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Current (photo)electrolysis for solar hydrogen generation is 
limited by its dependence on noble- or less abundant transition 
metal catalysts. Proton exchange membrane (PEM) water elec
trolysis is highly suitable for coupling with intermittent renew
ables like solar power due to its high power density and load- 
following capability [1]. A critical drawback is the reliance on 
iridium-based oxides as the anode catalyst for the oxygen evolu
tion reaction (OER). Despite their unmatched stability under harsh 
acidic conditions, the global supply of iridium is severely limited 
(7–8 t per year). Current catalyst loadings (2–4 mgIr⋅cm− 2) restrict 
the maximum annual PEM electrolyzer installation capacity to 
approximately 10 GW [2]. Two fundamental strategies address this 
issue by pursuing next-generation electrocatalysts: (1) metal 
dilution/structural engineering to maintain performance with less 
iridium, and (2) exploring catalysts based on abundant elements. 
Both strategies necessitate truly atom-efficient catalyst synthesis 
— at minimized concentrations in the case of iridium — and 
require maximizing the contribution of the catalytic sites in order 
to meet the performance needs. The synthesis of such systems also 
involves support materials, which the catalysts are grafted onto at 
the atomic-to-nano-scale. Despite high-precision synthesis 
methods, diverse active site structures can exist within these 
complex systems, as structural uniformity is heavily influenced by 
catalyst–support interactions and the specific  conditions of 

synthesis and operation. Due to the above complexities, catalysts 
should be assumed to be structurally non-uniform until shown 
otherwise, as postulated by Bates [3].

An efficient  catalyst synthesis must correlate fabrication pa
rameters with the resulting structural distribution, prioritizing the 
controllable creation of highly active sites that are identifiable. 
Consequently, traditional bulk electrochemical benchmarking, 
which averages catalyst performance often leading to empirically 
optimized catalyst loads may be insufficient.  This perspective 
highlights the potential and limitations of scanning electro
chemical cell microscopy (SECCM) as a contemporary technique 
for studying catalysts at high spatial resolution, providing insights 
into the correlation of chemical and structural information with 
catalytic activity and mechanisms.

1. Benchmarking methodology for anode catalysts

Establishing and applying standardized protocols for assessing 
OER catalyst performance and durability remains a primary chal
lenge, often leading to discrepancies in how experimental results 
are interpreted [4]. Note that benchmarking procedures for het
erogeneous OER catalysts have been proposed under conditions 
relevant to an integrated solar water-splitting device [5]. The most 
generally applied tests are shown in Fig. 1.

Chronopotentiometry (CP) or -amperometry (CA) that are 
meant to simulate steady operating conditions of PEMWEs. CP 
gives a durability descriptor as the change in cell potential in the 
function of time (mV/h). CA measures the change in the current 
density in similar terms (mA/h). The accelerated stress test (AST) 
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by means of potential cycling (cyclic voltammetry, i.e., CV) in a 
defined potential range on the other hand simulates the frequent 
starting and shutdown under intermittent operation. Electro
chemical impedance spectroscopy (EIS) can decouple the complex 
physical and chemical processes occurring simultaneously within 
the cell as a whole and allow elucidating exactly which component 
is limiting performance. Equivalent circuit models (ECMs) help 
breaking down components to ohmic resistance (RS) representing 
the resistance of the membrane, ionomer, and electrical contacts 
(porous transport layer (PTL)/bipolar plates), to charge transfer 

resistance (Rct) reflecting  the kinetics of the OER, and mass 
transport resistance (Rmt) representing mass transport difficulties 
(for example, moving water to the catalyst or removing oxygen 
bubbles from the electrode). In durability studies, EIS is used as a 
‘health check’ during and after AST. By comparing the EIS over time 
an increase in RS may indicate membrane thinning, dehydration, 
the oxidation of the PTL or the accumulation of impurities. An 
increase in Rct indicates catalyst dissolution/agglomeration by a 
loss of electrochemically active surface area (ECSA) or the degra
dation of the catalyst. Lastly, catalysts are often benchmarked via 

