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Abstract 

A method to enable in place measurements of the mass transport resistance for platinum 

group metal (PGM)-free polymer electrolyte fuel cell electrodes is presented. Thin platinum 

black layers deposited at the membrane interface served as electrochemical sensors, 

performing hydrogen oxidation, for hydrogen probe gas molecules while PGM-free catalyst 

materials, being electro-inactive to hydrogen oxidation, were probed for mass transport 

resistance through the full layer. Theoretical considerations, assumptions, and future 

applications of the methodology are discussed. The method is demonstrated on catalyst 

layers fabricated from a commercially available PGM-free oxygen reduction catalyst. 

Effective diffusivity measurements using hydrogen were made which were then used to 

estimate the effective diffusivity of air of the full layer without the confounding effect of 

electrode flooding. This method complements alternative techniques such as mercury 

porosimetry or x-ray computed tomography and can be easily adopted by research groups 
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everywhere to study MEA-level properties of PGM-free catalyst layers and accelerate the 

development and deployment of PGM-free PEFCs. 

Keywords: PGM-free electrocatalyst, PGM-free electrode, electrode transport resistance, 

hydrogen limiting current 

1 INTRODUCTION 

Polymer electrolyte fuel cells (PEFC) can replace internal combustion engines, electrify the long-range 

transportation sector, and avert harmful aerosol pollution in cities, particularly in non-attainment areas. 

PEFCs with platinum group metal (PGM) catalysts can meet performance targets but still remain too 

expensive to achieve cost targets and widespread market penetration1. Alternatively, PGM-free PEFCs can 

already meet cost targets and may reach performance targets with additional development. For example, 

a recent report by Banham et al. showed that an Fe-N-C catalyst was able to meet the US Department of 

Energy specified performance targets for stationary power applications2. The fact that the precise nature 

of the oxygen reduction reaction (ORR) active site in Fe-N-C remains incompletely understood3 suggests 

that possible improvement in PGM-free devices remains unrealized and that these materials may 

eventually achieve transportation application performance targets. A vast array of possible catalysts are 

being considered4,5 but pyrolyzed, atomically-dispersed Fe/Co/Mn-N-C materials are believed to be the 

most promising PGM-free catalysts and research into novel syntheses for tailoring materials and devices 

at atomic-, micro-, meso-, and macro-scales is currently underway.3,6   
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Improvements in turn-over frequency and active-site density are necessary for a competitive, high-power 

density device. Accordingly, PGM-free PEFC research has largely focused on catalyst development 

assessed via oxygen reduction reaction (ORR) activity in half-cells with less attention paid to electrode 

development and membrane electrode assembly (MEA) integration. However, ORR activity is necessary 

but insufficient for a high-performance device and researchers have pointed out that the intrinsically 

lower volumetric activity of PGM-free catalyst (cf. PGM) obliges increased areal catalyst loading to reduce 

the kinetic overpotential of the cell.7 Unfortunately, increasing catalyst loading concomitantly increases 

electrode thickness and may reduce electrode porosity. Both of these changes to the electrode layer 

increase the concentration overpotential of the cell by increasing the effective transport path lengths for 

oxygen diffusion and proton conduction, assuming full electrode utilization.8 Moreover, without precise 

control of the electrode microstructure during fabrication, inhomogeneities could reduce the areal 

density of percolating channels for gas transport and water removal. These challenges have been 

reviewed recently in literature. Martinez et al. discussed the disparity between PGM-free microstructures 

of RDE-deposited electrodes and MEA-integrated electrodes, emphasizing the need for in situ MEA 

characterization.6 Wu emphasized the need for advanced synthesis routes with greater attention toward 

choice of precursor molecules that could ultimately result in electrode improvements across all length 

scales.3 In an exemplary step forward, Chung et al. hybridized polyaniline (PANI) and cyanamide (CM) 

precursors to generate a hierarchical electrode with high porosity and substantial meso- and macro-pore 

structure.9 Their catalyst performed nearly as well as Pt/C in an H2-air full cell which they attributed largely 

to the high porosity and well-connected pore structure of the electrode. Li et al. also ascribed the 

impressive device-level performance of their MOF-derived catalyst to a large and well-percolating 

secondary pore structure, including access to micropores which are believed to contain the active sites.10 

Babu et al. used agglomerate modeling and x-ray CT imaging to demonstrate the importance of cathode 

layer thickness optimization and especially, precise control of the ionomer network via control of catalyst 
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particle morphology.11 Pavlicek et al. varied the oxygen carrier gas in diffusion experiments to show that 

limitations of the catalyst layer were the primary source of mass-transfer cell losses.12 

Consensus has developed within the PGM-free community that successful PGM-free PEFC development 

must include device-level studies and microstructure optimization, especially for minimizing the 

concentration overpotential in the thick PGM-free electrode layers. Specifically, the community would 

benefit greatly from diagnostics capable of deconvoluting specific contributions to mass-transfer 

resistances such as macro-pore, micro-pore resistance, local resistance very close to the surface of 

catalytic nanoparticles, and resistance from flooding effects, particularly important for high power density 

operation. This would be especially useful to complement alternative techniques such as mercury 

intrusion porosimetry (MIP) or x-ray computed tomography (XCT).13,14  MIP cannot measure dead-end 

pores and may alter the true morphology of PEFC electrodes during measurement due to high capillary 

pressure required to induce mercury breakthrough/percolation through small pore throat. XCT 

morphology is obtained at zero electrode hydration and cannot resolve microporosity and some meso-

porosity. Toward this end, this report builds upon previous work that has utilized limiting current 

measurements to characterize operando mass transport resistances in fuel cell materials. Baker et al. and 

