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ABSTRACT : Catalytic activity and electrical conductivity are critical to the performance of electrocatalysts and electrochemical devices, yet 

their combined assessment under operating conditions remains challenging. Here, we introduce operando Fourier-transform electrochemical 

source–drain impedance spectroscopy (FT-ESDIS), which simultaneously measures catalyst-film conductivity and charge-transfer resistance 

(Rct) with high temporal resolution at high current densities. During Fe incorporation into nickel (oxy)hydroxide (NiOxH y), FT -ESDIS re-

vealed that catalytic activation and charge transport property evolve on distinct timescales, demonstrating that activity alone cannot capture 

catalyst-layer evolution during operation. At higher overpotentials, nickel-containing (oxy)hydroxides (Ni(Fe)O xH y) showed an abrupt appar-

ent conductivity increase upon oxidation, with conductivity remaining nearly unchanged thereafter, whereas iron (oxy)hydroxide (FeOxH y) 

exhibited a gradual increase in apparent conductivity. Previous reports attributed this overpotential-dependent increase to the formation of 

high-valent Fe species. H owever, we show that the increase arises predominantly from an electrolyte-mediated current artifact, in which a po-
tential perturbation at one electrode changes the local solution potential at the neighboring electrode surface and modulates its Faradaic current, 

producing an apparent conductivity response without direct through-film transport. We further establish a quantitative relationship between 

this artifact and Rct, enabling its estimation and subtraction from the apparent conductivity. The corrected FeOxH y conductivity exhibits sub-
stantially weaker potential dependence, suggesting that charge transport involving high-valent Fe species, if present, contributes much less than 

inferred from the uncorrected response. By resolving kinetic and transport properties under operating conditions, FT-ESDIS provides a more 

comprehensive basis for interpreting electrocatalyst behavior and establishes transport and reactivity as complementary descriptors for electro-

chemical energy-conversion systems.

1. INTRODUCTION  

The design of efficient porous electrode structures and electrocat-
alysts is crucial for electricity-driven production of chemical fuels 

and feedstocks.1,2 Electrolytic hydrogen is the simplest chemical 

product to produce electrochemically and has broad utility as a fuel, 
energy storage medium, and chemical reactant.3 Anion-exchange-

membrane water electrolysis (AEMWE) is an emerging technology 

in which advanced electrode and electrocatalyst design is central to 

meeting practical performance and durability metrics.4–7 AEMWE  is 
of particular interest because the local alkaline operating environ-

ment enables the use of earth-abundant, non-precious transition 

metal catalysts, while the membrane electrode architecture offers, in 

principle, high current densities and good product separation. 

However, the poor electrical conductivity of non-precious transi-

tion-metal-oxide oxygen evolution catalysts (OECs)  complicates 

electrode design for industrial electrolysis (i.e., > 1 A cm−2) , where 
conventional conductive carbon additives are generally avoided un-

der OER conditions because of their limited oxidative stability.8–12 

Previous work has also demonstrated that the electrical conductivity 

of the catalyst layer modulates the apparent degradation rates of ion-

omers.13  

Accurate assessment of conductivity is particularly important for 

thick, resistive electrocatalyst layers designed to increase catalyst 

loading and the number of nominally available active sites.14,15 Insuf-
ficient electronic connectivity can render a substantial fraction of the 

catalyst layer electrochemically inaccessible, limiting catalyst utiliza-

tion and electrode performance. Moreover, the charge-transfer re-

sistance (Rct) , typically derived from impedance measurements at a 

particular current or potential, generally reflects the average catalytic 

charge-transfer kinetics at the catalyst–electrolyte interface, and is 

often convoluted with porous electrode conductivity effects. There-

fore, simultaneous measurement of electrical conductivity and Rct 

would facilitate deciphering the microscopic events occurring within 

the electrocatalyst during its operation. 

Nevertheless, current methods address these parameters sepa-

rately, and the measurements are often conducted at low overpoten-

tials and local current densities not representative of industrial con-
ditions. For catalytic-activity evaluation, frequency response analysis 



(FRA) -based electrochemical impedance spectroscopy (EIS) is 

widely employed to extract Rct.16–20 In contrast, catalyst-film conduc-

tivity is not typically obtained from conventional EIS, but is instead 

commonly evaluated by measuring the current generated upon ap-
plication of a DC bias across the electrocatalyst film. Accurate char-

acterization of catalyst matrix conductivity is particularly important 

for porous electrocatalysts because, when the matrix is poorly con-

ductive, a substantial fraction of the catalyst layer may remain elec-
tronically inaccessible, confining catalytic turnover to regions that 

are sufficiently connected to the current collector.12 

The conductivity of dry catalyst layers can be measured simply in 

air using a two-electrode setup21 or a four-point probe in the appro-
priate geometry.22 However, measurements under dry conditions of-

ten do not reflect catalyst conductivity under operational conditions, 

as ionic transport in the electrolyte solution, such as proton or hy-
droxide transport, is coupled with electron transfer. The conductiv-

ity of the catalyst itself often also depends on the catalyst oxidation 

state.23 

C urrent methods for measuring catalyst conductivity in electro-
lyte solutions typically employ interdigitated array (IDA) electrodes. 

The IDA is coated with the catalyst layer, as illustrated in Scheme 1a 

(IDA -DC) .24–27 A small DC potential difference (ΔV = 5–10 mV) is 
applied between the two working electrodes (WEs)  to probe current 

flow through the catalyst film while the common WE potential is 

swept. However, this offset also places the two catalyst/electrolyte 

interfaces at slightly different OER overpotentials. Consequently, 

IWE1 − IWE2 contains contributions from not only the film conduction 

current ( I film)  but also the ΔV-induced difference in catalytic OER 

current ( IOER, ΔV). Conventional IDA-DC  measurements assume that 

IOER, ΔV is much smaller than I film and estimate I film as (IWE1 − IWE2)/2. 

Yet, this approximation generally breaks down at high current den-
sities because the exponential potential dependence of OER kinetics 

(i.e., Tafel behavior) can translate even a small ΔV into a significant 

difference in catalytic currents. 

Since IOER, ΔV eventually overwhelms I film at high overpotentials, 

IWE1 – IWE2 cannot accurately reflect the film’s conductivity. Conse-

quently, the IDA-DC method is inadequate for operando conductiv-

ity measurement at current densities relevant to electrolysis devices, 

creating a need for an alternative methodology capable of decou-

pling catalytic and transport parameters in a single operando meas-

urement under realistic operating conditions. 

