V under various local pH conditions). To simplify 

the discussion, herein we used a typical concerted proton-

coupled electron transfer (CPET) process to demonstrate the 

water molecule oxidation for oxygen evolution (Figure 3b). The 

step of formation of *OOH from *O (*O + H2O → *OOH + H+ + e-) 

was regarded as the rate-determining step (RDS),[22] which will be 

further verified in the following part. For quantifying the proton 

concentration during OER, we adopted an empirical equation to 

describe the relationship between proton concentration and the 

applied potential (Figure S8 in the SI). As a result, the microkinetic 

model could overall depict the experimental OER activity (Figure 

3c, see more details in eq. S12-S24 and Table S3 in the SI), 

suggesting that the local pH-based microkinetic model for OER 

should be effective. In the microkinetic analysis, the current 

density was limited to several milliamperes per square centimetre 

for avoiding the influence of oxygen bubbles under high current 

densities on measuring local pH by the RRDE-based method. 

 

Figure 3. Local pH-based microkinetic analysis for OER in 0.5 M NaClO4. (a) 

The pH changes between bulk and local electrolyte with increasing the OER 

current density, as well as the dynamic drift of equilibrium potential for OER. (b) 

The reaction pathway of water molecule oxidation towards OER, with the 3rd 

step from *O to *OOH as the RDS. (c) Polarization curve for OER calibrated by 

local pH and its fitting according to the microkinetic analysis. 
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To show more evidence for the above microkinetics, we analysed 

the key reaction intermediate *OH during OER by combining 

operando methods. We transferred the RHElocal pH to the 

conventional RHE for comparing with other results (Figure S9 in 

the SI). As reported in previous studies, the surface reaction 

intermediate *OH could be readily detected by methanol oxidation 

reaction (MOR) under electrochemical testing for OER.[23] Thus, 

in this work we applied this methanol-based method, and found 

that there was obvious oxidation current of methanol to indicate 

the surface *OH change (Figure S10a in the SI). The differential 

current between MOR/OER and OER implied a “volcano” trend of 

surface *OH with the applied potential (Figure S10b in the SI). To 

our surprise, this experimentally obtained *OH trend is well 

consistent with the coverage change modelled by the local pH-

based microkinetic analysis (Figure 4a). Note that the potential 

range we chose for comparison from 1.50 V to 1.65 V (vs. RHE) 

is to avoid 1) large errors in microkinetic modelling due to the too 

low current density (the lower bound 1.50 V) and 2) possible 

disturbance from oxygen bubbles (the upper bound 1.65 V). 

After confirming the consistency of *OH trend between the local 

pH-based microkinetic analysis and MOR method, we carried out 

operando electrochemical attenuated total reflection-surface-

enhanced infrared absorption spectroscopy (ATR-SEIRAS) to 

obtain more information about adsorption species during water 

molecule oxidation.[8b, 24] We loaded the pyrolyzed IrOx powders 

on the Au-coated Si prism as the working electrode, as the three-

electrode configuration shown in Figure 4b (see more details in 

Experimental Details in the SI). The spectra were recorded at a 

potential range from 0.922 V to 1.958 V (vs. RHE), with the result 

at 0.922 V as the reference. The peaks at 3650 cm-1 and around 

3500 cm-1 were attributable to dangling (i.e., non-hydrogen 

bonded) water and hydrogen-bonded water, respectively.[8b, 25] It 

is evident that there was a shift of the peak for hydrogen-bonded 

water to lower wavenumber with increasing the potential. This red 

shift could result from the more regular hydrogen bond network of 

water with oxygen-down orientation by increasing the potential.[8a, 

8b] Another possible reason for this red shift might be due to a 

stronger water-electrode interaction induced by the preferred 

oxygen-down water molecule with a more positive potential.[26] In 

addition, the downward peak intensity at around 3500 cm-1 kept 

growing with increasing the potential. This intensity change of the 

interface water could derive from the replacement of adsorbed 

water by the produced reaction intermediates (e.g., *OH, *O) from 

water molecules in the OER reaction pathway, as well as more 

adsorbed ClO4
- by increasing the potential (Figure S11 in the 

SI).[8b] All the above results demonstrate that the water molecules 

serve as reactants for the electrocatalytic OER, consistent with 

our (micro)kinetic analyses. 

Furthermore, we monitored the trend of *OH (around 2880 cm-1 in 

Figure 4c, Figure S12 in the SI) and replotted in Figure 4d.[25b, 27] 

It showed that with increasing the potential, *OH exhibited a 

“volcano-type” trend. Note that this peak position of *OH plot 

extracted from the ATR-SEIRAS testing is more positive than that 

in Figure 4a. We attributed this difference to the different proton 

diffusion conditions: the lower surface proton concentration in the 

rotating electrode system (Figure 4a) lead to smaller Nernstian 

loss for the more negative potential with respect to RHE towards 

OER, as compared with the higher surface proton concentration 

in the static system (Figure 4b) due to the slower proton diffusion. 

Therefore, together with MeOH-based approach, the 

spectroscopy-detected *OH trend solidifies our (micro)kinetic 

results for the thermodynamic barrier induced by local pH shift.

 

Figure 4. Monitoring *OH during water molecule oxidation in 0.5 M NaClO4. (a) Trends of coverage of *OH by local pH-based microkinetic modelling and MOR 

detection. (b) The electrochemical configuration for operando SEIRAS and (c) the spectra with increasing the potential, reference spectroscopy: 0.922 V (vs. RHE). 

(d) The trend of *OH amount detected by ATR-SEIRAS with increasing the potential.
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Conclusion 

In this work, we revealed the local pH effect at electrode-

electrolyte interface on water molecule oxidation for 

electrocatalytic OER performance. The main effect was 

experimentally evidenced to be the Nernstian loss, i.e., the 

dynamic drift of equilibrium potential for OER with the reaction 

current density changing. By combining microkinetic analyses 

and operando electrochemical approaches, we further explored 

the local pH effect-included electrode process with the formation 

of a reaction intermediate *OOH as the rate-determining step. In 

addition, different from the conventional RHE calibrated by bulk 

pH of electrolyte, we proposed an unconventional RHE, i.e. the 

reversible hydrogen reference electrode calibrated by local pH on 

the electrocatalyst surface, to benefit the clarification of intrinsic 

performance of water molecule oxidation towards OER. We 

believe that our fundamental study on local pH effect on 

electrode-electrolyte interface will promote the understanding of 

protic-solvent-based microscopic electrode processes and 

contribute to the exploration of highly efficient renewable power-

to-X systems in the future. 
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By integrating operando electrochemical methods with (micro)kinetic modelling, the dynamic local pH effect for the oxygen evolution 

reaction is clarified. An unconventional reversible hydrogen reference electrode is employed, enabling a clearer interpretation of intrinsic 

electrochemical kinetics. This approach offers deeper insights into the microscopic electrode processes in the electrified electrode-

electrolyte interface with dynamic local pH. 

 