Beuscher first suggested the use of limiting current for mass transport characterization in 2006.15,16 The 

technique has been developed over the past decade for measurement, deconvolution, and quantification 

of the discrete contributions to the concentration overpotential, often expressed as a mass transport 

resistance, arising from constituent materials and cell components.15,17,18,19,20,21,22 Quantifying these 

contributions can both benchmark and improve understanding of the physical differences between 

electrodes fabricates by different methods. In this work, we extend the capability of characterizing mass 

transport resistances via a new and complementary approach integrating a platinum black (PtB) sensor 

layer into the membrane electrode assembly (MEA). The PtB sensor platform enables determination of 

mass transport resistance through the entire electrode thickness in PGM-free catalyst layers using a 
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transport probe molecule that reacts at the boundary of the porous catalyst layer, not inside of it. This 

measurement can be thought of as similar to a measurement taken using a Graham cell or a Loschmidt 

cell.23 For example, Pant et al. and Mangal et al. performed full-layer mass transport experiments of gas 

diffusion media using a set up similar to a Graham cell al.24,25 Cekmer et al. used a Loschmidt diffusion cell 

to characterize diffusion media and made significant contributions to the analysis of experimental 

results.26 Yu and Carter measured in-plane effective diffusivity of humid air in platinum-containing fuel 

cell electrode layers using a modified dual-channel flow field, somewhat similar to a Loschmidt cell.27 The 

measurements presented in this work were taken on PGM-free electrode layers that were integrated into 

MEAs and operated in fuel cell hardware under nearly-realistic cell conditions including realistic cell 

compression, relative humidity, backpressure, and temperature. To the best of our knowledge, this work 

reports the first measurements of effective diffusivity of a PGM-free electrode layer. 

Section 2 describes the theory and experimental set up, Section 3 describes the workup and validation 

experiments that were performed, followed by transport characterization of an Fe-N-C electrode layer 

and relevant discussion. Section 4 offers conclusions from the findings of this work. 

2 THEORY AND EXPERIMENTAL DETAILS 

2.1 CELL CONFIGURATION 

Sensor-integrated cells were fabricated in various “sandwich” assembly arrangements of materials. PGM-

free catalyst material layers are referred to as target layers (TL) in this work. The assembly also includes 

diffusion media (DM), a proton exchange membrane (PEM), a carbon-supported platinum electrode layer 

as reference electrode (REF), and a thin (ca. 500 nm), PtB sensor layer. In all transport characterization 

measurements, the PtB layer functioned as the working electrode (WE) while the PGM-free layer was the 

TL. The WE side of the cell, the TL specifically, was the primary subject of mass transport characterization. 
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A graphic of the primary assembly used in this report is shown in Figure 1. Flow field channels are 

unlabeled but are shown on both ends of the assembly as they were compressed within fuel cell hardware. 

 

Figure 1 – example of cell assembly fabricated with integrated platinum black sensor and PGM-free target layer.  

A crucial distinction from most previous limiting current analysis research was that hydrogen was used as 

the molecular probe for mass transport resistance instead of oxygen. The use of hydrogen as probe 

molecule in a PEFC limiting current study appears to have been first reported by Hwang and Weber for 

investigating gas diffusion media.28 Spingler. et al. later used hydrogen and deuterium in a limiting current 

study to confirm that CCL platinum loading was inversely related to total transport resistance in the CCL21 

lending greater support to the platinum-ionomer local mass transport resistance hypothesis.29 In contrast 

to their study, the PGM-free catalysts used in this work are not electrochemically active to hydrogen at 

the operating conditions of interest (addressed in section 3.1.1). Accordingly, the TL for transport 

investigation did not participate in electrochemical reactions which circumvented a fundamental problem 

of the transport-resistor-in-series model that past work has relied on.18 In the case of thick catalyst layers, 

especially true for PGM-free layers, the geometric area-averaged one-dimensional effective path length 

of gas phase mass transport must be treated as a high variance distribution as compared to a near-

constant for very thin layers such as conventional platinum nanoparticles supported on carbon black. The 

corresponding transport-resistor-in-series model then becomes a transmission-line model but in an 

arrangement that is unquantifiable without extensive knowledge of the pore network and ionomer 

distribution in the PGM-free electrode. For example, in a related, foundational analysis, Nonoyama et al. 
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assumed a uniform reaction distribution in a Pt/C electrode (ca. 10 μm) and an effective electrode 

thickness of one-third the total thickness corresponding to a uniformly distributed transmission-line 

model.19 However, this assumption does not necessarily hold for the thicker layers (ca. 100 μm) used in 

PGM-free catalysts. Through the approach developed in this paper, the gaseous reactant transport 

resistance of the entire target layer becomes accessible while relaxing the underlying assumption of 

reactant distribution. Previous measurements in Graham and Loschmidt cells do not include the effects 

of realistic compression, humidity, or temperature. This offers a complementary approach for quantifying 

the transport resistance of full PGM-free catalyst layers. In nearly all experiments, the cell was operated 

at differential conditions such that the reactant concentration gradient down the channel was negligible. 

2.2 MASS TRANSPORT RESISTANCE THEORY 

For limiting current tests, 5% H2 gas (balance N2) was delivered to both sides of the cell. Applying a positive 

potential difference across the cell promotes the hydrogen oxidation reaction (HOR) at the WE and the 

hydrogen evolution reaction (HER) at the REF. The electrochemical half-reactions are given in Equations 1 

and 2. 

 H2 → 2H+ + 2e−     (HOR) (1) 

 2H+ + 2e− → H2     (HER) (2) 

The cell’s current density, 𝑖𝑖𝑑𝑑, is proportional to the flux of hydrogen at the surface of the WE according to 

Faraday’s law.30 

 𝑖𝑖𝑑𝑑 = 𝑛𝑛𝑛𝑛𝑵𝑵𝐻𝐻2   (3) 

𝑛𝑛  is the number of electrons transferred by reaction, 𝐹𝐹  is Faraday’s constant, and 𝑵𝑵𝐻𝐻2  is the molar 

hydrogen flux. The hydrogen flux in the through-plane direction at steady state and slow scan rates is 

approximately equal everywhere due to the aspect ratios of cell components, the sandwich construction 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



8 

of the cell, and differential conditions used. With this condition satisfied, a concentration difference-

driven mass transfer process can be assumed between the flow field channel and the surface of the WE. 

𝑵𝑵𝐻𝐻2 =
1

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
�𝐶𝐶𝐻𝐻2,𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐶𝐶𝐻𝐻2,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� (4) 

𝐶𝐶𝐻𝐻2,𝑥𝑥 is the H2 concentration at location 𝑥𝑥 in the through-plane and 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is an overall or “total” mass 

transfer resistance, the reciprocal of mass transfer admittance. When current is drawn until HOR becomes 

diffusion-limited, the hydrogen concentration at the surface of the WE vanishes. Thus, with uniform 

hydrogen flux everywhere and uniform down-the-channel concentration, the hydrogen concentration 

gradient in the through-plane arise from variations in 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 . To quantify transport resistances of 

individual components and processes in the cell, 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 can be written as a combination of serial and/or 

parallel resistances representing each component and/or material in the cell assembly. In this work, the 

components (TL and DM) were arranged in serial and 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 was given by Equation 5. 