To address these limitations, we introduce an operando imped-
ance-based methodology termed Fourier-transform electrochemical 

source–drain impedance spectroscopy (FT-ESDIS, Scheme 1b) , 

which enables quantitative and simultaneous measurement of Rct 

and catalyst-layer conductivity. For the operando conductivity meas-

urement, instead of a small DC potential offset, a multisine AC per-

turbation (vFT )  is applied to one working electrode (WE1, source), 
while the corresponding AC current response is monitored at a sec-

ond working electrode (WE2, drain). Because both electrodes oper-

ate at the same DC potential, this configuration eliminates the DC-

offset-induced difference in OER background currents, thereby en-
abling source–drain conductivity measurements under high-overpo-

tential conditions. From the same measurement, the catalytic im-

pedance is determined by separating the solution-directed current 

response (i.e., the AC component of IOER )  from the source–drain 

current response (i.e., the AC component of I film) . A full impedance 

spectrum can be acquired within a second because Fourier transfor-
mation of the multisine response resolves all applied frequency com-

ponents in a single acquisition.28,29 

 

Scheme 1. Schematic representations of (a) conventional con-

ductivity measurement technique using an IDA electrode (IDA-

DC) and (b) FT -ESDIS.  

 

The high temporal resolution of FT-ESDIS, its compatibility with 

high-overpotential operation, and its ability to assess both catalytic 

and transport parameters enable comprehensive analysis of porous 
electrocatalysts. First, we demonstrate that, when soluble iron (Fe) 

species are incorporated into a nickel (oxy)hydroxide (NiO xH y) ma-

trix, catalytic activity and film transport properties evolve on differ-
ent time scales, a distinction that can be resolved only by simultane-

ously monitoring Rct and conductivity. Second, we find that the ap-

parent conductivity of NiOxH y does not continue to increase at high 

overpotentials once the film has been oxidized to the conductive 

NiOOH phase, whereas FeO xH y exhibits a gradual increase in appar-

ent conductivity. Most importantly, we show that the apparent con-

ductivity increase of FeOxH y at high overpotentials, which has previ-

ously been attributed to the formation of high-valent conductive 

species,23 does not primarily arise from genuine enhancement of 
through-film conductivity. Instead, it mainly originates from electro-

lyte-mediated current interference, which we refer to as “through-

solution conduction.” Because this interference becomes increas-
ingly significant for poorly conductive electrocatalysts, we develop a 

quantitative correction procedure to estimate and subtract the 

through-solution contribution from the apparent response. The cor-

rected conductivity of FeO xH y exhibits substantially weaker poten-

tial dependence, suggesting that the contribution of higher-valent Fe 



sites, if formed, is likely much smaller than inferred from the uncor-
rected conductivity response. T his work highlights the importance 

of disentangling catalytic kinetics, charge transport, and measure-

ment-induced artifacts when assigning structure–property relation-

ships in porous electrocatalysts, providing a more reliable basis for 

catalyst and electrode design under realistic operating conditions. 

 

2. RESULTS AND DISCUSSION  

2.1. AC perturbation decouples charge-transfer impedance 

and through-film conductivity 

Scheme 1a illustrates the operating principle of the conventional 

IDA -DC method. When the two electrodes of an IDA are bridged by 
an electrically conductive OEC layer, applying a small DC potential 

offset (ΔV)  between them while sweeping the common WE poten-

tial drives I film. Assuming that the increase in OER current induced 

by Δ V ( IOER, ΔV) is negligible, IWE1 – IWE2 represents conduction 

through the catalyst film as follows23–25,27,30 ( see Note S1 in the Sup-

porting Information for the derivation of the following Equations 1–

4) :  

𝐼film =
𝐼WE1 − 𝐼WE2

2
(1) 

However, this equation is only valid when IOER,Δ V ≈ 0. This as-
sumption breaks down at high overpotentials due to the exponential 

dependence of OER current on electrode potential. In the Tafel re-

gime, a small potential increment ΔV can induce a disproportion-
ately large change in catalytic current: for first-row transition metal 

(oxy)hydroxide OECs with typical Tafel slopes of 30–60 mV dec−1, 

a ΔV of merely 10 mV can result in a 1.5- to 2-fold increase in cata-
lytic current.24 Consequently, at industrially relevant current densi-

ties, IOER,Δ V becomes comparable to or exceeds I film, rendering Equa-

tion 1 unable to accurately isolate the through-film conduction cur-
rent. The interference from the background OER current can be par-

tially corrected by reversing the sign of ΔV and comparing the result-

ing current response.23 However, this approach exhibits limited tem-
poral resolution and may therefore be unsuitable for real-time track-

ing of the catalyst state, because it requires sequential potential-off-

set steps and sufficient time to obtain steady-state current. 

To overcome the limitations of the conventional IDA-DC ap-

proach, we employ a multisine AC perturbation instead of a DC po-

tential offset. T his approach avoids the OER current imbalance in-

duced by a DC potential offset, thereby enabling more reliable meas-
urements of catalyst-film conductivity. Importantly, the same multi-

sine AC perturbation also provides access to the catalytic response, 

allowing catalyst-film conductivity and catalytic activity to be meas-

ured simultaneously with high temporal resolution. Although the 
following description is given in the context of water oxidation cata-

lysts, the technique is general to any electrocatalytic system. 

Scheme 1b illustrates the AC and DC current components in the 

electrochemical system when a multisine AC perturbation (vFT )  is 

applied to WE1. Since the AC perturbation contains both positive 

and negative signs, the time-averaged potentials applied to WE1 and 
WE2 are identical. In FT -ESDIS, WE1 acts as the source electrode, 

to which a multisine AC perturbation is applied, while WE2 serves 

as the drain electrode, where the transmitted AC current is collected. 

Unlike conventional FRA-EIS , which sequentially imposes single-

frequency sinusoidal perturbations, FT -ESDIS applies a multisine 
waveform generated by superimposing sine waves at selected angu-

lar frequencies, ωk. Fourier transformation of the recorded voltage 

and current signals then yields the impedance response at all applied 
frequency components at once.28,29,31 This approach enables much 

faster data acquisition than FRA, allowing impedance spectra to be 

acquired operando. Figure 1a, b illustrates a practical FT-ESDIS 

configuration for OEC films, showing an IDA electrode coated with 

an electrodeposited OEC film. 

