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A B S T R A C T

The Volta potential (also known as contact potential) is widely used in Kelvin probe studies of corrosion, energy 
materials, and biomaterials, but its relation to electrochemical behavior in solution, and its possible interpre
tation as an electrochemical signal, remains debated and is often inconsistent. Here, we clarify the conditions 
under which the electrostatic contrast revealed by Kelvin probe measurements can be meaningfully correlated 
with redox-related behavior, and when such interpretation is not valid. We also argue for terminology that is 
consistent with physical theory, interfacial chemistry, and recent methodological advances such as alternating 
current Kelvin probe force microscopy (AC-KPFM) and open-loop electric potential microscopy (OL-EPM).

1. Critical appraisal of kelvin probe studies across a wide variety 
of application domains

Kelvin probe techniques are non-contact, non-destructive methods 
that measure the contact potential difference (CPD) or electrostatic 
surface potential difference (ESPD), the DC voltage resulting from dif
ferences in vacuum work function between a conductive probe and the 
sample surface [1–3]. The CPD reflects surface electrostatics and is 
influenced by phenomena such as band bending, surface dipoles, and 
localized charge distributions [4–6]. Measurements are typically carried 
out under controlled environments such as vacuum, dry or relatively 
humid atmospheric conditions, or even with thin film electrolytes, 
depending on the specific application [7,8].

Within this framework, two principal modalities are employed to 
probe the ESPD. The macroscopic scanning Kelvin probe (SKP) employs 
a vibrating reference probe positioned above the surface to form a 
capacitor, typically covering millimeter- to micrometer-scale areas [9,
10]. In contrast, the scanning Kelvin probe force microscopy (SKPFM or 
KPFM) technique integrates the same fundamental principle of the 

Kelvin probe into an atomic force microscopy (AFM) platform, a 
configuration first introduced by Weaver [11] and then extended by 
Nonnenmacher [12]. In KPFM, it is the AFM cantilever itself that os
cillates, allowing the system to maintain nanometer-scale spatial reso
lution. This same oscillation (e.g., the cantilever still oscillates at the 
same resonance frequency) is used for topography imaging in the first 
pass of a given scan line and for detecting electrostatic forces in the 
second pass at some height above that same scan line. KPFM is a ver
satile nanoscale technique that is widely used across disciplines such as 
semiconductor devices, nanostructures, energy materials, and bio
materials to map ESPD, influenced charge distribution, and work func
tion differences [4,13–15]. It provides essential insights into the 
electronic structure, defects, interfaces, and surface reactions of both 
functional and structural materials at micro, nano, and atomic scales 
[16,17].

Nevertheless, in corrosion science, SKP is widely employed to 
investigate the atmospheric corrosion of metallic surfaces and the under- 
film delamination of coated substrates in controlled high-humidity or 
thin-film electrolyte conditions [18–20]. For coated substrates, once the 
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Corrosion potential; ESPD, Electrostatic surface potential difference; GB, Grain boundaries; KPFM, Kelvin probe force microscopy; OL-EPM, Open-loop electric 
potential microscopy; RH, Relative humidity; SECM, Scanning electrochemical microscopy; SEM, Scanning electron microscopy; SKP, Scanning Kelvin probe; SKPFM, 
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relative humidity exceeds a critical threshold, tens of nano to 
micrometer-thick electrolyte films develop at the coating–metal inter
face due to water diffusion or defects. In such circumstances, the 
measured CPD may approximate local electrochemical tendencies, such 
as corrosion potential (Ecorr) contrasts between galvanically coupled 
phases [21,22]. This is the context in which the term “Volta potential” 
became widely adopted, often interpreted as a spatially resolved elec
trochemical indicator [8,9]. While this interpretation can be meaningful 
under specific environmental conditions, it must be applied with care, as 
the signal remains fundamentally electrostatic in origin and highly 
sensitive to surface physicochemical conditions (native oxide film, 
roughness, contamination during cleaning process, etc.), electrolyte 
films, and humidity [9,23,24].