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �𝑅𝑅𝑗𝑗
𝑗𝑗

 (5) 

Subscript 𝑗𝑗 in Equation 5 denotes the components of the assembly on the cathode side including diffusion 

media and target material layers. In contrast to studies using oxygen limiting current,20 water and heat 

generation do not confound the measurement. Combining Equations (3) and (4), 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is written as in 

Equation 6. All measured crossover and background current densities were small (<10 mA cm-2) as 

compared to the observed limiting current densities (200 – 1000 mA cm-2) and were thereby ignored in 

this work. 

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑛𝑛𝑛𝑛𝐶𝐶𝐻𝐻2,𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑖𝑖𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙
  (6) 
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2.3 MATERIALS AND ELECTRODE FABRICATION 

All cells were fabricated using Nafion 211 membranes (DuPont) and 060 carbon paper diffusion media 

with 5% wet-proofing (Toray). All electrodes were deposited with a Sonotek ExactaCoat OP3 in an 

alternating horizontal and vertical raster pattern. Platinum black (TKK) sensor layers were fabricated from 

inks of 4:3 ratio deionized water to n- propanol with catalyst mass concentration of ~4 mgcatalyst per mLink. 

PtB layer catalyst loadings were ~0.8 mgPt cm-2 verified by x-ray fluorescence on a Fisher XDV-SDD. The 

PtB inks excluded ionomer because testing showed no proton transport limitations (see Figure S3). This 

also avoided the possibility of PtB poisoning via sulfonate side-chain adsorption. REF electrodes were 

fabricated from inks containing platinum on high surface area carbon (TEC10V50E, TKK) with 5 wt% Nafion 

ionomer dispersion (DuPont DE2020, Ion Power) at 0.9 ionomer to carbon ratio and 4:3 ratio deionized 

water to n-propanol. Nominal REF catalyst loadings were 0.2 mgPt cm-2 also verified by x-ray fluorescence. 

The PGM-free material used for the TLs was a state-of-the-art commercial Fe-N-C catalyst (PMF-11904, 

10 nm pore size, Pajarito Power, LLC). TL inks were 2:1 mixtures of n-propanol to deionized water with 

catalyst concentration of ~8 mg per mL. The desired mass of ionomer (Dupont DE2020, Ion Power Inc.) 

was added to obtain either 30 or 45 wt% in the TLs. 7 mil virgin skived PTFE gaskets (Enflo) sealed the 

active area. The cell was joined by eight bolts spaced by Bellville washers and hand-torqued to 4.5 N m 

for a nominal DM compression of 20%. 18 MΩ cm deionized water and ultra-high purity gases (Airgas) 

were used for all experiments.  

2.4 SCANNING ELECTRON MICROSCOPY 

Cross-sectional and surface images were collected by scanning electron microscopy (SEM). A liquid 

nitrogen freeze fracture method was used for cross-sectional images. Mean target layer thickness was 

determined as the mean of more than 10 measurements taken randomly along the length of the cross-

sectional images. Thickness values and their standard deviations are reported in Table 2 in the Results 
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section. All electron micrographs were collected on a JEOL JSM-7000F SEM. An example of a cross-

sectional image is shown in Figure 2. The sample imaged in Figure 2 is comprised of, from bottom to top, 

a Pt/C reference electrode, a proton exchange membrane, a platinum black sensor layer, and an Fe-N-C 

material layer. 

 

Figure 2 - Example of a cross-sectional image taken for thickness measurement. From bottom to top, the layers are: a REF 

electrode, a proton exchange membrane, a platinum black sensor layer, and an Fe-N-C material layer. 

Fe-N-C layers deposited onto the PtB sensor versus deposited directly onto a PEM were qualitatively 

assessed, via imaging, for morphological differences. Although a unique interface exists between the Fe-

N-C material and PtB which would not exist in an operando cell, there were no differences in bulk 

morphology observed between target layers deposited onto polymer substrates or PtB substrates.  

Because target layers will range from ~40-100 μm, any influence upon the final microstructure of the 

target layer will likely be confined to the interface between the target layer and the PtB sensor and will 

not affect the transport of gas through the bulk. 
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2.5 CELL TESTING  

Limiting currents were measured by cyclic voltammetry (CV) with dilute feeds of hydrogen balanced in 

nitrogen. Three sweeps were collected and the third sweep, undifferentiated from the second sweep, was 

considered the limiting current value. CVs were collected under both H2/N2 and dilute H2/H2 

environments. A Teledyne Medusa test stand controlled cell temperature, pressure, gas flows, and inlet 

gas humidity and a Metrohm Autolab 302N potetiostat/galvanostat was used for collecting all 

electrochemical data. Specialized flow fields were used in order to create differential conditions for the 

limiting current measurement. Dimensions and images of the flow fields are provided in previous work.18   

3 RESULTS & DISCUSSION 

3.1 VALIDATION OF PLATINUM BLACK SENSOR PLATFORM 

To ensure consistent limiting current measurements and correct ascription of transport resistances to the 

target material layers, the platinum black sensor must produce a well-defined limiting current 

measurement and remain stable and predictable over the course of testing. The PtB sensors used in this 

work were similar to electrode layers used in prior-generation phosphoric acid fuel cells and PEFCs, before 

the widespread adoption of carbon supported platinum electrodes. PEFC research activities spanning the 

1980’s and 1990’s demonstrated robust PtB electrodes during typical operation.31,32 Benchmarks for the 

time frame and operational conditions for sensor stability can be drawn from durability experiments in 

these systems. For example, Ralph et al. demonstrated that platinum black electrodes (anode and 

cathode) were stable under ORR operation in MEAs over hundreds of hours of steady-state operation.33,34 

More recently, Chen et al. performed a common accelerated stress test on a platinum black (E-TEK) 

electrode in half-cell configuration and showed no change in ECSA after 50 cycles and <5% ECSA loss after 

100 cycles.35 In studies using hydrogen reformed from methane, trace organics and CO can poison the 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



12 
 

platinum however, use of ultra-high purity gases for the sensor experiments in this work ensured 

negligible catalyst poisoning and contamination error from the reactant streams. 