Because the AC voltage perturbation is superimposed only on 

WE1, WE2 should not exhibit a film-mediated AC current compo-

nent unless WE1 and WE2 are electronically connected. When the 

two electrodes are bridged by a conductive OEC film, however, AC 
current can flow from WE1 to WE2 through the film. Under this 

ideal source–drain assignment, the AC component of IWE2 is at-

tributed to the current transmitted from WE1 to WE2 through the 

conductive film, allowing the through-film current ( I film)  to be selec-

tively extracted by Fourier transformation while eliminating the DC 

current contribution: 

𝐼film(𝜔𝑘) = −ℱ{𝐼WE2}(𝜔𝑘) (2) 

where ℱ{𝑋} denotes the Fourier transform of X . The negative sign 
accounts for the current convention at WE2. The corresponding 

film impedance (Z film)  measured between WE1 and WE2 through 

the catalyst film can then be expressed as follows (for detailed deri-

vation, see Note S1 in the Supporting Information): 

𝑍film(𝜔𝑘) =
𝑣FT (𝜔𝑘)

𝐼film(𝜔𝑘)
= −

ℱ{𝑣FT }(𝜔𝑘)

ℱ{𝐼WE2}(𝜔𝑘)
 (3) 

Therefore, Z film provides a measure of the through-film impedance 

of the electronically connected catalyst layer. 

 

 

Figure 1. (a) Schematic illustration of the IDA electrode coated with an 

electrodeposited OEC film and (b) the corresponding current pathways 
probed by FT -ESDIS , yielding Z film and Z OER . (c) Top -view and (d) 

cross-sectional SEM images of NiOxH y film electrodeposited at −0.1 mA 

cm−2 for 20 min. 

 



 

Figure 2. Simultaneous monitoring of the catalyst film impedance (Z film) and OER impedance (Z OER ) during Fe incorporation into NiOxH y. Fe(NO 3) 3 

was spiked after the 5th, 15th, 25th, and 35th cycles and the final concentration of Fe was 8 μM. (a) CVs of NiO xH y in 1.0 M KOH at the first cycle and 

after each Fe addition at a scan rate of 10 mV s–1. The inset shows a magnified view of the nominal Ni 2+/3+ redox window. (b) Representative Nyquist 
plots of Z OER  and Z film at 1.826 V vs RHE for selected cycles during Fe incorporation. (c) Evolution of catalyst film resistance (Rfilm), charge-transfer 

resistance for OER (ROER ), and current density at 1.826 V vs. RHE during the potential cycling. (d) Schematic illustration of the proposed three-phase 

model for Fe incorporation into the electrodeposited NiOxH y layer. 

At the same time, FT-ESDIS also provides access to the OER im-

pedance (Z OER ) . The AC current directed from WE1 toward the 

electrolyte, which corresponds to the AC OER current, can be ex-

tracted by summing the currents measured at WE1 and WE2, IWE1 + 

IWE2, because this summation cancels out the through-film current 

contribution. Analogous to the extraction of Z film, Z OER  can be ob-

tained from this electrolyte-directed current as follows ( Note S1) :  

𝑍OER (𝜔𝑘) =
ℱ{𝑣FT }(𝜔𝑘)

ℱ{𝐼WE1 + 𝐼WE2}(𝜔𝑘)
(4) 

Equations 3 and 4 show that applying an AC perturbation to WE1 

enables simultaneous evaluation of complex, frequency-dependent 

Z film and Z OER , while maintaining the average potential of the two 
working electrodes identical. Therefore, the catalytic parameters can 

be extracted reliably even under high-overpotential conditions. The 

current pathways associated with Z OER  and Z film are indicated in Fig-

ure 1b. 

In the low-frequency limit, Z film converges to a real resistance Rfilm, 

corresponding to the DC resistance of the catalyst film. This can be 

further converted to effective film conductivity as σ = d/( RfilmA), 

where d is the IDA gap distance and A is the electroactive surface 

area of one IDA electrode (see Note S1 for derivation).23–25,27,30 Be-

cause this conversion employs a simplified geometric approximation 
using the projected IDA area rather than the true current-carrying 

cross-sectional area of the porous and nonuniform catalyst film, the 

resulting value should be regarded as an effective conductivity rather 

than an intrinsic bulk conductivity. Accordingly, throughout this 

work, σ denotes effective conductivity, which is referred to simply as 

“conductivity” unless otherwise specified. 

For the experimental implementation of FT-ESDIS, OEC s were 
electrodeposited on Au IDA electrodes to form catalyst films that 

electronically connect the two working electrodes. The OEC films 

were electrodeposited at –0.1 mA cm–2 for 20 min to ensure electri-
cal connection between the two working electrodes. As a representa-

tive example, Figure 1c, d show the top-view and cross-sectional 

scanning electron microscopy (SEM)  images of an electrodeposited 

NiO xH y film, which confirm that the film bridges the IDA fingers. 

The composition of the film was also confirmed by EDS mapping 

(Figure S4). 

To validate the FT -ESDIS system, the impedance of a dummy cell 

was first measured (Note S1, Figure S2). The resulting Nyquist plot 

shows clear separation between the impedances measured across 

WE1–WE2 and those measured between WE1 and RE/CE , where 

CE denotes a counter electrode. The applicability of FT-ESDIS  was 
then evaluated using a bare Au IDA in an aqueous electrochemical 

system containing potassium ferri/ferrocyanide 

(K 3[Fe(CN) 6]/K 4[Fe(CN) 6]) . The WE1 –WE2 impedance 
reached a minimum near the formal potential of the redox couple, 

where the coexistence of the oxidized and reduced forms facilitates 

electrical conduction between the working electrodes, as discussed 

in detail in Note S2. 

 



2.2. Simultaneous, high time-resolution measurement of cat-

alytic activity and conductivity 

We applied FT-ESDIS to monitor the dynamic evolution of elec-

trodeposited NiOxH y OECs during real-time Fe incorporation (Fig-

ure 2). This electrocatalytic system requires operando analysis be-

cause soluble Fe3+ progressively incorporates into the NiO xH y matrix 

during potential cycling.32 We deconvoluted the effects of Fe incor-
poration on catalytic activity and electrical conductivity during cata-

lyst operation. 