Additionally, the application of KPFM (and by extension SKP) to 
electrochemical domains has introduced terminological ambiguity, 
particularly with regard to the term “Volta potential.” In ambient (low- 
medium relative humidity (RH)) or thin film electrolyte environments, a 
clear understanding of contributions such as band bending, surface di
poles, and localized charge is essential for accurate interpretation, 
especially in complex material systems such as alloys with various 
phases [25–27], grain or morphological boundaries [28], and varying 
crystallographic orientations [29]; semiconductor heterostructures [30,
31]; heterogeneous composites [32]; and multilayered materials 
[33–35]. Additionally, in organic coatings, factors including metal or 
oxide/organic interface, coating/electrolyte interface, coating thick
ness, dielectric properties, distributed dipoles, trapped charges, and 
space-charge regions within the coating and electrolyte must also be 
carefully considered, as they can influence the recorded “Volta poten
tial” [5,8,36]. So, under dry or vacuum conditions, where no electrolyte 

or electric double layer (EDL) is present to sustain redox equilibrium, the 
signal is purely electrostatic [37] and unrelated to the electrochemical 
potential (μ̃).

Yet in the corrosion literature, CPD measured in ambient air is often 
referred to as “Volta potential,” conflating electrostatic and electro
chemical concepts [38]. Recent work has shown that surface oxidation, 
adsorbates, tip bias, lift height, and environmental aging can drastically 
shift CPD values, even inverting the apparent nobility of microstructural 
features [5,7]. Uhlig [39] recognized that Volta potentials measured in 
air can exhibit some alignment with the electrochemical series (elec
tromotive force series), due to shared trends with work function and 
ionization energy. However, he emphasized that these values are highly 
sensitive to surface films, oxide states, and environmental exposure, 
making Volta potential a surface-conditioned indicator rather than a 
reliable or intrinsic electrochemical measurement. Extending this un
derstanding, Birbilis et al [40] noted that, for aluminum-based alloys, 
the Volta potential signal can be immensely valuable for assessing the 
extent and morphology of damage accumulation. Nevertheless, they 
stressed that such measurements do not yield fundamental information 
regarding the intrinsic electrochemical characteristics of intermetallic 
particles.

Taken together, these studies demonstrate that while Volta potential 
mapping is an invaluable tool for visualizing heterogeneity and damage 
accumulation, its quantitative interpretation requires caution. As De Wit 
[41] emphasized in a seminal study on Al-based alloys, local Volta po
tential differences cannot be straightforwardly equated with corrosion 
activity. Instead, meaningful interpretation must be supported by com
plementary electrochemical measurements (e.g., scanning electro
chemical microscopy (SECM)) and microstructural characterization (e. 

Fig. 1. Comparative schematic of SKP, DC-KPFM, AC-KPFM, and OL-EPM techniques, showing their operational scale, spatial resolution, environmental compati
bility, and interpretation of measured ESPD.
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g., scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDXS)) to link Volta potential contrasts with chemical 
composition and corrosion morphology. Without this context, there is a 
risk of over-interpreting surface-conditioned Volta potential shifts as 
intrinsic electrochemical properties.

2. From air to electrolyte: expanding the frontiers of ESPD 
mapping

Emerging techniques now bridge the gap between traditional dry- 
environment measurements, which capture only electrostatic CPD, 
and in-situ liquid-phase methods, which can resolve electrochemically 
relevant CPD under realistic degradation conditions [42]. Two such 
approaches, including alternating current (AC)-KPFM and open-loop 
electric potential microscopy (OL-EPM), both share the key principle 
of applying an AC voltage between the conductive probe and the sample 
to modulate the electrostatic interaction while avoiding the drawbacks 
of low-frequency biasing in liquid (e.g., thin film or bulk electrolyte) 
[43,44].