3.1.1 Electrochemical Stability 

PtB layer electrochemical (HOR) stability was validated to ensure that limiting current measured in sensor-

and-PGM-free layer-integrated cells were not caused by sensor-degradation related artifact. A cell was 

built with a PtB layer and one DM. A diagnostic test was applied to this cell before and after the battery 

of experiments taken to collect mass transport resistance properties. The diagnostic test was an anodic 

linear sweep voltammogram at varying scan rate from 0.05 V up to 0.8 V taken at the following cell 

conditions: Tcell = 80 °C, 85 RH, 600 sccm 5% H2 at the REF, and 600 sccm 5% H2 at the WE. Due to the low 

H2 percentage used and modest flowrates used, the cell was not operated under differential condition for 

these experiments whereas limiting currents in subsequent sections were measured under differential 

conditions. To more easily visualize the limiting current densities and extract accurate values, a power 

function of the form 𝛽𝛽1𝑥𝑥𝛽𝛽2 + 𝛽𝛽3, where 𝛽𝛽𝑖𝑖 were optimal parameters, was fit to the raw data by a trust-

region-reflective algorithm. In Figure 3, raw data points are plotted in muted color and the best-fit lines 

are plotted in bold color to highlight the limiting current. 
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Figure 3 – Diagnostic limiting current response of the platinum black working electrode in a sensor-only cell a) before and b) 

after experimentation at various scan rates. cell conditions: Tcell = 80 °C, 85 RH, Pcell = 150 kPa, 600 sccm 5% H2 at the REF, and 

600 sccm 5% H2 at the WE. 

The limiting current density response was slightly noisier after testing but was overall negligibly altered 

from its initial value after the battery of experiments. This demonstrated the sensor’s HOR stability after 

a representative set of tests as would be experienced by a cell during mass transport resistance testing. 

3.1.2 Platform Reproducibility and Non-TL Resistances 

To further validate the behavior of the PtB platform, determine the range of feasible operating conditions, 

and quantify non-TL resistances, a cell with a PtB sensor layer and DM but no target layer was assembled 

and tested. The cell was again operated at 80 °C but flow rates were increased to 2000 sccm and 5000 

sccm at the CE and WE, respectively, in order to ensure differential cell conditions. CVs were scanned at 

40 mV s-1 and collected three RH values (100, 90, and 75% RH) and four cell pressures for each RH 

condition (150, 200, 250, and 300 kPa). The limiting current density was reached at ~0.6 V in all cases. A 

50% RH condition was also tested but a mass-transport limited current density was not achieved even as 

the voltage was scanned as high as 0.8 V. Ohmic behavior was still observed at this potential which was 
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likely due to the inadequate humidity of the membrane and higher reactant channel concentration at the 

low RH value. Indeed, membrane resistance increased from ~80 mΩ cm2 to ~160 mΩ cm2 when decreasing 

from 75 RH to 50% RH (cf. Figure S2). Accordingly, limiting current density measurements were not 

considered below 75% RH. In Figure 4, raw data points are again plotted in muted color and the best-fit 

lines are plotted in bold color to highlight the limiting current density values. 

 

Figure 4 - Limiting current measurements for a standalone PtB sensor under a) 100 RH, b) 90 RH, and c) 75 RH. Limiting current 

density was collected at four cell pressures for each of three RH values. Raw data is shown in muted color with best-fit lines 

shown in bold to more easily visualize and aid in accurate extraction of the limiting current density value. Tcell = 80 °C, 2000 sccm 

5% H2 at the REF, and 5000 sccm 5% H2 at the WE. 

At each RH value, 𝑖𝑖𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙 scaled directly with pressure because reactant concentration in the channel scaled 

directly with pressure. The difference between 𝑖𝑖𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙 at 150 versus 300 kPa increased as RH increased. At 

high humidity, more of the total gas mixture was occupied by water vapor which resulted in a larger 

percent change of the reactant concentration at high vs. low humidity as pressure was increased. 

Specifically, at 100 RH, 𝐶𝐶𝐻𝐻2,𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  increases by ~250% (1.75 mol m-3 to 4.3 mol m-3) when increasing 

pressure from 150 to 300 kPa. In comparison, at 75 RH, 𝐶𝐶𝐻𝐻2,𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  increases by ~230% (1.95 mol m3 to 

4.5 mol m3). In contrast, the differences in limiting current observed as RH varied but pressure was held 

constant were small because 𝐶𝐶𝐻𝐻2,𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 decreased by only 5-10% when increasing RH from 75 to 100 RH. 

𝑖𝑖𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙 increased slightly with increasing RH which demonstrated that protonic resistance was small but 
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nontrivial at the high current densities drawn without the presence of a target layer. The effect of porosity 

reduction due to increased liquid saturation as RH increases was not specifically investigated although it 

was assumed to be a small effect at the operating conditions used in this work, specifically as water was 

never generated by electrochemical reaction.36 

The total transport resistances of ten PtB sensors from three separate catalyst inks were measured at 

three different RH values and four pressures. The measured currents, ~2 A cm-2 times 5 cm2 active area, 

were too large to ensure negligible concentration gradient down the channel according to stoichiometry, 

𝑆𝑆 = 𝑛𝑛𝐻𝐻2,𝑖𝑖𝑖𝑖𝐹𝐹/𝑖𝑖𝑑𝑑𝐴𝐴. Differential conditions assume 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑜𝑜𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 → 0 which are likely not met at these 

conditions, i.e., for 𝑆𝑆 ≈ 4. This introduces error into the transport resistance analysis for the sensor only 

experiments, a problem that does not arise for measurements with target layers (shown later in Section 

3.1.4). To correct for the gradient in channel concentration for cells without a target layer, a log-mean 

concentration profile was assumed between the inlet and outlet and a corrected average hydrogen 

concentration in the channel was written for the high currents drawn. The correction is written in Equation 

7 and a derivation is provided in the Electronic Supporting Information (ESI). 