T he NiOxH y film was electrodeposited across the IDA to electri-

cally connect the two working electrodes (Figures 1 and S4) . Typi-

cally, the thickness of the NiOxH y layer bridging the gap is ~100–200 

nm. Electrodeposited NiOxH y films were subjected to continuous 

potential cycling in 1.0 M KOH. Following a pre-conditioning pe-

riod of 5 cycles, Fe(NO3) 3 was spiked into the electrolyte at the end 
of cycles 5, 15, 25, and 35, progressively increasing the total Fe con-

centration by 2 μM with each addition. Figure 2a displays the cyclic 

voltammograms (CVs) of the first and the last (46th) cycle, as well 

as the cycles immediately after each Fe-spiking event. A pronounced 
increase in the OER current and a characteristic anodic shift of the 

Ni 2+/3+ redox peak were observed, consistent with the progressive 

uptake of Fe into the catalyst matrix.23,32 

The rapid data acquisition capability of FT-ESDIS enabled full 
impedance spectra to be collected in real time during potential cy-

cling. Figure 2b shows representative Nyquist plots of the film im-

pedance (Z film) and OER impedance (Z OER ) acquired at 1.826 V vs 
RHE during selected cycles throughout Fe incorporation. The po-

tential-dependent evolution of Z film and Z OER  within a representative 

cycle (26th cycle) is provided in Figure S8. T he DC film resistance 

(Rfilm) was obtained from the low-frequency limit of the real compo-

nent of Z film, whereas the OER charge-transfer resistance (ROER ) was 

determined by fitting Z OER  to an Rs(QROER )  equivalent circuit (Fig-

ure S6 and S7; Table S3). The resulting cycle-dependent evolutions 

of Rfilm, ROER , and the OER current density (J) at 1.826 V vs RHE are 

presented in Figure 2c, where the dashed lines indicate Fe additions 

after cycles 5, 15, 25, and 35. Both ROER  and Rfilm exhibited an overall 
decrease with successive Fe addition and potential cycling, revealing 

concurrent improvements in OER kinetics and charge-transport 

through the catalyst film, respectively. 

Based on the trends in catalyst properties obtained operando, we 

identified three phases of the catalyst’s evolution (Figure 2c and d) . 

In phase 1 (cycles 5–7), a slight decrease in ROER  was observed while 

no apparent shifts were detected for Rfilm, J, and the Ni 2+/3+ redox po-

tential. This subtle change is attributed to the adsorption of Fe spe-

cies on the catalyst surface, which can enhance catalytic activity but 

has minimal effect on the electronic properties of the overall NiOxH y 

film. 

In phase 2 (cycles 11–16), a drastic decrease in ROER  accompanied 
by a noticeable surge in OER current was observed. At the same time, 

a characteristic anodic shift in the Ni2+/3+ redox peak became promi-

nent (Figure 2a, inset). These changes, which emerged during con-

tinuous cycling in the Fe-containing electrolyte rather than immedi-
ately upon Fe addition, are consistent with the progressive incorpo-

ration of Fe species into the NiO xH y lattice, along with the formation 

of surface-active FeOxH y species.32 In contrast, Rfilm still remained es-

sentially unchanged. 

In phase 3 (from cycle 16 and onward), Rfilm finally began to de-

crease, while ROER  and Ni2+/3+ redox peak continued to follow the 

trends observed in the previous phase. This temporal lag is likely as-

sociated with different spatial sensitivities of ROER  and Rfilm within the 

porous catalyst layer. While ROER  can decrease readily upon adsorp-

tion of Fe species at the NiOxH y surface, likely beginning at the film–

electrolyte interface, Rfilm reflects effective lateral electronic transport 

through the catalyst layer between the IDA electrodes located be-

neath the film.  Consequently, Rfilm may be weighted toward 
transport pathways connected to the deeper, near-electrode region 

rather than uniformly reflecting the entire film thickness. The de-

layed decrease in Rfilm is therefore hypothesized to reflect the slower 
incorporation of Fe into electrically relevant transport pathways 

within the catalyst layer. 

Because ROER  is more sensitive to interfacial catalytic events, 

whereas Rfilm reflects changes in the electronically connected 

transport network between the IDA fingers, simultaneous monitor-

ing of these two parameters enables more comprehensive diagnosis 
of catalyst evolution under operating conditions. The proposed 

time-dependent Fe incorporation scenario is summarized in Figure 

2d. 

Subsequent Fe additions continued to induce improvements in 
both conductivity and activity. Although the magnitude of these 

changes was less pronounced compared to the transition near cycle 

16, both properties progressively improved with increasing Fe con-

centration (Figure S 9). FT -ESDIS confirmed that Fe spiking in-
duces a conductivity increase analogous to that observed in co-de-

posited NiFeO xH y films.30 

2.3. Assessing the conductivity of poorly conductive OEC 

films at high current densities 

Leveraging the capability of FT-ESDIS to monitor the catalyst 

evolution and dynamics by simultaneously measuring its Rct and 
electrical conductivity, we next investigated poorly conductive 

OECs, of which electrical conductivity has a large influence on over-

all performance.12,33 In general, understanding through-film elec-

tronic charge-transport and heterogeneous charge-transfer kinetics 

at the catalyst/electrolyte interface under operando conditions is cru-

cial, as unwanted electron transfer pathways may lead to catalyst dis-

solution and/or degradation of the electrolyzer structure.13 Hereaf-
ter, conductivity derived directly from the source–drain response is 

termed “apparent conductivity”, because, as demonstrated below, 

the electrolyte phase adjacent to a poorly conductive catalyst film 
can contribute significantly to the measured conductance, leading to 

an overestimation of through-film conductivity. Sections 2.3 and 2.4 

characterize the origin of this contribution and describe its correc-

tion, respectively. 

We used FT -ESDIS to characterize the conductivity of 

Ni (Fe)O xH y and FeOxH y at current densities up to 0.6 A cm–2, sub-

stantially expanding the accessible current density range of previous 
characterizations (typically below 20 mA cm–2) .27 Electrodeposited 

Ni (Fe)O xH y and FeOxH y films were selected as model systems be-

cause the low conductivity of Fe-rich oxyhydroxides, particularly at 
Fe contents above ca. 25%, can limit catalyst-layer utilization despite 

the proposed favorable OER energetics of Fe sites.34 



 

Figure 3. (a) Evolution of apparent conductivity, σapp, of electrodeposited NiOxH y, FeOxH y, and NiFeOxH y films as a function of iR-corrected potential. 

(b) 1/Rfilm of FeOxH y films as a function of iR-corrected potential for varying deposition times (5–30 min). Inset shows top-view SEM images of FeOxH y 

films deposited for 10 and 30 min. (c) Top-view SEM images of connected (upper row) and disconnected (lower row) FeO xH y and NiOxH y films on 

Au IDA electrodes. (d) σapp of connected (filled symbols) and disconnected (open symbols) NiO xH y and FeOxH y films as a function of iR-corrected 

potential.