In conventional or direct current (DC)-KPFM, a conductive AFM 
probe is scanned over the sample while an electrical bias is applied 
between the tip and the sample to measure the CPD. In this mode, a DC 
voltage is adjusted to nullify the electrostatic force between the tip and 
sample. In AC-KPFM, a relatively high-frequency AC modulation instead 
of a DC voltage is superimposed on the bias, allowing for lock-in 
detection of the electrostatic signal with improved sensitivity [43]. 
OL-EPM, while operating in an “open loop” mode without the 
CPD-nulling feedback, also relies on AC excitation to detect ESPD vari
ations, making it inherently suited for liquid-phase measurements [45]. 
In both methods, the bias is always applied between the conductive AFM 
tip and the sample surface, and the resulting electrostatic force is 
detected through the oscillation of the AFM cantilever. Besides, opti
mizing the AC modulation frequency is essential to suppress Faradaic 
currents while maintaining stable, artifact-free mapping in liquids [42]. 
Fig. 1 provides a schematic overview of SKP, DC-KPFM, AC-KPFM, and 
OL-EPM, highlighting their operational scale, spatial resolution, and 
environmental compatibility. The figure illustrates the progression from 
macroscopic electrostatic mapping with SKP to nanoscale 
redox-correlated ESPD imaging with AC-KPFM and OL-EPM, capturing 
how each technique contributes uniquely to ESPD measurements.

In aqueous environments, however, applying a pure DC bias or any 
low-frequency voltage between the tip and sample can trigger unwanted 
electrochemical processes [42]. Polar water molecules and highly mo
bile electrolyte ions readily respond to the applied field (e.g., dipole 
reorientation, ion migration, electric double layer changes), leading to 

Faradaic reactions, electrokinetic effects, or even gas formation from 
electrolysis at the tip or sample surface [43]. These phenomena disrupt 
the measurement and compromise ESPD signal stability. Additionally, 
when SKP or DC-KPFM is applied to complex systems such as coating 
defects or delamination fronts, the detected ESPD signal is no longer a 
simple electrostatic signature. Instead, it becomes a convolution of 

Fig. 2. (a) Topography and (b) ESPD maps acquired using AC-KPFM, with representative cross sections. (c) Measured ESPD for COOH/CH₃ and NH₂/CH₃ patterns, 
obtained in both air and deionized water. Adapted with permission [43] Copyright 2022, American Chemical Society.

Fig. 3. (a) Model of grain boundaries (GBs) in the Al–Zn–Mg alloy. (b) Pro
posed GB corrosion mechanism, inferred from the corrosion potentials of Al, 
Al–Zn–Mg, and MgZn₂. (c) Experimental setup for OL-EPM measurements. 
Adapted with permission [47] Copyright 2023, American Chemical Society.
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electrostatic differences with galvanic polarization, solution resistance, 
and ionic conduction within the defect volume [46]. Under these con
ditions, the DC nulling process can also be perturbed by parasitic volt
ages arising from dielectric charging of the coating, dipole layers at 
buried interfaces, and the superposition of multiple metal/
organic/electrolyte boundaries [8], making quantitative separation of 
electrostatic and electrochemical contributions inherently challenging. 
Therefore, both AC-KPFM and OL-EPM are particularly suitable for 
in-situ electrochemical studies where maintaining the native electrolyte 
environment is essential, with the measured signals potentially influ
enced by interfacial phenomena such as Stern layer formation and 
variations in zeta potential [43].

In a landmark study, Hackl et al [43] characterized the ESPD dis
tribution of micropatterned self-assembled monolayers (SAMs) of 
CH3/COOH and CH3/NH2 terminated alkanethiols on gold, both in air 
and in deionized water (Fig. 2). When AC-KPFM is performed in 

deionized water at the same sample locations as in air, a reversal in the 
ESPD sign is observed (Fig. 2). Topography and ESPD maps were 
recorded in air and deionized water, and ESPD values within the dashed 
rectangles were used for statistical analysis (Scale bar = 10 μm; topog
raphy color range = 100 nm; potential color range = 200 mV). In water, 
COOH regions appear more positive, whereas NH2 regions appear more 
negative relative to CH3 regions. This reversal can be attributed to the 
presence of mobile ions in solution, which form the initial countercharge 
layer of the EDL at the interface between water and the immobile 
alkanethiol SAM, namely the Stern layer [43].