 

𝐶𝐶𝐻𝐻2,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐶𝐶𝐻𝐻2,𝑖𝑖𝑖𝑖

�
𝑛̇𝑛𝐻𝐻2,𝑐𝑐𝑐𝑐𝑐𝑐
𝑛̇𝑛𝐻𝐻2,𝑖𝑖𝑖𝑖

�

ln �
𝑛̇𝑛𝐻𝐻2,𝑖𝑖𝑖𝑖

𝑛̇𝑛𝐻𝐻2,𝑖𝑖𝑖𝑖 − 𝑛̇𝑛𝐻𝐻2,𝑐𝑐𝑐𝑐𝑐𝑐
 �

  (7) 

The inlet molar flow of hydrogen, 𝑛̇𝑛𝐻𝐻2,𝑖𝑖𝑖𝑖 , was specified by choice of mass flow rate, reactant gas 

percentage, and process parameters. The consumption rate of hydrogen was determined by 𝑛̇𝑛𝐻𝐻2,𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑖𝑖𝑑𝑑𝐴𝐴/𝑛𝑛𝑛𝑛 with electron equivalent number, 𝑛𝑛  = 2 and active area, 𝐴𝐴  = 5 cm2. The corrected transport 

resistances are plotted in Figure 5. As first demonstrated by Baker et al.,15 pressure variation at a given 

RH was used to decouple the pressure-dependent and pressure-independent components of the total 

transport resistance.  
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Figure 5 – Corrected total transport resistances for the PtB|DM assembly. 

Each trial was fit by linear regression and the mean slope, < 𝜕𝜕𝑅𝑅𝑇𝑇/𝜕𝜕𝜕𝜕 >, of all samples was 0.14   s m-1 

kPa-1 with standard deviation, 𝜎𝜎  = 0.011. The mean pressure-independent component (the ordinate 

intercept), < 𝑅𝑅𝑇𝑇,𝑃𝑃→0 > , of all samples was -2.4 [s m-1] with 𝜎𝜎  = 1.3. The ten trials displayed highly 

reproducible behavior and anticipated limiting behavior of 𝑅𝑅𝑇𝑇 → 0 as 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 → 0. The approximately zero 

intercept demonstrated that both the platinum sensors and the diffusion media exhibited no pressure-

independent transport resistances and one highly reproducible pressure-dependent resistance from gas-

phase transport in the molecular regime (large pore diameter) DM. The DM resistance measured in this 

work was in excellent agreement with Nonoyama et al. who determined 𝑅𝑅𝐷𝐷𝐷𝐷 of 20 s m-1 at 80 °C, 150 kPa, 

and similar RH.19 Estimates of systematic and random error in the PtB platform also arose from the ten 

trials; one may assume approximately -4 s m-1 of systematic error due to the negative mean intercept 

value of -2.4 s m-1 (intercept plus one standard deviation). This was likely due to slight inaccuracy in the 

reactant channel concentration correction. Random error of the platform measurements was estimated 
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as ~5 s m-1 from the range of values obtained at a given RH among different trials. The mean slopes and 

intercepts of the plot in Figure 5 are shown in Table 1. 

 

 

Table 1 – Mean slope and intercept for each of the three RH values. 

Property 75 RH 90 RH 100 RH 

< 𝝏𝝏𝑹𝑹𝑻𝑻/𝝏𝝏𝝏𝝏 > 0.152 (𝜎𝜎 = 0.011) 0.142 (𝜎𝜎 = 0.008) 0.136 (𝜎𝜎 = 0.006) 

< 𝑹𝑹𝑻𝑻,𝑷𝑷→𝟎𝟎 > -2.72 (𝜎𝜎 = 1.46) -2.86 (𝜎𝜎 = 0.62) -1.83 (𝜎𝜎 = 1.19) 

 

Only slight differences in resistance were observed at different RH values. The pressure-independent 

component of the total transport resistance appeared to increase overall as RH increased but the effect 

was within error. Increasing RH increases liquid water saturation, reducing porosity and increasing gas-

phase mass transport resistance. However, studies of H2|O2 cells with similar diffusion media and RH but 

at very low or zero current density (such that no water was generated via ORR to contribute to the liquid 

water saturation) showed very small (ca. 0.01) saturation values consistent with the present study 

wherein HOR did not generate water.37,38 

3.1.3 Target Layer HOR Inactivity 

To ensure the PGM-free material used was HOR inactive, a cell was fabricated with a Fe-N-C WE at 2.0 mg 

cm-2 and without a PtB. 5% H2 was delivered to both sides of the cell and a voltammogram was collected 

(data shown in Figure S1). No oxidation signal was observed during the anodic sweep in the 0.05 – 0.8 V 

potential window across a range of relative humidity (RH) values and cell pressures demonstrating that 

the Fe-N-C material used was HOR inactive at the conditions of interest for the limiting current 
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measurements. This ensured that subsequent measurements in cells with PtB and TL could ascribe all 

Faradaic current to the PtB, not the TL, an essential requirement for Equation 6 to remain valid. 

3.1.4 Target Layer Thickness 

The mass transport resistance of an electrode is extensive; if electrode layer thickness doubles with all 

else equal, mass transport resistance will double. Engineering optimal electrode thickness is paramount 

to PGM-free electrode development due to the low intrinsic ORR activity and necessary high areal catalyst 

loadings as discussed in the introduction. To address this, high-resolution images were taken to quantify 

TL thicknesses and to ensure thicknesses were unchanged before and after testing 

Table 2 – Measured electrode thicknesses with standard deviations in parentheses. 