FeO xH y and Ni(Fe)O xH y films with varying Fe contents were 

electrodeposited onto IDA electrodes. Their CVs revealed a pro-
gressive anodic shift of the Ni2+/3+ redox peak with increasing Fe frac-

tion (Figure S10) , consistent with previously reported electronic in-

teractions between Ni and Fe centers.24 The Ni -containing electro-

deposited films exhibited comparable loadings, as the integrated 
charges of the nominal Ni2+/3+ redox waves ranged from 8.25×10−3 to 

2.01 ×10−2 C  cm−2, corresponding to 5.15×1016–1.25×1017 cm−2 

nominal redox-accessible site densities, assuming a one-electron 

Ni 2+/3+ process (Table S 4). Fe incorporation markedly increased 

OER  activity, as reflected by an increase in 1/ROER  (Figure S11). 

Figure 3a summarizes the potential-dependent apparent conduc-

tivities (σapp) of electrodeposited NiOxH y, Ni(Fe)O xH y, and FeOxH y 

films measured by FT-ESDIS over a broad iR-corrected potential 

range. The maximum σapp  values of NiO xH y and FeOxH y within the 

measured potential window were ca. 2 × 10−4 S cm–1, indicating that 

both films are relatively resistive.23,24,35 The apparent conductivity of 

Ni(Fe)O xH y increased with Fe content up to 34% Fe, reaching ca. 6 

× 10−4 S cm–1, but decreased at 45% Fe ( Figure 3a), consistent with 

previous reports.30,36 This decrease at high Fe content may be due, at 
least in part, to the increasing formation of a separate γ-FeOOH 

phase above the Fe solubility limit in NiOOH, as previously re-

ported by operando XAS studies.37 Overall, the measured σapp values 
were on the order of 10–4 S cm–1, within one order of magnitude of 

previously reported values.24,30  

The apparent conductivity data obtained by FT-ESDIS further re-

vealed distinct potential-dependent behaviors for Ni-containing and 

Fe-only oxides. In Ni(Fe)O xH y, the apparent conductivity exhibited 

a clear “turn-on” behavior, surging at the Ni2+/3+ oxidation potential 

and then remaining nearly unchanged at higher potentials (Figures 

3a, S12) . Such behavior can be explained by oxidation of the nomi-
nal Ni(OH) 2 into the more-conductive NiOOH phase.38,39 Once the 

nickel-based oxides are oxidized, their apparent conductivity is not 

significantly affected by further increase in applied potential, even 

under high current densities over 0.1 A cm–2. 

In contrast, FeOxH y displayed a qualitatively different trend. Ra-

ther than showing an abrupt increase, its apparent conductivity grad-

ually increased with overpotential. When the OER current density is 

plotted together with σapp, the gradual increase in σapp is found to co-

incide with the rise in OER current density (Figure S13). A similar 

trend was reported by Burke et al.23 and Zhang et al.27 Burke and col-

leagues showed that the apparent conductivity of FeOOH increased 

with overpotential, from below 10−7 S cm−1 at η = 350 mV to 2.2 × 

10−5 S cm−1 at η = 500 mV, and attributed this increase to the for-

mation of high-valent Fe species. Separately, Zou and coworkers 

proposed that such increase in conductivity could expand the elec-

tronically-accessible layer and thereby enhance the OER current.35 
H owever, here we show that this gradual increase in apparent con-

ductivity instead reflects a measurement artifact rather than a genu-

ine enhancement of the material’s intrinsic conductivity. 

 



Figure 4. (a) C V of a bare gold IDA in 0.10 mM Fe(NO3) 3 + 1.0 M KOH. (b) Nyquist plots of Z cross and Z OER  measured at selected potentials from 

1.775 to 1.925 V vs RHE (shaded region in (a)). (c) Apparent conductivity calculated from the low-frequency real component of Z cross as a function of 

OER current density. 

To examine the origin of this distinct apparent conductivity be-

havior of FeOxH y, we first investigated the relationship between Rfilm 

and the amount of electrodeposited FeOxH y (Figure 3b). Despite 

increasing the deposition time from 5 to 30 min, the measured Rfilm 

remained nearly unchanged. If the measured response were domi-

nated by conduction through the FeOxH y film, increasing the cata-

lyst loading would be expected to decrease Rfilm. Therefore, this ob-

servation suggests that a substantial fraction of the additionally de-

posited FeOxH y does not contribute to this lateral conduction path-

way. 

Because the additionally deposited FeOxH y did not appear to con-

tribute substantially to the film-mediated conduction, we next exam-
ined another limiting case. We prepared electrodeposited IDA elec-

trodes in which the electrocatalyst film does not fully span the inte-

relectrode gap (termed “disconnected”) and compared their appar-

ent conductivity behavior with that of normal samples in which WEs 
are connected by the catalyst film (termed “connected”). The phys-

ical connectivity of each film was verified by SEM imaging (Figure 

3c) . 

Surprisingly, the disconnected FeO xH y film exhibited measurable 

apparent conductivity at high overpotentials, comparable to that of 

the connected FeO xH y (Figure 3d). In  contrast, the disconnected 

NiO xH y film displayed negligible apparent conductivity relative to its 
connected counterpart, as expected for through-film conduction 

mechanism. If the apparent conductivity increase of FeOxH y at high 

overpotentials originated from direct through-film conduction, it 
should be significantly suppressed when the film is disconnected, as 

observed for NiO xH y. These unexpected observations suggest that 

the apparent conductivity measured for FeO xH y does not arise solely 

from direct through-film conduction. 

We therefore hypothesized that the WE1–WE2 AC current re-

sponse observed for the “disconnected” FeO xH y was mediated by 
the electrolyte phase rather than the solid film. To examine this pos-

sibility, we employed a homogeneous electrocatalytic system using 

a bare gold IDA electrode, thereby completely excluding solid-film 

conduction. The bare gold IDA was immersed in a 1.0 M KOH so-
lution containing 0.10 mM Fe(NO 3) 3 to drive OER. Upon introduc-

tion into the alkaline electrolyte, Fe3+ rapidly hydrolyzes and precip-

itates as amorphous Fe(III) (oxy)hydroxide species, which subse-
quently transform into FeOOH phases.40 While these precipitates 

actively catalyze OER, they cannot form a continuous FeOOH net-

work bridging the 5 μm gap between the IDA fingers as the precipi-

tates form via a homogeneous reaction between Fe3+ and OH − and 

adsorb only on the surface of the Au fingers. 

