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Figure 1. (A) Schematic of the in situ surface potential measurement setup and potential drops 
across the electrode-electrolyte interface for metal, semi-metal, and semiconductor, respectively. 
(B) Decoupled contribution of potential drops across the monolayer MoS2 basal plane–electrolyte 
interface as a function of the applied potential. (C) HER current imaging on the monolayer MoS2 
electrocatalyst, superimposed on the corresponding 3D topography map. Adapted and reprinted 
with permission from Ref. [4 ]. 

In an article published in National 
Science Review , Wang et al. tackle the 
intricate task of directly probing the 
potential distribution across semicon- 
ductor catalyst-electrolyte interfaces and 
disentangling the convoluted processes 

of charge transfer and catalytic conver- 
sion [4 ]. They systematically elucidate 
in liquid phase how the voltage ap- 
plied to monolayer-thick molybdenum 

disulfide (MoS2 ) electrocatalysts impacts 
their electronic structure, the properties 
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y enabling the conversion of 
ustainably-derived electrical energy 
nto chemical energy, electrocatalytic 
eactions are vital for closing the anthro- 
ogenic carbon c ycle. A w ide array of 
lectrocatalytic reactions have gained 
xtensive attention, including hydrogen 
volution (HER), oxygen evolution 
OER), and CO2 electroreduction 
CO2 RR). However, progress in en- 
ancing catalyst activity, selectivity, 
nd stability is impeded by the lack of 
undamental insight. Under reaction con- 
itions, multi-step electron transfer and 
lementary catalytic processes convo- 
ute, influenced by the applied potential 
hat affects the electrostatic potential of 
lectrons through charging of the electric 
ouble layer (EDL) and/or the chemical 
otential of the electrocatalysts. This 
omplexity presents challenges in inter- 
reting catalytic mechanisms, especially 
or non-metallic catalysts, where both 
hemical and electrostatic potentials 
re altered by the applied voltage. For 
emiconducting catalysts in electrolytes, 
t remains a key challenge to resolve how 

i) the conduction band and the Fermi 
evel shift, (ii) the potential drops across 
emiconductor-electrolyte interfaces, 
nd (iii) electron transfer pathways cor- 
elate with catalytic rates [1 –3 ]. While 
onventional electrochemical techniques 
an only provide ensemble information, 
hus neglecting the spatial heterogeneity 
n the electronic structure and catalytic 
ites of electrode materials, differentia- 
ion of potential distributions between 
on-metallic catalysts and the electric 
ouble layer (EDL) relies largely on 
heoretical calculations. 
The Author(s) 2024. Published byOxfordUniversity Press on behalf of China Science Publishing &Media Ltd. This is anOpen Access article distributed under the terms of the Creative
ommons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
ork is properly cited. 
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f electron transfer across the solid- 
iquid interface, and the HER activity. To 
chieve this, the authors employ an in- 
ovative method based on in situ surface 
otential microscopy, by integrating a 
igh impedance amplifier with an atomic 
orce microscope (AFM) and atomic 
orce microscopy-based scanning electro- 
hemical microscopy (AFM-SECM), al- 
owing the spatial mapping of both elec- 
ron transfer and electrocatalytic activ- 
ty (Fig. 1 ). Through this approach, the 
uthors were able to decouple the po- 
ential drop across the MoS2 basal plane 
nd the electrical double layer as a func- 
ion of the applied voltage. With increas- 
ng cathodic potential, they observe the 
igration of the Fermi level into the 
onduction band of MoS2 , which is in 
ontrast to the classical theory saying 
hat the Schottky-analogue junction is 
roken once the Fermi level is tuned 
nto the conduction band. The authors 
how that the MoS2 surface undergoes 
 transition from high electron concen- 
ration under cathodic potentials to low 