No. Thickness Ionomer Weight % Before / After Measured Thickness [um] 

1 Moderate 30% Before 48 (𝜎𝜎 =  5) 

2 Moderate 30% After 47 (𝜎𝜎 = 6) 

3 Moderate 45% After 46 (𝜎𝜎 = 5) 

4 High 30% After 91 (𝜎𝜎 = 4) 

 

Comparing electrodes #1 and #2 verified that electrode thickness was not appreciably altered due to the 

mass transport resistance testing applied. This is consistent with stability tests presented in section 3.1.2 

Platform Stability. Surface images of the PtB layer (not shown) were also taken to ensure morphology of 

both the PtB and TLs were not appreciably altered over the duration of testing although slight indentations 

were observed where diffusion media fibers made contact with the target layer. Cross-sectional imaging 

further verified that highly uniform PtB layers were deposited with 3±1 μm thickness. 
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3.2 MASS TRANSPORT RESISTANCE CHARACTERIZATION OF PGM-FREE LAYERS 

The PtB sensor platform was shown to be valid and robust. The platform method was applied to three 

target layers to assess variation across two critical variables in electrode development: ionomer weight 

percentage and electrode thickness. These correspond to electrode numbers 2, 3, and 4 from Section 

3.1.4. Due to the need for high oxygen turnover frequency in operando cells, large areal catalyst loadings, 

i.e., high thicknesses as described in the introduction, may be required. High ionomer weight percentages 

may also be required in order to provide a high areal density of percolating ionomer pathways for facile 

proton conduction and sufficient hydrophobicity for water removal. The full-layer, total transport 

resistances are plotted for all three target layers as functions of pressure and RH in Figure 6a. In order to 

isolate the transport resistance of the target layer alone, the transport resistances minus the average 

resistances of the PtB|DM platform at each pressure and RH condition (taken from Figure 5) are plotted 

in Figure 6b. 
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Figure 6 – a) total transport resistance of three target layers with diffusion media at varying RH and pressure and b) total 

transport resistance of three targets layers without diffusion media at varying RH and pressure 

Full-layer transport resistance increased significantly when doubling the TL thickness at constant ionomer 

wt% but increased considerably more when increasing ionomer wt% from 30% to 45% at constant 

thickness. The observed full-layer resistances qualitatively agreed with results from Yin et al. and Banham 

et al. who reported considerable improvements in high-current density performance when decreasing 

ionomer content from 55% to 25% (Yin et al.) and 40% to 35% (Banham et al.).39,2 Moreover, a detailed 

sensitivity analysis by Babu et al. showed that the ionomer behavior had a much larger effect on 

performance in the mass-transport regime than electrode thickness, just as was observed in the present 

results.11 Increasing the ionomer content from 30% to 45% at constant thickness increased the full-layer, 

gas-phase mass transport resistance by a factor of 3-4 at all conditions. It is important to note that this 

resistance does not include resistance that would arise in an operando cell from mass transfer specifically 
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toward catalytic sites that are likely embedded in micropores.40 Doubling the electrode thickness with 

equal ionomer content increased the transport resistance by ~50% but did not double as electrode 

thickness layer doubled.  

To better understand these results, note that resistance from macropores scales with pressure and 

manifests via the resistance-pressure relationship, i.e., the slope, 𝜕𝜕𝑅𝑅𝑇𝑇/𝜕𝜕𝜕𝜕, of the plot in Figure 6b) while 

resistance through micropores does not scale with pressure and manifests via the intercept, 𝑅𝑅𝑇𝑇,𝑃𝑃→0.41 The 

slopes and intercepts of the results from Figure 6b) were plotted in Figure 7. 

 

Figure 7 - Slopes and Intercepts from Figure 6b 

The comparative trends in slope and intercept for each target layer electrode are described in Table 3. 

Table 3 - Comparative trends in slope and intercept as RH was varied for the three electrodes. 

No. Symbol Thickness 
Ionomer 

Weight % 

Pressure-Dependent 

Resistance 

(𝝏𝝏𝑹𝑹𝑻𝑻/𝝏𝝏𝝏𝝏) 

Pressure-Independent 

Resistance 

(𝑹𝑹𝑻𝑻,𝑷𝑷→𝟎𝟎) 
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2  Moderate 30% low, constant low, slightly increasing 

3  Moderate 45% high, slightly increasing  high, slightly increasing  

4 
 High 30% 

low, increasing at high 

RH 

moderate, decreasing at high 

RH 

 

Increasing ionomer wt% from 30% to 45% (#2 → #3) led to a significant increase in both the intercept and 

the slope. Taken together, this implies that gas flux through both macropores and micropores were 

hindered by the increase of ionomer wt%. This was likely due to reduced target layer porosity as 

incorporation of additional ionomer is well-known to fill voids in porous electrodes as opposed to 

increasing electrode volume.42 A reduced macropore volume and reduced micropore volume would be 

consistent with the transport resistance results and known behavior of ionomer in porous electrodes. RH 

had a small effect on the individual electrodes and no significant relative effect between the two 

electrodes. As a principle for future electrode design, this may rule out ionomer swelling at high RH as an 

important factor in full-layer gas transport.43 However, ionomer swelling may still be an important 

consideration for other phenomena that were not probed by the integrated sensor measurements in this 

work such as reactant adsorption on the electrocatalyst. 

Increasing TL thickness from moderate to high thickness (#2 → #4), resulted in nearly double the intercept 

value and nearly equivalent slopes at sub-saturated humidity (<95 RH). However, as RH approached 100% 

RH, doubling TL thickness introduced an RH dependence in slope and inverted the scaling relationship of 

the intercept from direct to inverse proportionality. To help explain this, note that the pore size 

distribution (PSD) of the same Pajarito material prepared by a nearly identical method (spray coated with 

a Sono-Tek Exacta-Coat) was assessed in reports by Leonard et al. and Serov et al.44,45 In both cases, a 

nearly bi-modal pore radius distribution was determined for catalyst with ionomer exhibiting a narrow 
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peak at ~5 nm and a broad peak with maximum at ~100 nm. The broad peak was described as secondary 

porosity, pores between catalyst aggregates, while the narrow peak was described as primary porosity, 

i.e., intra-aggregate porosity. Consideration of the relevant transport regimes in the present system 

requires the mean free path of a dilute gas in a binary mixture. This is given by Equation (8) where 𝑛𝑛𝐻𝐻2  is 

the number density of hydrogen molecules, 𝜎𝜎 is the collisional cross-sectional area, and 𝑀𝑀𝑗𝑗 is the molar 

mass of species 𝑗𝑗.46 

 𝜆𝜆 =
1

𝑛𝑛𝐻𝐻2𝜎𝜎2𝜋𝜋�1 + 𝑀𝑀𝐻𝐻2/𝑀𝑀𝑁𝑁2
 (8) 