Figure 4a shows the CV of a gold IDA immersed in 0.10 mM 

Fe(NO 3) 3 in 1.0 M KOH, exhibiting a moderate OER current. As 

previously defined, when the IDA is coated with a conductive film, 

Z film is obtained by dividing the AC perturbation voltage by the AC 

current measured at WE2, 𝑍film = − ℱ{𝑣FT } ℱ{𝐼WE2}⁄  (Equation 

3). However, in the present bare-IDA system, as well as in IDAs with 

disconnected films, no continuous solid pathway bridges the two 

working electrodes. Therefore, we analyze the WE2 current re-
sponse in the same manner but denote the resulting impedance as 

Z cross, rather than Z film. 

Figure 4b shows representative Nyquist plots of Z cross and Z OER  

measured at selected potentials from 1.775 to 1.925 V vs RHE 

(shaded region in Figure 4a) . Across this potential range, Z cross ex-

hibits a finite, semicircular Nyquist response similar to Z OER . Thus, 

the AC perturbation applied to WE1 generates a measurable AC cur-

rent response at WE2 even in the absence of a conductive solid 

bridge. Here, Z cross converges to a finite real impedance (Rcross) as ω → 

0, suggesting that this electrolyte-mediated apparent conduction 

also persists under a DC bia s. As the overpotential increases, both 

Z OER  and Z cross decrease (Figure 4b) , while the apparent conductiv-

ity calculated from Rcross increases with the catalytic OER current 

(Figure 4c), suggesting that the magnitude of this “through-solu-

tion conduction” is amplified as Faradaic current increases. Notably, 

this behavior closely resembles the increase in σapp observed for 

FeO xH y in parallel with the rise in OER current (Figure S13). 

The “through-solution” conduction is not limited to oxidation re-

actions but is also observed in reduction reactions. When a bare gold 
IDA was biased negatively in 0.50 M H2SO 4 to drive HER, a semicir-

cular Z cross response was likewise observed upon the onset of HER 

current (Figure S14a, b). Consistent with the OER system, the ap-
parent conductivity derived from the low-frequency real component 

of Z cross increased with the catalytic HER current (Figure S14c). To-

gether, these results indicate that the apparent conductivity of 

poorly conductive porous electrocatalysts may have been substan-

tially overestimated because of electrolyte-mediated non-film con-

tributions.  

Importantly, we find that this electrolyte-mediated conduction 

pathway also interferes with the conductivity measurement under 

DC  bias, which is the basis of the traditional IDA-DC method 

(Scheme 1a). If a potential offset applied to WE1 also perturbs the 



current at WE2 in the absence of a conductive film, such a response 

would introduce an additional component into IWE1−IWE2 and mimic 

through-film conduction. T o examine this possibility, WE1 and 

WE2 were initially held at −0.41 V vs RHE, after which the potential 
of WE1 was stepped by ±10 mV on a bare Au IDA in 0.50 M H 2SO 4 

under HER conditions (Figure S15). Despite the absence of a con-

ductive film bridging the two electrodes, the current at WE2 

changed reproducibly in response to potential steps applied only to 
WE1. This result demonstrates that a DC perturbation at WE1 can 

modulate the WE2 current through a non-film pathway. 

To assess the impact of this non-film response on conventional 

IDA -DC measurements, we estimated the purely catalytic IWE1−IWE2 

expected from the HER Tafel relationship derived from the averaged 

current, ( IWE1+IWE2)/2 , in which the through-solution contribution 

cancels out ( Note S3). The experimentally measured IWE1−IWE2 was 

larger than the purely catalytic IWE1−IWE2, and the deviation increased 

with overpotential (Figure S16). COMSOL simulations repro-

duced a similar trend under a 10 mV DC potential offset (Figure 

S17, Note S3). These results show that a non-film contribution can 

increase IWE1−IWE2 beyond that expected from catalytic kinetics alone. 

2.4. Mechanistic origin and quantitative correction of  the 

through-solution conduction 

In the previous section, we showed that an apparent WE1–WE2 

conduction response can be detected even in the absence of a con-

ductive solid material directly bridging the two electrodes. Although 

the electrolyte is ionically conductive, ionic conduction alone does 
not provide a steady-state DC interelectrode pathway unless charge 

transfer occurs at both electrode/electrolyte interfaces through 

complementary Faradaic reactions, as in redox cycling. Under the 
strongly anodic OER or cathodic HER conditions examined here, 

both WEs are biased to drive the same Faradaic reaction rather than 

toward complementary oxidation and reduction reactions. Thus , 

conventional redox -cycling-mediated interelectrode charge 
transport cannot be sustained. The key mechanistic question is 

therefore how a voltage perturbation at WE1 can modulate the WE2 

current, even in the low-frequency/DC limit, in the absence of direct 
through-film conduction or redox -cycling-mediated charge 

transport. Here, we examine potential-mediated coupling as the 

origin of this apparent “through-solution conduction.” We then es-

tablish a step-by-step procedure to estimate and subtract the contri-
bution of this coupling from the apparent conductivity response and 

obtain a corrected estimate of the effective film conductivity of resis-

tive catalysts. 

T o describe this coupling, we derived an analytical expression for 

the through-solution impedance (see Note S4 for details). Briefly, 

when both WE1 and WE2 operate in a Faradaic regime, a potential 

perturbation (either DC or AC) at WE1 generates a current, which 
in turn perturbs the local solution-phase potential at the WE2 sur-

face (φS
WE2) . Since the perturbation is applied only to WE1, the elec-

trode potential of WE2 (φM
WE2)  remains unchanged. Because heter-

ogeneous electron transfer is governed by the interfacial potential 

difference (φM−φS), any perturbation of φS
WE2 directly modulates the 

charge-transfer kinetics at WE2 even when φM
WE2 is constant. Con-

sequently, the potential perturbation applied to WE1 can change the 

current at WE2, producing an apparent WE1–WE2 current response 

even in the absence of direct through-film conduction. 

The physical relevance of this potential-mediated coupling model 

is supported by comparing the calculated and experimentally ob-

served Z cross responses in two limiting potential regions: the double-

layer region, where no Faradaic current flows, and the Faradaic re-
gion, where catalytic currents flow. In 1.0 M KOH containing 0.10 

mM Fe(NO 3) 3, the experimentally measured Z cross in the double-

layer region appeared in the second quadrant of the Nyquist plot, 
with a divergent trajectory toward negative real impedance at low 

frequency, a feature that is not typically observed in conventional 

three-electrode EIS. The theoretically derived Z cross response calcu-

lated using representative Rs and C dl values also showed a divergent 

trajectory toward the second quadrant, consistent with the limit 

𝑍cross → −∞  as 𝜔 → 0  (Figure S18) . Similar second-quadrant 

Z cross responses were also observed for heterogeneous electrocata-

lysts, specifically Ni (Fe) O xH y before its apparent conductivity turn-

on and FeO xH y before its OER onset ( Figure S19) , demonstrating 
that this behavior is not limited to homogeneous catalytic systems. 