Fig. 1. Multi-scale physicochemical characterization with a library of analytical techniques and electrochemical benchmarking of catalyst layers.
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Tafel analysis, the fundamental method for evaluating OER kinetics 
by determining the activation overpotential (η) and the exchange 
current density (j0, representing the intrinsic activity at equilib
rium). Tafel analysis is typically performed using CA at discrete 
potential steps or slow-scan LSV in a three-electrode cell. In these 
settings, iR-compensation, the mitigation of mass transport ef
fects, and precise linear-region selection are critical for accuracy. 
In a PEMWE setup, the focus shifts from material characterization 
to device testing, where these interfacial effects often become 
dominant. Nevertheless, rigorously applied Tafel analysis remains 
useful for decoupling kinetic overpotential from ohmic resistance, 
facilitating mass activity comparisons, and benchmarking loading 
effects to determine whether reduced catalyst loading alters the 
reaction mechanism or simply diminishes the number of available 
active sites.

Additional derived parameters also provide a useful basis for 
data comparison. Kim et al. reported the use of a so-called activity- 
stability factor (ASF) to evaluate the balance between the OER 
activity and stability of an Ir25Os75 alloy electrocatalyst [6]. They 
proposed the ASF as the ratio between the rate of oxygen pro
duction (current density, J) and the rate of metal dissolution 
(equivalent dissolution current density, S) at a specific  over
potential, ASF = (J− S)/S. Electrocatalysts with higher ASF possess 
higher durability. Similarly, Geiger and Cherevko et al. introduced 
the stability number (S-number) to explore the dissolution 
behavior of Ir-based oxides [7]. The S-number is defined  as the 
ratio between the number of produced oxygen molecules and the 
dissolved iridium atoms and hence is independent of involved 
active sites (the same as the ASF in principle). The larger the S- 
number, the more superior the stability of the electrocatalysts. 
However, both methods require online ICP-MS apparatus to detect 
in situ oxygen molecules and dissolved iridium ions. Both the ASF 
and the S-number regard the dissolution of catalyst as the sole 
factor for the degradation, but other irreversible structure changes 
such as catalyst poisoning, agglomeration and lattice collapse 
during the OER would also contribute to the failure of electro
catalysts and hence post-OER characterizations play an important 
role in evaluating the catalyst stability and in revealing the cor
responding structure-function relation.

Experimental configuration  is another critical factor in the 
interpretation of electrochemical data. Catalysts are often initially 
screened in three-electrode or dual-compartment H-cells before 
being integrated into full MEAs for PEMWE device-level testing. 
However, conditions differ significantly  between these setups. 
While PEMWE systems operate with pure water at elevated 
pressures and temperatures under flow, the acidity in the anode 
catalyst layer is often overestimated in H-cells using liquid elec
trolytes like 0.5 mol/L H2SO4 and 0.1 mol/L HClO4 compared to 
MEAs and all of these can directly impact catalyst behavior. For 
example, IrOx can be stabilized by anodic-current-induced crys
tallization. Thus, the higher current densities typical of MEA con
ditions can lead to faster stabilization than that observed in H- 
cells.

Furthermore, efficient catalysis requires a three-phase bound
ary (TPB), where the catalyst maintains simultaneous contact with 
the electron conductor, the electrolyte, and the escaping product 
gas. A bridging option between H-cells and PEMWEs is the gas 
diffusion electrode (GDE) cell, which facilitates a more straight
forward creation of the TPB. Physical dimensions also influence 
performance requirements. While high support conductivity may 
be less critical in an H-cell, it becomes indispensable in a real MEA 
system, where the catalyst layer thickness is approximately 10 μm. 
Additionally, while strong metal-support interactions (SMSI) are 
crucial for ensuring structural uniformity, these interactions can 
be modified by the presence of ionomers in MEA catalyst inks. The 

upscaling process itself — including catalyst ink preparation, spray 
coating, and hot pressing into large-area MEAs — can compromise 
the representative nature of results obtained from small-scale 
analysis. In practice, the uniformity of the catalyst layer thick
ness and the evenness of mechanical pressure in the stack 
fundamentally control the proportion of the effective catalyst 
amount, adding complexity to the successful transfer of laboratory 
findings. Ultimately, establishing a protocol that ensures compa
rable and relevant data interpretation is a multifaceted challenge. 
The following section examines the necessity of spatially resolved 
performance evaluations for the OER, highlighted through 
contemporary examples across various catalytic systems.