Using Equation (8), the Knudsen numbers, 𝐾𝐾𝐾𝐾 = 𝜆𝜆/𝑟𝑟, of dilute (5%) hydrogen in nitrogen at 80 °C and 150 

kPa for 5 nm and 100 nm pores, respectively, are 𝐾𝐾𝐾𝐾 = 11 and 𝐾𝐾𝐾𝐾 = 1. Accordingly, gas phase transport in 

the present system falls within the transition regime in both the primary and secondary pores. Assuming 

dependence on both porosity and tortuosity and a Bosanquet law for diffusive transport in the transition 

regime, the resistance of the TL can also be written as in Equation (9).47,48 

 𝑅𝑅𝑇𝑇𝑇𝑇 =
𝐿𝐿𝑇𝑇𝑇𝑇
𝐷𝐷𝑇𝑇𝑇𝑇eff

= 𝐿𝐿𝑇𝑇𝑇𝑇
𝜏𝜏
𝜀𝜀
�

1
𝐷𝐷𝐾𝐾

+
1
𝐷𝐷𝑚𝑚

� (9) 

𝐷𝐷𝑇𝑇𝑇𝑇effis the effective diffusivity of the TL, 𝐷𝐷𝐾𝐾 is the Knudsen diffusivity, 𝐷𝐷𝑚𝑚 is the molecular diffusivity, 𝜏𝜏 is 

the tortuosity, and 𝜀𝜀 is the porosity. Thus, if 𝐿𝐿𝑇𝑇𝑇𝑇 doubled while 𝑅𝑅𝑇𝑇𝑇𝑇 increased by only ~50%, 𝐷𝐷𝑇𝑇𝑇𝑇eff must 

have increased by ~33%. For single-variable dependence, i.e. sensitivity analysis, this would correspond 

to 33% decrease in 𝜏𝜏, 33% increase in 𝜀𝜀, or a 33% increase in either 𝐷𝐷𝐾𝐾 or 𝐷𝐷𝑚𝑚 (for 𝐷𝐷𝐾𝐾 ≅ 𝐷𝐷𝑚𝑚). Given the 

PSD and transition regime diffusion governing the TLs, the comparison between TLs #2 and #4 suggested 

that the molecular-type resistance resistance was increased while Knudsen-type resistance was 

decreased. Taken together, this suggests that the high thickness electrode was more substantially 

impacted by ionomer swelling whereby larger pore radii were reduced to smaller pore radii as would 

explain the reduction in micropore resistance concomitant with increase in macropore resistance. This is 
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consistent with the fact that PFSA ionomer very likely cannot impregnate the 5 nm micropores due to 

steric limitations.49 Instead, ionomer swelling in the secondary pore void space likely reduced moderate 

pore radii to smaller pore radii. Alternatively, these results could be explained by a hydrophobic catalyst 

layer. If the pores of the TL were overwhelmingly hydrophobic, large radius pores would preferentially fill 

with water before small pores.50  Indeed, thickness swelling of Nafion thin films have been measured as 

~15% at high RH.51,43 In contrast, if the pores were overwhelmingly hydrophilic, small pores would 

preferentially become liquid saturated. However, small, Nafion-free pores will likely be hydrophilic as they 

will be comprised of Fe-Nx sites and/or edge defects in the carbon matrix, i.e., containing terminal C-H 

bonds cf. extensive graphitic C-C bonds. The increase in TL thickness would also significantly increase the 

number of constrictive pore throats throughout the layer. These pore throats could have significantly 

hindered gas phase transport and would be consistent with the results in Figure 6. Although the exact 

nature of the trends observed in comparing TLs #2 and #4 were not conclusively resolved in this work, the 

overarching purpose of the platform was well-demonstrated as a viable platform for aiding in the 

deconvolution of such effects.  

From the measured transport resistances and target layer thicknesses, a form of effective oxygen 

diffusivity can be estimated. We assume Equation 9 holds and that the obstruction factor, 𝜀𝜀/𝜏𝜏 , is 

independent of the probe gas. The strategy is as follows: from 𝑅𝑅𝑇𝑇𝑇𝑇  and 𝐿𝐿𝑇𝑇𝑇𝑇 , we extract 𝐷𝐷𝑇𝑇𝑇𝑇,𝐻𝐻2
eff , the 

effective diffusivity of hydrogen probe gas in the target layer (see supplementary Table S1). The Knudsen 

and molecular diffusivities for hydrogen in a hydrogen-nitrogen-water vapor mixture are then estimated 

to obtain the intrinsic obstruction factor of the target layer. The diffusivities of oxygen in an oxygen-

nitrogen-water vapor mixture are then estimated and, in combination with the obstruction factor, used 

to extract the effective diffusivity of the target layer, 𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff , as if it were probed by air (21% O2 in N2, dry 

gas). Mathematically, 
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𝜀𝜀
𝜏𝜏

= 𝐷𝐷𝑇𝑇𝑇𝑇,𝐻𝐻2
eff �

1
𝐷𝐷𝐾𝐾𝐾𝐾,𝐻𝐻2

+
1

𝐷𝐷𝑚𝑚,𝐻𝐻2
� = 𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎

eff �
1

𝐷𝐷𝐾𝐾𝐾𝐾,𝑎𝑎𝑎𝑎𝑎𝑎
+

1
𝐷𝐷𝑚𝑚,𝑎𝑎𝑎𝑎𝑎𝑎

� (10) 

The Knudsen diffusivities are given by Equation 11. 

 𝐷𝐷𝐾𝐾𝐾𝐾 =
2〈𝑟𝑟〉

3
�8𝑅𝑅𝑅𝑅
𝜋𝜋𝜋𝜋

 (11) 

〈𝑟𝑟〉 is the average pore radius of the target layer and 𝑀𝑀 is the molar mass of the probe gas. The binary, 

molecular diffusivity of gas 𝑖𝑖 in gas 𝑗𝑗 can be determined by the Fuller, Schettler, Giddings correlation, 

given by Equation 12.52,41 

 𝐷𝐷𝐻𝐻2,𝑗𝑗 =
1 × 10−3𝑇𝑇1.75

𝑝𝑝�𝜈𝜈𝐻𝐻21 3⁄ + 𝜈𝜈𝑗𝑗1 3⁄ �2
��

1
𝑀𝑀𝐻𝐻2 

+
1
𝑀𝑀𝑗𝑗
� (12)  

𝜈𝜈𝑗𝑗 were the diffusional volumes, set equal to 6.1, 18.5, and 13.1 for H2, N2, and H2O, respectively.41 The 

diffusivity of the probe gas in the three-component mixture was determined by a linear mixture rule. 