lectron concentration under anodic po- 
entials, leading to the electrolyte gat- 
ng effect. This is further supported by 
n situ local electric conductivity mea- 
urements which reveal that the MoS2 
urface switches between conductive and 
nsulating state in liquid environments. 
Moreover, based on AFM-SECM 

apping using outer-sphere redox pairs, 
he authors find that electron transfer 
ates at various potentials are similarly 
igh for both the basal plane and edges of 
oS2 . This finding challenges the tradi- 

ional consensus developed under ex situ 
onditions and is rationalized by the high 
urface charge concentration occurring 
n situ . By further decoupling the 
otential-dependent surface charge con- 
entration and electron transfer rate con- 
tant for MoS2 , the authors systematically 
lucidate three regimes at increasing ca- 
hodic potential: (i) transformation from 

 semiconductor state to a semi-metallic 
tate with increased surface charge den- 
The Author(s) 2024. Published by Oxford University Press on
ommons Attribution License ( https://creativecommons.org/l
ork is properly cited. 
ity, (ii) gradual potential drop increase 
ithin the EDL and creation of a driving 
orce for electrons to transfer from MoS2 
o solution, with the applied voltage 
cting on the electric field intensity, and 
iii) increasing electron transfer rate 
onstant, with the applied voltage mainly 
rompting electrons to pass through the 
olid-liquid interface. Furthermore, the 
uthors analyze in situ , at the nanoscale, 
he activity of MoS2 towards inner-sphere 
lectrocatalytic HER. They observe sig- 
ificantly higher HER activity at the edge 
ites compared to the basal planes. In 
ddition, the HER currents are found to 
ary at different edge sites, indicating the 
nner-sphere reaction being more sensi- 
ive to the chemical properties of the ac- 
ive sites. By comparing maps of electron 
ransfer and HER activity, the authors 
educe that the basal plane’s low elec- 
rocatalytic activity arises from a lack of 
ctive sites rather than its electron trans- 
er capabi lity. Whi le the applied voltage 
ncreases the surface electron concentra- 
ion and electron transfer rate constant 
f the MoS2 basal plane, a large number 
f electrons reaching the surface cannot 
articipate in the chemical reaction, with 
he low binding energies of H atoms at 
asal planes leading to the low HER rates. 
The results achieved by combining 

n situ AFM-based characterization tech- 
iques mark a significant leap forward 
n the fundamental understanding of 
hoto-electrocatalytic material systems. 
he authors unveiled an in situ method to 
patially discern variations in the chem- 
cal potential of electrocatalysts and the 
lectrostatic potential across the EDL, 
hich critically depends on the catalyst’s 
lectronic structure. Semiconducting 
etal oxide catalysts adapt their band 
tructure and surface charge density in 
esponse to applied potentials. Altering 
he redox state of the metal-oxygen bond 
nherently modifies the chemical poten- 
ial of the catalyst itself, which was found 
o dictate the activation energy of the 
ate-determining step in OER. However, 
 behalf of China Science Publishing & Media Ltd. This is an Ope
icenses/by/4.0/), which permits unrestricted reuse, distributio
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hese electronic structure adjustments 
f heterogeneous solid catalysts must be 
omplemented with highly catalytically 
ctive sites to achieve efficient energy 
onversion. In the case of metal surfaces, 
he potential predominantly diminishes 
ithin the electrode-electrolyte inter- 
ace, characterized by a strong interfacial 
lectric field. The methods applied in 
his study present substantial opportu- 
ities to analyze inner- and outer-sphere 
atalytic processes in situ at high spatial 
esolution, facilitating the differentiation 
etween ensemble and local catalyst 
roperties at the nanometer scale [5 –7 ]. 
In addition, this research opens up 

venues for tackling pivotal challenges in 
omplex heterogenous catalytic systems, 
ncluding the elucidation of corro- 
ion sites and local interfacial chemical 
roperties, to establish reliable structure- 
roperty relationships and design next- 
eneration photo-electrocatalysts. 
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