2. Recent anode catalyst developments

A key study reported an atomically dispersed hexavalent 
iridium oxide IrVI derived from MnO2 reduction (IrVI-ado), 
achieving an initial mass-specific current density of 5 × 104 A⋅gIr

− 1 

[2]. Optimization (using a Pt-coated sintered Ti-powder support, 
thicker Nafion 212, and thinner MnO2) increased activity to over 
1.7 × 105 A⋅gIr

− 1 at 1.75 V, corresponding to 7 A/cm2 at a remarkably 
low loading of 0.08 mgIr⋅cm− 2. This resulted in a TOF of 83 s− 1 per 
Ir atom and a projected annual installation capacity exceeding 
324 GW. Excellent stability was confirmed, with long-term testing 
exceeding 2700 h and a low degradation rate of − 6.5 μV/h. In-situ 
X-ray Absorption Spectroscopy (XAS) confirmed IrVI as the domi
nant species, and EXAFS showed short Ir–O bonds and Ir–O–Mn 
coordination. Additional characterization by scanning electron 
microscopy (SEM) and energy-dispersive X-ray (EDX) verified the 
presence of a few-micron thin manganese oxide layer containing 
highly dispersed Ir over the titanium support. The authors noted 
that degradation increased upon lowering Ir loadings, suggesting 
that factors beyond atom dispersion influence individual Ir atom 
contribution to the overall performance.

Mesoporous antimony tin oxide (ATO) with a particle assembly 
structure proved efficient  in stabilizing IrO2 (IrO2/ATO) [8]. In a 
PEM electrolyzer (Nafion 212), IrO2/ATO achieved a current density 
of 2 A/cm2 at 1.8 V with a low loading of 0.3 mgIr⋅cm− 2, showing 
outstanding stability at 1 A/cm2 and 80 ◦C. The high OER perfor
mance was attributed to a strong metal oxide-support interaction 
(SMOSI), confirmed by structural analysis and density functional 
theory (DFT). The SMOSI reduced the overpotential to 272 mV at 
10 mA/cm2 and increased the mass-specific  activity to over 175 
A⋅gIr

− 1 in a three-electrode setup. Material superiority was 
explained by an increased specific  surface area (promoting IrO2 
dispersion and creating ATO-IrO2 interfacial active sites), facili
tated mass transfer by the 2–5 nm mesopores, and enhanced 
electrical conductivity. Detailed characterization by XPS and XAS 
indicated IrIV on the surface in 84.3%, confirming  an electronic 
structure modification  of IrO2 by the ATO support. Raman spec
troscopy implied an Ir–O–Sn phase. Structural analysis by TEM/ 
HAADF-STEM/XRD confirmed  uniform Ir distribution and 
aggregate-derived large pores (20–100 nm). Yet, a gap remains 
between dimensions and scope, as structural/valence-state ana
lyses provide averaged characteristics across all Ir sites, while DFT 
models a specific,  sub-nanometer scale cell, implying that the 
averaged metrics may mask atomistic performance differences.

Shape-controlled, mass transport enhanced Ir nanodendrites 
supported on ATO nanoparticles (MTE IrND/ATO) were reported 
[9]. Detailed TEM analysis showed an Ir domain size of 1.7 nm and 
a particle size of 11.2 nm being smaller compared to conventional 
nanodendrites. XPS determined the surface Ir species distribution 
to be 47% Ir0, 36% IrIV and 18% IrIII. Kinetic and transport over
potentials were elucidated as a function of current density in a 
PEM single cell (Nafion 212, 80 ◦C). The shape-controlled structure 
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resulted in a 10% decreased transport overpotential at 3 A/cm2 

compared to conventional nanodendrites. The MTE IrND/ATO 
demonstrated high stability, with a low degradation rate (~83 μV/ 
h) over 280 h at 2 A/cm2. While the benefit of shape control was 
clearly benchmarked against other Ir nanostructures, the specific 
contribution of the various ATO-nanodendrite contact assemblies 
to the overall performance remains unexplored.