 𝐷𝐷𝐻𝐻2,𝑚𝑚𝑚𝑚𝑚𝑚 = �
𝑥𝑥𝑁𝑁2
𝐷𝐷𝐻𝐻2,𝑁𝑁2

+
𝑥𝑥𝐻𝐻2𝑂𝑂
𝐷𝐷𝐻𝐻2,𝐻𝐻2𝑂𝑂

�
−1

 (13)  

𝑥𝑥𝑗𝑗 are the mole fractions and 𝐷𝐷𝑖𝑖,𝑗𝑗  are the binary diffusivities. A possible source of error emerges from 

choice of average pore radius of the layer, required for estimating Knudsen diffusivities. As discussed by 

Leonard et al. and Serov et al., the pore size distribution is nearly bi-modal with peaks at 5 nm and 100 

nm. However, the ratio of 𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff /𝐷𝐷𝑇𝑇𝑇𝑇,𝐻𝐻2

eff  only varies from 0.355 to 0.335 at 5 nm versus 100 nm, 

approximately 5% error. This is plotted in Figure 8. 
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Figure 8 - ratio of effective diffusivities of air to hydrogen probe gas versus average pore radius for 75 RH, 90 RH, and 100 RH. 

Interpolating linearly, the ratio 𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff /𝐷𝐷𝑇𝑇𝑇𝑇,𝐻𝐻2

eff  of 0.345 was used and the estimated effective diffusivities 

of air in the catalyst layers were tabulated in Table 4. 

Table 4 - Estimated air effective diffusivities as calculated from measured hydrogen effective diffusivities. 

No. Symbol 

Ionomer 

Weight  

% 

𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff   

75 RH  

[×10-6 m2 s-1] 

𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff   

90 RH  

[×10-6 m2 s-1] 

𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff   

100 RH 

[×10-6 m2 s-1] 

2  30% 0.75 0.62 0.56 

3  45% 0.18 0.16 0.15 

4  30% 1.00 0.88 0.74 

 

Crucially, 𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff  as measured here differs from the effective diffusivity when oxygen is used in an 

operando cell for two reasons: 1) the measurement in this work probed the full thickness of the target 

layer, bypassing local transport resistance very close to catalytic reaction sites and 2) because oxygen 

75 RH 
 

    90 RH 
100 RH 
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reduction (to water) did not take place, the mass-transfer resistance contribution from electrode flooding 

was avoided. In effect, 𝐷𝐷𝑇𝑇𝑇𝑇,𝑎𝑎𝑎𝑎𝑎𝑎
eff  is an estimate of the oxygen effective diffusivity of the PGM-free layer 

minus local transport resistance at the surface of reaction sites and minus resistance due to electrode 

flooding. Thus, with complementary measurements, this offers the ability to separate out and quantify 

these local and flooding resistances. 

To the best of our knowledge, this was the first in place measurement of effective diffusivity of a PGM-

free catalyst layer. The only reasonable comparison available is to Babu et al. who simulated diffusion in 

silico following nano-XCT imaging of a similar PGM-free layer.53 They used a catalyst material synthesized 

in house instead of the commercially available catalyst used in this work however, both were Fe-N-C 

materials. They determined an effective diffusivity of 1.90 ×  10-6 m2 s-1 for a 35% ionomer content 

electrode, about a factor of two larger than what was determined in this work. However, this could be 

explained by the fact that their catalyst layer morphology was determined/imaged under dry, vacuum 

conditions and therefore, their simulations were performed on dry catalyst layers. In contrast, the present 

catalyst layers were hydrated at various, realistic relative humidity values. Taken together, this constitutes 

possible, early evidence of a ca. 50% reduction in effective reactant diffusivity due to hydration. As a 

comparison to platinum-carbon fuel cell electrodes, Yu and Carter determined an effective oxygen 

diffusivity of approximately 6 × 10-7 m2 s-1 in the range of 80-100 RH and 1.0 ionomer to carbon ratio as 

compared to 0.9 ionomer to carbon ratio in this study. Although their value off effective diffusivity is very 

close to the value obtained in this work, the possibility for significant morphological distinction between 

carbon-supported platinum and Fe-N-C layers, and therefore, coincidence in the similarity of obtained 

values, should not be ignored. 
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4 CONCLUSIONS 

Improved device-level understanding of mass transport limitations in the CCL may help accelerate 

deployment of low cost, PGM-free PEFCs. Moreover, induction of fundamental structure-mass transport 

relationships of as-fabricated catalyst layers would be useful to guide ongoing research and development 

in both catalyst synthesis and membrane electrode assembly fabrication.54 This report detailed a 

complementary method for in place mass transport resistance characterization using an 

electrochemically-integrated PtB sensor platform that can be easily deployed by research groups 

everywhere.  

Proof-of-concept experiments performed on the three PGM-free target layers demonstrated a significant 

implication for electrode design. Gas phase mass flux was significantly hindered in the high ionomer 

content electrode layer, before encountering local resistance near catalyst sites. This suggests an 

important area of opportunity for researchers to address as an operando cell will exhibit an additional 

transport resistance in serial when reactant transport pathing proceeds toward catalyst sites. Moreover, 

this method complements other limiting current analyses that do not incorporate a PtB sensor and may 

help inform related measurements through deconvolution and quantification of individual contributions 

to mass transport resistance. For example, quantification of full-layer transport resistance in an electrode 

could be paired with operando resistance measurements to more accurately quantify contributions to 

electrode voltage losses such as reactant permeation through ionomer thin films and/or closure of pore 

throats due ionomer swelling or liquid water saturation and/or compare to advanced techniques such as 

x-ray nano-CT. 2,55,56,57 The ability to quantify individual mass-transfer resistance could also be utilized to 

assess the extent of various degradation modes in durability studies. 

Follow up studies in our group are currently underway utilizing this platform to help propose further 

design principles for electrode fabrication. Furthermore, other groups can adopt this platform, use it for 
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their own research, and continue to study and extend its capabilities and limitations. This can all help 

inform researchers how to best proceed with catalyst layer development and rationally learn which 

designs to rule out.  
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