Using another approach, Yamamoto et al [47]. applied OL-EPM to 
visualize corrosion evolutions in Al-Zn-Mg alloys, revealing 
pH-dependent ESPD distributions, shaped by redox potential and local 
corrosion cells, that differentiate anodic and cathodic regions in real 
time. This study provided new mechanistic insight into the corrosion 
behavior of MgZn2 precipitates at grain boundaries in H2SO4 solution 

Fig. 4. Topographic and ESPD images of sensitized duplex stainless steel in an acidic solution (pH 3), recorded at locations (a, b) P2 and (c, d) P3. (a, b) Mea
surements in a solution containing 1 mM HCl and 1 mM NaCl. (c, d) Measurements in a solution containing 1 mM HCl only. (e, f) Corresponding height and potential 
profiles for images (c) and (d). Adapted with permission [45] Copyright 2016, American Chemical Society.
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(Figs. 3a and 3b). The OL-EPM measurements were conducted using the 
experimental setup shown in Fig. 3c, which allowed visualization of 
pH-dependent ESPD distributions in real time.

Similarly, Honbo et al [45] employed operando OL-EPM to map 
anodic and cathodic sites in situ, investigating the local visualization of 
corrosion behavior of sensitized duplex stainless steel (UNS S32750), 
particularly in weld-sensitized regions where corrosion resistance is 
compromised (Fig. 4). Measurements were performed with Vac = 0.8 V, 
f1 = 700 kHz, f2 = 730 kHz. The 0 nm reference in the topographic 
images is arbitrary. Measurements at locations P2 (Figs. 4a and 4b) were 
conducted in 1 mM HCl + 1 mM NaCl, and at P3 (Figs. 4c and 4d) in 1 
mM HCl only. Corresponding height and potential profiles for P3 are 
shown in Figs. 4e and 4f.

Eventually, both AC-KPFM and OL-EPM enable nanoscale ESPD 
mapping in environments where conventional DC-KPFM cannot operate 
stably, such as fully liquid or highly hydrated conditions. Their spatial 
resolution matches that of standard DC-KPFM in dry conditions, but 
their AC-based detection schemes allow this resolution to be retained in 
electrochemically relevant environments. While both AC-KPFM and OL- 
EPM do not directly measure the formal electrochemical potential, they 
enable mapping of ESPD and influenced charge variations that correlate 
with redox activity at the nanoscale [45].

This distinction is crucial: the formal electrochemical potential is a 
thermodynamic quantity defined at equilibrium, whereas the signals 
obtained in AC-KPFM or OL-EPM correspond to relative changes in local 
ESPD. These arise from interfacial charge redistribution, double-layer 
polarization, or redox-associated ion dynamics, and are therefore non- 
absolute by nature [42]. AC-KPFM achieves this by using 
high-frequency AC modulation that electrolyte ions cannot follow, 
thereby suppressing Faradaic currents and minimizing electrochemical 
perturbation at the interface [43]. OL-EPM adopts the same principle 
but operates without a feedback loop, avoiding bias-driven interference 
with the electrochemical environment [45]. As a result, both techniques 
provide electrochemically meaningful insight into nanoscale charge 
processes, yet their outputs should be interpreted as redox-correlated 
ESPD maps rather than direct measures of thermodynamic electro
chemical potentials [48].

By operating in an electrolyte environment and referencing a 
conductive probe, the method captures local ESPD that are sensitive to 
surface chemistry, surface hydration, and surface charge distribution. 
This allows researchers to distinguish subtle variations in alloy phases, 
oxide layers, or corrosion states, offering valuable electrochemical 
insight (contrast reflects localized redox activity). Nevertheless, both 
AC-KPFM and OL-EPM are highly sensitive to probe material, tip–sam
ple separation, and transient interfacial states. While this sensitivity 
enables the detection of nanoscale heterogeneity, it also limits direct 
comparison with bulk electrochemical measurements.