To counter issues like catalyst detachment and low active site 
availability arising from MEA preparation using ionomers, an 
effective strategy is the fabrication of self-supported electrodes on 
a Ti-mesh. A prominent example is nitrogen-doped TiO2 nanotube 
arrays (N-TNTAs) activated with electrodeposited IrO2 (IrO2/N- 
TNTA) [10]. This configuration  improves mass-specific  activity 
(reaching 431.2 A⋅ gIrO2

− 1) and stability at a loading of 
27.88 μg⋅cm− 2 (based on ICP–OES). The enhancement is attributed 
to improved active site availability and favorable electronic in
teractions from nitrogen doping, which also enhances conductiv
ity to 60% of the pristine Ti-mesh. Specifically, the N-TNTAs 
(50–100 nm diameter) increase the IrIII-content (statistically 65% 
via XPS) and oxygen vacancies, thus boosting activity. The ordered 
structure enhances mass transfer kinetics and facilitates uniform 
IrO2 dispersion. While statistical characterization supports these 
conclusions, spatially resolved analysis would be valuable to 
determine the specific  contribution of potentially differing 
catalyst-support surface assemblies.

Despite stabilization efforts, time- and potential-resolved 
electrochemical dissolution profiles  established that Ir can 
dissolve below the OER onset due to transient surface oxidation 
and reduction. Whether the reaction proceeds via the adsorbate 
evolution mechanism (AEM) or the lattice oxygen-mediated 
mechanism (LOM) [11] dictates the specific  dissolution pathway 
involved. Consequently, it remains an intriguing question, how 
these processes manifest at diverse nanoscale localities within the 
complex matrix of a MEA ink.

Beyond Ir, transition metal oxides (TMOs) are gaining attention 
as catalyst-support systems. TMOs are typically favored in alkaline 
water electrolyzers (AELs), which are economically competitive for 
large, constant-load applications but struggle with fluctuating 
renewable power, although new cell designs (like capillary-fed 
cells) may change this landscape [12]. This design has demon
strated 1.5 V at 0.5 A/cm2 and 98% energy efficiency  (higher 
heating value, HHV) [12]. For abundant TMO-based systems, the 
key challenges remain the reduction of the intrinsically high 
overpotentials, the increase of current densities by tuning the 
electronic structure of catalysts and the improvement of dura
bility. Overcoming issues of inadequate conductivity and restricted 
accessibility of active sites are also existing problems. Cobalt oxide 
is an emblematic OER catalyst, often forming Co3O4 in situ across 
various supports. A recent study demonstrated that support 
modification  coupled with lattice defects is a viable strategy to 
enhance stability and reduce overpotential under acidic condi
tions. Bi and Ni co-doped Co3O4 phase on carbon paper 
(BiNi–Co3O4/CP) achieved an overpotential of 275 mV and 
demonstrated stability for 110 h at 10 mA/cm2 [13]. Bismuth in
duces lattice expansion in spinel-type nanosheets, creating highly 
reactive interfaces, and etches the carbon paper support to 
enhance porosity. Nickel, conversely, controls porosity by inhib
iting Co2C formation. While solid evidence supports the enhanced 
OER properties, the lack of reported PEM single cell results leaves 
the question of practical benefits in a complex environment open.

Atomic dispersion of metal catalysts is an effective strategy to 
manipulate intrinsic activity. A complex nanomaterial, a-Ni/ 
CeO2@NC (atomically dispersed Ni anchored on CeO2 particles 
entrenched on peanut-shaped hollow nitrogen-doped carbon) 
benefits from adjacent Ce sites to Ni to enhance OER performance 

[14]. The overpotential is merely 286 mV at 10 mA/cm2. Exhaustive 
characterization confirmed the unique structure of these uniform, 
hollow nanoparticles, resulting in a TOF of 4 s− 1, and stability 
exceeding 100 h at 10 mA/cm2. The catalyst was benchmarked 
against isomorphous a-Ni@NC, CeO2@NC and RuO2 in 1 mol/L 
KOH, each dispersed over carbon paper by the ink method using 
Nafion.  Despite the meticulous characterization and the unifor
mity of the catalyst, one might wonder whether the distribution of 
catalytic performance is equally uniform across the material.