This  low-frequency divergence indicates that, in the non-Faradaic 

regime, the voltage perturbation at WE1 cannot induce a steady-

state current response at WE2 in the DC limit. 

In the Faradaic OER region, the experimentally measured Z cross re-

sponses for both disconnected catalyst films and homogeneous elec-
trocatalytic systems exhibited a semicircular response in the first 

quadrant and converged to a finite real resistance at low frequency. 

The analytical expression derived for the Faradaic regime likewise 

produced a similar semicircular response and converged to a real 

low-frequency resistance, Rcross, as ω → 0 ( Figure S20). This finite 
low-frequency limit has direct physical significance: by definition, a 

finite Rcross means that a voltage perturbation applied to WE1 pro-

duces a finite current response at WE2 even in the low -fre-
quency/DC limit. Thus, in the Faradaic regime, perturbing WE1 can 

change the steady-state current at WE2 through potential-mediated 

coupling. Figure S 21 further shows the continuous evolution of 

Z cross from the second-quadrant response in the double-layer region 

to the first-quadrant semicircular response in the OER regime. The 

agreement between the analytical prediction and experimental ob-

servations in both the double-layer and Faradaic regimes supports 
the conclusion that the apparent through-solution conduction re-

sponse arises from potential-mediated coupling. 

To further test this scenario, we compared the experimentally es-

timated shift in φS
WE2 induced by the voltage perturbation applied to 

WE1 (ΔφS
WE2) with the calculated values obtained from COMSOL 

simulations for the disconnected FeOxH y system (Figure S22, Note 

S5). The experimental estimate was obtained from the measured Rct 

and Rcross values using a small-signal approximation which relates the 
WE2 current response to the change in the local interfacial potential 

at WE2 (see Note S5 for derivation): 

|∆𝜑WE2
S | ≈ ∆𝑉WE1 ⋅

𝑅ct

𝑅cross

(5) 

In the COMSOL simulations, ΔφS
WE2 was obtained by comparing 

the electrolyte-phase potential at the WE2 surface with and without 

a voltage perturbation applied to WE1. The experimentally inferred 

and simulated ΔφS
WE2 values were of the same order of magnitude 

(Figure S22d) , supporting that a potential perturbation at WE1 can 

modulate the interfacial potential at WE2 through the electrolyte 

under OER operating conditions. Additional COMSOL simulations 
further showed that increasing the IDA gap width progressively re-

duced both the WE1-induced solution-potential perturbation near 

WE2 and the resulting WE2 Faradaic current modulation (Figure 

S23), demonstrating the geometry dependence of potential-medi-
ated coupling. Taken together, these results support potential-medi-

ated coupling as the origin of the apparent WE1–WE2 conduction 



response. Although this response does not represent direct elec-
tronic conduction through the solution, it is experimentally mani-

fested as a conduction-like WE1–WE2 response. For consistency 

with the terminology used in the previous section, we continue to 

refer to this potential-mediated contribution as “through-solution 

conduction.” 

Having established that ΔVWE1 can modulate φS
WE2, we next sought 

a quantitative relationship to estimate and subtract the resulting 
through-solution contribution from the measured apparent conduc-

tivity response and thereby obtain a corrected estimate of the effec-

tive conductivity of heterogeneous electrocatalysts. T he analytical 

derivation of the potential-mediated coupling model shows that, in 

the low-frequency limit, Rcross depends on the charge-transfer re-

sistance Rct (denoted as ROER  for OEC measurements) according to 

the quadratic functional form (Note S4) : 

𝑅cross = 𝐴𝑅ct
2 + 𝐵𝑅ct + 𝐶 (6) 

where A,B, and C  are coefficients determined by fitting experimental 

data. This quadratic dependence agrees well with the experimental 
data obtained from both the homogeneous HER and OER systems 

described above, with R2 values close to unity (Note S6, Figure 

S24) . This relationship provides the basis for estimating the 

through-solution contribution from the measured Rct. 

 

 

Figure 5. (a) Schematic illustration of the parallel conduction pathways: 

through-solution and through-film, both contributing to the measured 
apparent current. (b) Apparent film conductivity, estimated through-so-

lution conductivity, and corrected effective film conductivity of con-
nected FeOxH y as a function of applied potential. Shaded regions repre-

sent standard deviations obtained by uncertainty propagation. 

 

 

We then revisited the conductivity measurements for FeOxH y 

films presented in Figure 3. T he measured WE1–WE2 response 

contains a substantial through-solution contribution and therefore 

does not solely reflect through-film conduction. Therefore, this con-

tribution must be estimated and subtracted to obtain a corrected es-
timate of the effective film conductivity. By modeling the through-

film and through-solution pathways as parallel resistors (Figure 5a), 

the corrected film resistance (Rfilm,corr) can be estimated from the ap-

parent film resistance (Rfilm,app) as follows (Note S6):  

1

𝑅film,corr

=
1

𝑅film,app

−
1

𝑅cross

(7) 

When the intrinsic film conductivity is sufficiently low, as in the 

case of FeO xH y, the apparent WE1–WE2 conduction signal meas-

ured by either conventional IDA-DC or FT -ESDIS can be domi-

nated by through-solution conduction rather than through-film 

transport. Unlike conventional IDA-DC measurements, however, 

FT -ESDIS simultaneously provides the corresponding Rct (or ROER ) , 

enabling this contribution to be subtracted from the apparent re-

sponse. To  correct for this through-solution conduction contribu-
tion when evaluating poorly conductive “connected” films, we ap-

plied a two-step correction procedure. First, we determined the co-

efficients A, B, and C  by fitting the Rcross and Rct values obtained from 
the “disconnected” reference film, which excludes any through-film 

conduction, to the theoretically predicted quadratic relationship 

Rcross = ARct
2 + BRct + C  (Figure S2 5) . Second, we substituted the 

measured Rct of the “connected” film into this established equation 

to calculate its corresponding Rcross, allowing us to estimate Rfilm,corr 

using Equation 7 (Note S6).  