3. Clarifying redox interpretations

While most researchers do not explicitly state that Kelvin probe 
techniques measure the formal electrochemical potential (μ̃), it is com
mon, particularly in the field of corrosion science, for the measured 
potential (often referred to as the “Volta potential”) to be interpreted in 
terms of redox reactions. For instance, regions of higher or lower ESPD 
are frequently described as “cathodic” or “anodic,” and shifts in ESPD 
are directly linked to corrosion susceptibility, galvanic interactions, or 
passivity breakdown [49].

For instance, a study of the corrosion behavior of as-extruded 
Mg–8Li–3Al (LA83) alloy used KPFM to characterize its microstruc
ture. The AlLi particles were found to exhibit a more positive potential of 
340 mV higher than the matrix, a result attributed to their cathodic 
nature [50]. Similarly, a study of the localized corrosion behavior of the 
dual-phase LZ91 Mg alloy stated that KPFM analysis revealed that the 
β-phase had a lower Volta potential and higher electrochemical activity. 
This led to the formation of a thicker, more protective surface corrosion 

film compared to the α-phase [49]. Furthermore, in the case of hot-dip 
Al–Si coatings, it is reported that both the Volta potential map and the 
corresponding line profile confirmed that the precipitates in the coating 
acted as cathodes relative to the aluminum matrix. These precipitates 
served as cathodic sites where the oxygen reduction reaction occurred 
[51].

These correlations become truly meaningful only when Kelvin pro
be–based measurements are conducted under conditions that allow 
electrolyte formation and interfacial charge transfer, such as in AC- 
KPFM or OL-EPM, where the EDL is present and redox processes can 
be resolved. Under these hydrated or in situ conditions, the recorded 
localized ESPD can indeed carry redox-relevant information and help 
identify anodic and cathodic regions in real time. For example, in AC- 
KPFM, high-frequency bias modulation enables stable detection of ion 
redistribution and charge polarization within the EDL without triggering 
Faradaic currents, allowing the mapping of redox-driven differences in 
corrosion initiation sites or grain boundary activity. Similarly, OL-EPM 
has been shown to visualize anodic and cathodic domains in aqueous 
environments by capturing ESPD shifts associated with localized ion 
fluxes and surface charge buildup during corrosion. In both cases, the 
ESPD signal is not the formal electrochemical potential, but rather a 
redox-correlated ESPD that tracks local variations in interfacial chem
istry and charge density.

By contrast, this electrochemical interpretability disappears entirely 
in classical SKP and DC-KPFM under dry or vacuum conditions, where 
no double layer exists and the signal is purely the classical electrostatic 
CPD. In such cases, redox-based interpretations are scientifically un
warranted, and the term “Volta potential” should only be used in its 
original Kelvin sense, as the electrostatic CPD arising from work func
tion differences between conductive surfaces. The explicit message here 
is simple but critical: environment defines meaning. In liquid conditions, 
AC-KPFM and OL-EPM enable nanoscale correlation between ESPD and 
electrochemical behavior, whereas in dry conditions, CPD maps are 
strictly electrostatic work function contrasts. Confusing these regimes 
risks conflating two fundamentally different physical quantities.

4. Clarifying key terminology and interpretation

“Volta potential,” in its original and physically valid sense, refers to 
the CPD between probe and sample surface and is fully applicable to 
both SKP and DC-KPFM, particularly in dry or vacuum environments. 
However, when used to infer electrochemical tendencies (such as 
anodic/cathodic behavior), its interpretation becomes problematic and 
must be treated with caution. Accordingly, the clarified position is as 
follows: 

• The original concept of Volta potential is purely electrostatic; it is the 
difference in potential just outside two materials in vacuum or air (i. 
e., CPD). This is the classical Volta definition [3,52], and it strictly 
applies in dry SKP and DC-KPFM.

• In corrosion science, researchers have historically correlated Volta 
potential with redox behavior when using SKP [8] or hydrated KPFM 
setups [38]. While this reflects how the term appears in the litera
ture, it departs from the strict definition.

Thus, to avoid ambiguity, in this work, we explicitly distinguish the 
terminology: 

• Volta potential is reserved for electrostatic CPD in dry SKP and DC- 
KPFM.