The study of high entropy oxide (HEO) nano-catalysts is also 
highly relevant. For example, the spinel-type (FeCoNiCrMn)3O4 
was reported as highly efficient OER catalyst under alkaline con
ditions, drop-casted with Nafion onto a carbon cloth [15]. It ach
ieved a remarkable 239 mV overpotential at 10 mA/cm2 and 
maintained stability for over 24 h at 100 mA/cm2. In situ Raman 
spectroscopy identified active MOOH surface species and dynamic 
changes in M− O stretching bands at anodic potentials. The supe
rior performance of (FeCoNiCrMn)3O4 is attributed to the syner
gism among the randomly mixed metal cations, which are 
dynamically formed in situ, and the high entropy effect main
taining the spinel structure. Note that the stabilizing effect of 
configurational entropy in HEOs is often misunderstood or over
simplified.  In a spinel lattice such as (FeCoNiCrMn)3O4, multiple 
cations share the tetrahedral and octahedral sites in a near- 
random distribution. Each cation has different preferred coordi
nation geometries, ionic radii, and oxidation states, and in a con
ventional mixed-oxide this chemical diversity would lead to phase 
segregation or the formation of multiple oxide domains. However, 
at certain mixing levels, the configurational entropy becomes large 
enough to offset the enthalpic penalty of disorder. The entropy 
term lowers the Gibbs free energy and stabilizes a homogeneous 
phase, even if the enthalpy of mixing is locally unfavorable. The 
result is a robust spinel oxide in which the cationic sub-lattices 
contain a statistical distribution of local environments, each 
potentially exhibiting distinct redox behavior and catalytic prop
erties. While the advantages of HEOs are clear, further insight into 
the structure-reactivity relationships at a sub-micron scale re
mains a fascinating possibility.

Lastly, molecular OER catalysts based on first-row transition 
metal complexes may also hold promise in their integration — 
foremost, but not exclusively — into photoelectrocatalytic (PEC) 
systems via surface grafting. Electrochemistry remains the main 
technique that allows for the proper evaluation of catalytic activ
ities, in combination with spectroscopy and microscopy, which 
help to characterize the whole system [16] as also illustrated in 
Fig. 1. Operando stability and dynamics of complexes on (photo)
electrode surfaces is an intrinsic problem that calls for advanced 
electrochemical techniques like SECCM.

3. Perspectives on scanning electrochemical cell microscopy

SECCM is an emerging technique that offers insights into the 
nanoscale heterogeneity of surfaces, enabling correlation between 
surface features and electrochemical activity [17]. The method 
constitutes a powerful means of probing dynamics of interfaces, 
where changes in local ion adsorption/desorption/exchange, 
dissolution and growth take place, among other possibilities. 
Localized amperometric mapping of heterogeneously active elec
trode surfaces is readily realized with SECCM. Utilizing a mobile 
nano-droplet cell, SECCM scans surfaces with high spatial resolu
tion, generating electrochemical maps (alongside topographical 
information in certain operating modes). The unmatched advan
tage of SECCM is its applicability on diverse samples, such as 
nanoparticles, polymers, 2D materials, thin-layers and poly
crystalline substrates, thereby elucidating individual contributions 
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to catalysis [18]. The method relies on a nano-pipette probe con
taining the electrolyte and a quasi-reference counter electrode 
(QRCE). The electrochemical cell is established when the electro
lyte meniscus contacts the substrate surface. The scanning mode 
allows CA, while the probe moves across the surface, whereas the 
hopping mode uses an approach-retract cycle to generate distinct 
measurement points, allowing for detailed LSV or CV analyses (e.g., 
Tafel plots). Importantly, it has a well-defined droplet size, which 
cannot be assured in scanning mode. The spatial resolution is 
governed by the nano-pipette aperture and the degree of surface 
wetting. While early studies relied exclusively on nano-pipettes 
fabricated by laser-based micropipette puller creating custom 
aperture sizes, standardized pipettes with opening diameters of 
100 nm and 500 nm have become commercially available recently, 
improving experimental reproducibility. Electrolyte footprints left 
on the surface permit accurate calculation of current densities 
[19], and the same measured area can be post-characterized using 
techniques like SEM, AFM, and XPS.

