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Abstract 

Improvements in polymer electrolyte fuel cell (PEFC) electrode performance have primarily focused on 

catalyst and ionomer developments, marginalizing the importance of catalyst ink formulation. Herein, 

the effect of ink formulation is examined across a series of cathodes comprised of PtCo supported on 

high surface area carbon (PtCo/HSC) and Nafion ionomer using an array of in situ electrochemical and ex 

situ characterization techniques. In contrast to prior work on Pt/Vu systems, ink water content had little 

effect on the electrochemically determined ionomer coverage for the PtCo/HSC electrocatalyst 

examined here.  Characterization using nano-scale resolution X-ray computed tomography (nano-CT) 

demonstrated that water-rich ink formulations lead to a reduction in aggregate size (ionomer + 

PtCo/HSC), improving local O2 transport. This understanding, combined with the use of a commercially-

available electrocatalyst was used to produced state-of-the-art membrane electrode assemblies with Pt 

loadings of 0.03/0.08 mgPt/cm2 on the anode and cathode respectively, having; i) > 1 A/mgPt (0.9 ViR-free, 

150 kPa, 80oC, 100% RH, H2/O2), ii) 320 mA/cm2 at 0.8 V, 150 kPa, 80 °C, 100% RH, H2/Air), and iii) > 1 

W/cm2
elec at rated power (0.67 V, 250 kPa, 94oC, 65% RH, H2/Air) or < 0.11 gPt/kWrated. 

  



Introduction 

Over the past several decades, significant advances in polymer electrolyte fuel cell (PEFC) 

performance and durability have enabled companies such as Toyota, Honda, and Hyundai to begin 

introducing hydrogen PEFC-powered vehicles into select markets. However, widespread 

commercialization is still impeded by the high cost of electrode components necessitating the 

development of cheaper and more efficient PEFCs. To spur further technological developments, the U.S. 

Department of Energy (DOE) has established ambitious performance targets for low-Pt loading PEFCs; i) 

mass activity >0.44 A/mgPt, ii) > 300 mA/cm2
elec at 0.8 V for H2/air operation, iii) > 1.8 W/cm2

elec at rated 

power, all in an MEA with less than 0.125 mg/cm2 total Pt loading [1]. 

To achieve these targets, three primary research pathways have emerged: (i) improved catalyst 

mass activity (A/mgPt) through electrocatalyst synthesis and/or post processing conditions [2–9], (ii) 

decreased oxygen transport resistance [10–13], occurring at or near the Pt reaction sites by improving Pt 

site location and accessibility, and (iii) incorporation of ionomers that improve conductivity (e.g. low EW 

ionomers) or modify the local electrocatalyst environment to enhance specific and mass activity [14–16]. 

While advancements have been plentiful, both in scientific understanding as well as PEFC performance, 

material improvements relating to any one of these focus areas tend to be discussed relative to their 

targeted focus, rather than in a broader context with membrane-electrode assembly (MEA) fabrication-

related variables such as catalyst ink formulation and processing and subsequent electrode deposition, 

cell assembly, and electrode conditioning, all of which have been previously demonstrated to greatly 

impact performance [17,18,27–31,19–26]. 

Proper integration of materials to enable high performing PEFC  operation has never been more 

crucial to realizing the individual improvements in electrocatalysts [32,33], supports [13,34–36], and 

ionomers [37,38]. Variables such as ink formulation (i.e., solvent identity and solvent ratios), processing 

method, ionomer chemistry, carbon morphology/porosity and even metal loading can impact the ink level 



interactions of the materials set and subsequently alter the final electrode structure [20,21,23,39]. The 

resulting electrode structure can in turn influence active site accessibility and ORR activity as well as 

oxygen transport resistance and electrode proton conductivity. Optimization of ink formulation and 

electrode structure is often an iterative process in which conclusions from in situ performance/diagnostics 

and ex situ characterization (e.g., microscopy and tomography) establish structure-property relationships 

and inform future developments. 

Previous reports have shown how changes in the ink solvent ratio impact ionomer-catalyst-

solvent interactions leading to different rheological, morphological, and interfacial phenomena, which 

impact electrode microstructure and performance. For Pt/Vulcan carbon (Pt/Vu)-containing MEAs 

fabricated with a low equivalent weight (EW) perfluorosulfonic acid (PFSA) ionomer, Orfanidi et al. [40] 

observed that smaller ionomer aggregate structures and high alcohol content exhibited superior ORR and 

O2-transport performance. Takahashi et al. [21] reported larger Pt/high surface area carbon (Pt/HSC) 

(TKK) catalyst aggregates present in higher water content inks correlated with increased heterogeneity of 

Nafion™ (D1020/D2020) ionomer in the electrode microstructure which led to improved bulk O2 transport 

compared to alcohol-rich ink MEAs. Van Cleve et al. [26] demonstrated increasing ink water content leads 

to increased coverage on Pt/Vu, but local O2 transport trends have a complex relationship due to 

competing effects of catalyst agglomerate break-up and stronger catalyst-ionomer interactions with 

higher ink water content MEAs. Additionally, a thorough study on the impact of ink content on the bulk-

electrode transport resistance (i.e., through plane gas transport) of electrocatalyst layers containing 

platinum group metal (PGM)-free catalysts highlighted that changes in ionomer/electrocatalyst 

interactions and aggregation are strongly dependent on ink water content [41,42]. Generally, optimized 

ink formulations are specific to a particular set of materials (electrocatalyst, support, and ionomer), and 

it remains unclear how these process variables lead to enhanced performance across various electrode 

systems. 