Using the relationship σ = d/( RA)  to convert resistance to effec-

tive conductivity, Equation 7 can be rewritten as: 

𝜎film,corr = 𝜎film,app − 𝜎cross (8) 

where σfilm,corr, σfilm,app, and σcross denote the corrected effective film 
conductivity, apparent film conductivity, and through-solution con-

ductivity, respectively. Figure 5b shows these three parameters for 

the connected FeO xH y film. Notably, σfilm,app is largely dominated by 

σcross, indicating that the uncorrected, apparent conductivity of 

FeO xH y primarily reflects an artifact arising from the through-solu-

tion conduction rather than film-mediated conduction. Further-

more, while both σfilm,app and σcross increase markedly with applied po-

tential, σfilm,corr exhibits a substantially weaker potential dependence, 
especially after ~1.8 V vs RHE. Although previous reports attributed 

the potential-dependent conductivity increase of FeO xH y to the for-

mation of high-valent Fe species,23,24,41 the data in Figure 5b suggest 

that most of this trend may instead reflect potential-dependent 
through-solution conduction rather than a genuine enhancement of 

the material’s intrinsic electrical conductivity. 

Nevertheless, because the corrected conductivity is obtained by 
subtracting two comparable contributions, its absolute magnitude 

and residual potential dependence should be regarded as estimates 

rather than exact values. The calibration process may also be sensi-

tive to differences in catalyst morphology, surface coverage, and in-
terfacial properties between the connected and disconnected films. 

Accordingly, the resulting empirical coefficients are most appropri-

ately applied within the same catalyst system and IDA geometry, 
with the connected and disconnected films prepared under compa-

rable conditions. Quantitatively resolving the effects of the remain-

ing morphological differences will require further systematic investi-

gation. The remaining potential-dependent response may arise from 



genuine through-film transport, potentially involving redox-medi-
ated hopping associated with high-valent Fe species, although resid-

ual artifactual contributions cannot be excluded. 

This distinction has important implications for interpreting cata-

lyst utilization in FeO xH y films under OER conditions. If σfilm,corr pro-

vides a reasonable estimate of the intrinsic film conductivity, elec-

tronic transport through the catalyst film may be strongly limited 

even at high overpotentials, implying that only a portion of the de-
posited film, rather than the entire porous film, is electronically ac-

cessible during catalysis (Figure 3b) .34,35 Th erefore, to fully utilize 

the catalytic capacity of poorly conductive electrocatalysts, electron-

ically conductive components should be incorporated to expand the 
electrically accessible—and thus potentially electrochemically ac-

tive—region of the catalyst layer. 

To assess whether the through-solution artifact identified for 

FeO xH y also contributes to apparent conductivity measurements of 

other resistive OECs, we extended our investigation to electrode-

posited MnOxH y. Previous studies reported that the conductivity of 

MnOxH y becomes measurable near the OER onset, analogous to 

FeO xH y, with reported values remaining in a similarly low-conduc-

tivity range.24 During our FT -ESDIS conductivity measurements, 
large anodic peaks were observed at approximately 1.0 V and 1.4 V 

vs. RHE, followed by the physical detachment of the catalyst film 

from the electrode surface (Figures S26 and S27). Th ese peaks dis-
appeared after detachment, and no evidence of electrical connectiv-

ity between the two IDA fingers was detected in the CV, even under 

excess catalyst loading (Figures S26 and S28a). This loss of film 

connectivity precluded the connected/disconnected analysis and 

therefore prevented quantitative correction of the MnOxH y film con-

ductivity. Nevertheless, a potential-dependent apparent conductiv-

ity increase was still recorded via FT-ESDIS in the high-overpoten-

tial region, similar to that observed for FeOxH y (Figure S28b). The 
persistence of this response despite the absence of electrical connec-

tivity through the MnOxH y film indicates that the measured signal 

cannot originate from through-film conduction and instead pre-
dominantly reflects through-solution conduction. These results also 

suggest that previously reported onset-associated conductivity in-

creases for MnOxH y may likewise have arisen from the through-so-

lution artifact. 

Taken together, these results demonstrate that for poorly conduc-

tive catalyst films, apparent conductivity values obtained by conven-

tional IDA-DC methods may not reflect the intrinsic film conductiv-
ity, as the measured signal can be substantially contaminated by 

through-solution conduction. While σfilm,corr obtained here represents 

a corrected estimate rather than an absolute intrinsic conductivity, it 
provides a more physically grounded basis for assessing film conduc-

tivity in poorly conductive OECs under operating conditions. More-

over, this information offers practical insight into how resistive 
transport may limit electronic accessibility and catalyst utilization in 

thick catalyst layers encountered in practical electrocatalytic devices. 

 

3. CONCLUSION  

In this study, we developed FT-ESDIS for the simultaneous, time-

resolved measurement of catalytic activity and catalyst-film conduc-

tivity under operating conditions. By replacing the conventional DC 

offset with a multisine AC perturbation, FT-ESDIS enables the de-

coupled evaluation of Rct and film conductivity even at high overpo-

tentials and current densities. Using Fe incorporation into NiOxH y 
as a model process, we demonstrated that FT-ESDIS resolves the 

distinct temporal evolution of catalytic activation and effective film 
conductivity. These results establish conductivity as a valuable de-

scriptor of the catalyst bulk state and its dynamic evolution during 

operation. 

Furthermore, FT -ESDIS revealed that conductivity values re-
ported for poorly conductive catalysts can be substantially overesti-

mated when through-solution conduction is interpreted as intrinsic 

through-film transport. This artifact was observed even in the ab-
sence of a physically connected catalyst film and was shown to follow 

a strong Rct-dependent scaling, which can be rationalized by a poten-

tial-mediated coupling mechanism. Leveraging this relationship, we 

established a correction protocol to estimate and subtract the 
through-solution contribution, thereby obtaining a corrected esti-

mate of the film conductivity of highly resistive catalysts such as 

FeO xH y. In contrast to previously reported conductivity trends, the 

corrected  effective film conductivity, σfilm,corr, of FeOxH y exhibits sub-

stantially weaker potential dependence than the apparent conduc-

tivity, indicating that most of the previously observed potential-de-
pendent increase arises from through-solution coupling. Accord-

ingly, although this increase has been attributed to charge transport 

involving high-valent Fe species, our results indicate that the contri-
bution of this mechanism has likely been substantially overestimated 

in previous studies based on uncorrected conductivity measure-

ments. These findings suggest that, for poorly conductive catalyst 

matrices, changes in metal oxidation state alone may be insufficient 
to substantially enhance charge transport throughout the catalyst 

layer. Thus, incorporating electronically conductive additives may 

be necessary to improve the utilization of porous electrocatalyst ma-

trices. Overall, this study provides an operando framework for disen-
tangling catalytic kinetics, film conduction, and electrolyte-medi-

ated artifacts in porous electrocatalysts. 
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