SECCM facilitates the direct establishment of structure-activity 
relationships [20], especially on smooth, 2D catalyst surfaces [21]. 
Tsujiguchi et al. employed SECCM to investigate the CO2 reduction 
reaction (CO2RR) on a composite of Sn nanoparticles (15–50 nm) 
supported on reduced graphene oxide (rGO) [22]. By mapping the 
local activity, they identified  distinct electrochemical zones, of 
which the Sn/rGO boundary exhibited a sevenfold increase in 
current density, pinpointing it as the primary catalytic site. These 
findings  suggest that CO2RR performance can be maximized by 
optimizing Sn loading, specifically  by reducing nanoparticle 
diameter or ensuring a dense distribution of discrete particles to 
maximize the density of exposed interfacial sites.

Visualization of active sites on MoS2 nanosheets for the 
hydrogen evolution reaction (HER) on highly oriented pyrolytic 
graphite (HOPG) support could be also achieved [23]. Using a 
20 nm radius nanopipette (0.5 mol/L H2SO4 electrolyte) local 
overpotentials at 30 mA/cm2 was mapped. Tafel slopes with sub- 
micron resolution helped identifying high-activity nanosheet 
edges, terraces, and grain boundaries, directly correlating the local 
morphology of MoS2 with its electrochemical efficiency. Mefford 
et al. utilized correlative operando SECCM combined with X-ray 
microscopy to resolve the bulk structural changes that drive sur
face activity in OER catalysis. By high-resolution electrochemical 
mapping on single-crystalline β-Co(OH)2 platelets, the intrinsic 
activity of specific  facets revealed that the catalytic behavior is 
directly correlated with the local concentration of Co3+ at reactive 
edge sites [24]. By leveraging the high spatial resolution of the 
meniscus-based probe, single-entity activity mapping could be 
performed both between different hematite nanorods and within 
a single rod over HOPG [25]. SECCM resolved the intrinsic elec
trocatalytic heterogeneity of individual nanorods during the OER. 
A significant intra-entity performance gradient could be revealed 
from the body to the tip attributed to the larger fraction of exposed 
{001} active facets on the body.

Although SECCM offers spatially resolved high throughput 
measurements on versatile substrates, the technique faces chal
lenges, regarding droplet stability, as evaporation and uncon
trolled surface wetting can alter electrolyte concentrations or 
spatial precision. Furthermore, when moving the probe small 
amounts of electrolyte are left behind on the surface, which can 
cause ‘cross-talk’ between adjacent measurement sites. The reso
lution depends heavily on the droplet size and stability. Robust 
experiments with higher resolution can be achieved by silanizing 
the outer surface of the glass capillary, incorporating electrolyte 
additives, or coating the sample with a thin hydrophobic oil layer. 
In addition, complex instrumentation and ultra-sensitive feedback 
systems make the experiments susceptible to mechanical noise.

The capabilities of SECCM are compromised by porous, or 
powdered samples, like the OER catalyst-support assemblies or 
MEA inks. However, thinned, pore-free catalyst-support ink layers 
may be suitable for analysis. The thickness of anode catalyst layers 
pressurized between the PTL and the ionomer membrane in 
PEMWE cells reach 10 μm (Fig. 2a). On standard conductive sub
strates like ITO, or FTO glass (also suitable for correlative analyses 
using navigational aids) spin-coated quasi-2D ink layers can be 
prepared, corresponding to a few overlaid nanoparticles at square 
centimeter areas (Fig. 2b). On the thinned specimens bulk and 
localized analysis is done in a reproducible manner and electro
chemical features can be directly compared, for example LSVs 
(Fig. 2c). The high spatial resolution allows for identifying di
versities in activity, and selected spots can be further analyzed by 
several methods to identify structure-activity correlations and 
bottlenecking factors (Fig. 2d). The structural and compositional 
complexities in large-area MEAs highly justify such efforts as im
plicit performance reserves often remain unexplored. Achieving 
true homogeneity across MEAs would mean ensuring uniform 
nanoparticle dispersion, balanced mass transport, identical ohmic 
losses, and uniform catalytic performance across individual active 
sites that are particularly ambiguous given the complexity of the 
systems. Beyond collecting bulk parameters that describe the 
average total surface area, this approach may distinguish contri
bution of individual or well-defined groups of catalytic centers to 
the overall activity, thereby providing statistics on heterogeneity.