• ESPD is used for measurements performed in electrolyte-covered or 
highly hydrated environments (AC-KPFM and OL-EPM), as this more 
accurately describes the measured quantity without implying a 
direct electrochemical potential.
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5. Conclusion and outlook

As KPFM and SKP become central to characterizing electrochemical 
systems, we must adopt terminology that reflects physical accuracy and 
chemical relevance: 

• Dry/vacuum conditions (purely electrostatic CPD): Use “contact 
potential difference (CPD)”, “electrostatic surface potential differ
ence (ESPD)”, or “work function contrast” to avoid implying elec
trochemical activity.

• Hydrated surfaces / thin-film electrolyte (partial redox equilibrium 
possible in humid SKP): Use “potential map” [10] to describe the 
spatial distribution of measured CPD values, especially in hydrated 
SKP, where the reference is the probe potential.

• Fully immersed / in-situ electrolyte (redox-correlated measurements 
in AC-KPFM and OL-EPM): Reserve “Volta potential difference” only 
for cases explicitly referring to the classical electrostatic CPD be
tween; otherwise, describe outputs as “ESPD” or “redox-correlated 
surface potential” depending on the context.

• AC-KPFM and OL-EPM provide unprecedented spatial resolution of 
redox-active behavior, but require careful experimental design, 
environmental control, and theoretical rigor to yield electrochemi
cally meaningful insights

The concept of the Volta potential is rooted in electrostatics and was 
later adapted to describe redox-sensitive behavior in complex environ
ments. As Kelvin probe techniques advance and enter new scientific 
domains, it becomes increasingly important to distinguish between the 
physical and electrochemical interpretations of the measured signal. 
With the rise of AC-KPFM and OL-EPM researchers now have tools to 
visualize the direct and simultaneous effect of the redox processes on the 
“localized ESPD” signal at the nanoscale. These methods promise to 
bridge physics and electrochemistry, but only if the terminology remains 
precise. By adopting language grounded in measurement physics and 
environmental context, the community can ensure that Kelvin probe 
data supports robust, reproducible insights across disciplines. Finally, 
Table 1 summarizes how the measurement environment, technique, and 
interfacial conditions shape the interpretation and appropriate termi
nology of ESPD obtained via classical SKP, DC-KPFM, AC-KPFM, and OL- 
EPM.
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Table 1 
Measurement conditions and interpretive contexts for Kelvin probe techniques.

Feature SKP DC-KPFM AC-KPFM OL-EPM
Scale Macroscopic Nanoscopic Nanoscopic Nanoscopic

Probe size 150 µm to 2 mm (diameter) 2–35 nm (tip radius) 5–35 nm (tip radius) 7 plus 30 nm coated gold
Probe or tip 

composition
Tungsten (W), gold (Au), Platinum 
(Pt)

Pt-Ir, Co-Cr, Pt/Co, doped Si Pt-Ir, Co-Cr, Pt/Co, doped Si Au coated

Lift mode µm to mm 0–200 nm 5–200 nm 5–200 nm
Environment Moist surface or thin water film Dry, ambient, or vacuum Liquid or humidified environment Liquid or humidified environment
Measures CPD or work function differences CPD or work function differences Redox-correlated local ESPD 

(relative, not absolute) *
Redox-correlated local ESPD 
(relative, not absolute) *

Interpretation 
Caveats

Affected by oxide resistivity, film 
thickness, and RH

Cannot be treated as electrochemical, 
even with thin electrolyte film

Requires frequency optimization 
to suppress Faradaic reactions

Requires frequency optimization 
to suppress Faradaic reactions

Recommended 
Term

Apparent CPD, apparent Volta 
potential, apparent ESPD (under high 
RH)

CPD or ESPD or Work function contrast Apparent ESPD or redox- 
correlated ESPD

Apparent ESPD or redox- 
correlated ESPD

* “Relative, not absolute” means that the measured values are referenced to the probe–sample system and experimental setup. The maps indicate ESPD between local 
regions under identical conditions, rather than absolute thermodynamic potentials.
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resolution work function imaging of single grains of semiconductor surfaces, Appl. 
Phys. Lett. 80 (2002) 2979–2981.
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