Fig. 2e shows the adaptation of the above strategy to a reported 
molecular OER catalyst, FePBI, where PBI is 2-(2′-pyr
idyl)benzimidazole [26]. FePBI has been previously investigated in 
both homogeneous solution and heterogenized on an ITO elec
trode as a self-supported layer. The electron-donating NH-group in 
PBI allows the complex to access and support higher oxidation 
states, rendering it stable during catalysis. We utilized FePBI and 
ATO as a support (Thermo Fisher, NanoArc, 21 nm average particle 
size) mixed with Nafion. The complex is readily grafted onto ATO 
from isopropanol through ligand exchange and is expected to 
provide different surface formations based on its solution chem
istry [26]. The electrochemical behavior of the FePBI/ATO/Nafion 
system was explored on spin-coated thin layers over ITO as the 
working electrode in SECCM (ParkSystems NX10, SECCM/AFM in
strument). Surface imaging by optical microscopy confirmed  a 
continuous thin layer with an average thickness of 248 nm and 
RMS factor (Sq) of 79 nm from AFM (Fig. 2e). AFM was com
plemented with Raman microscopy, a powerful tool used to 
simultaneously detect characteristic vibration bands from the ATO 
support and the PBI ligand coordinated to Fe revealed satisfactory 
FePBI coverage over ATO. SECCM was then performed in the 
hopping mode over a 50 μm× 50 μm area, collecting LSV from 100 
droplets at nominal tip opening diameter of 500 nm (Fig. 2e). 
Stabilizing the actual contact area was a major challenge: it is not 
necessarily identical to the capillary aperture, as surface wetting 
properties vary depending on the sample. In this case, the con
version from current-to-current density was achieved by using 
optical microscopy to measure the footprints left by the electrolyte 
droplets (approximately 2 μm2 each, Fig. 2e). The resulting current 
maxima at 1.6 V vs. Ag/AgCl QRCE were converted to a color map in 
yellow to blue to visualize heterogeneities. A histogram of the 
occurrence frequency for the Faraday currents at 1.6 V revealed 
two well-distinguished groups of LSVs. A smaller group produced 
lower currents, indicating a modestly active FePBI-ATO assembly, 
whereas a larger group produced markedly higher Faraday cur
rents, indicating the presence of a more active FePBI-ATO assem
bly. These significant  differences that appoint the spots of post- 
catalytic analysts remain hidden when LSV is performed over the 
entire area (Fig. 2c, grey curve).
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4. Conclusions and outlook

The overall performance of OER catalyst-support assemblies in 
complex environments like MEAs is a manifold question. While 
modern bulk evaluation techniques are practically valid, the true 
contributions from different catalyst-substrate arrangements 
require advanced, spatially resolved techniques, like SECCM that 
provides a vital complement to traditional methods (e.g., electro
chemical impedance spectroscopy, Tafel analysis, stability testing) 
by enabling visualization and weighting of relative contributions 
across the assembly. Rational catalyst design must shift from 
optimizing only the most active bulk catalyst-support combina
tion to enriching the most active site variations identified through 
spatially resolved analysis. Note that similar considerations apply 
to integrated systems, where nanoscale noble- or transition metal- 
based co-catalysts are combined with semiconductor surfaces. 
Utilizing SECCM expedites the optimization of synthesis parame
ters, thus accelerating the fabrication of better MEAs and/or 
photoanodes.
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