In this work, the effect of ink water content, n-propanol to water ratio (n-PA:water), on electrode 

microstructure and performance of MEAs containing state-of-the-art commercial catalyst (30 wt% 

PtCo/HSC, Umicore), D2020 (1000EW) ionomer, and Nafion™ 211 membrane (Ion Power) are examined. 

In situ and ex situ characterization of catalyst inks and MEAs describes how ink water content affects 

ionomer-catalyst interactions leading to morphological changes across multiple length scales. Specifically, 

CO displacement chronoamperometry and electrochemical impedance spectroscopy (EIS) experiments 

were utilized to directly measure ionomer coverage on various electrodes and describe the ionomer-

catalyst interface at relevant conditions (80 °C, 150 kPa). These in situ electrochemical techniques have 

distinct advantages over more indirect, spatially-limited techniques like energy-dispersed X-ray 

spectroscopy (EDS) elemental maps generated by high resolution electron microscopy, which only provide 

detail about select regions of the electrode at one time. Additionally, X-ray scattering (USAXS and SAXS) 

and nano-scale resolution X-ray  computed tomography (nano-CT) experiments provide complementary 

information about the electrode morphology at larger length scales describing PtCo catalyst particles, C 

particles, and  aggregate size distributions (nm to 10s of μm). Ultimately, the superior performance of 

water-rich formulations can be attributed to the enhanced O2 transport resulting from a more porous 

electrode microstructure with smaller aggregate particles.  

Experiment Methods 

Fabrication of Catalyst Coated Membranes (CCMs) 

All catalyst inks were prepared using an established protocol [20,43]. Specifically, 30 wt% 

PtCo/HSC (Umicore) was dispersed in a mixture of deionized water (DI) and n-propanol (n-PA),  resulting 

in a final concentration of 2.0 mgPt mL-1 solvent. Five different solvent ratios were investigated, such that 

the final PtCo/HSC cathode inks were prepared with 30, 50, 60, 70, and 80 wt% water in solvent. As a 

shorthand, samples will be defined by their ink solvent ratio using the notation nXwY, where X and Y 

correspond to the mass ratio of n-PA and H2O, respectively. Dupont D2020 ionomer was then added to 



the ink solution to give the desired ionomer to carbon (I/C) mass ratio of 0.9.[25] Catalyst inks were 

dispersed using 20 s of horn sonication followed by 20 min of bath sonication in ice water.[20] The cathode 

catalyst layer was ultrasonically sprayed onto Nafion™ NR211 membranes (Ion Power) heated to 80°C on 

a porous vacuum plate using a Sono-Tek spray station with 25kHz accumist nozzle, targeting  catalyst 

loadings of either 0.04 mgPt cm-2 (for O2 limiting current and 5cm2 H2/Air experiments), 0.10 mgPt cm-2 

(for ECA and CO displacement experiments), and 0.30 mgPt cm-2 (for EIS measurements). Platinum 

loadings on individual electrodes were determined by XRF (Fisher XDV-SDD) are reported in supporting 

information. Anode electrodes were fabricated with Pt/HSC (TKK, TEC10E50E) dispersed in n-PA:water 

(62wt% water) with a 0.9 I/C and a 0.10 mgPt cm-2 loading.  

Membrane Electrode Assembly 

Once fabricated, MEAs with a cathode loading of 0.10 and 0.30 mgPt cm-2 were tested using a 50 cm2 

double/triple (anode/cathode) serpentine flow field to acquire mass and electrode area-specific oxygen 

reduction reaction (ORR) activities, electrochemically-active surface areas (ECA), and ionomer coverage 

via CO displacement and EIS experiments. High metals loadings are typical for ionomer loading 

measurements since both EIS and CO displacement experiments are very sensitive and higher ECA 

improves data reliability and reproducibility. Catalyst-coated membranes with cathode loadings of 0.04 

mgPt cm-2 were utilized in 5 cm2 differential cells to obtain oxygen limiting current and the resulting oxygen 

transport resistances [43–45]. The CCMs were sandwiched between either (i) two 50 cm2 SGL29 BC gas 

diffusion layers (GDLs), at 25% compression, or (ii) two 5 cm2 Freudenberg H23C8 GDLs at 18% 

compression relative to GDL thickness. The CCMs, GDLs, and polytetrafluoroethylene (PTFE) gaskets were 

then placed between the flow fields and the bolts tightened to 40 inch-pounds. SGL 29 BC GDLs were used 

in characterization experiments following established protocols [26]. 

In situ Electrochemical Diagnostics 



MEA Break-In and Conditioning.  Previous work demonstrated how break-in and voltage recovery 

protocols can improve the overall cell performance [43]. In this study, PtCo/HSC MEAs were fully 

conditioned following a break-in and five 2-hr voltage recovery cycles at 40°C, 150% RH, and 0.1V. 

H2/O2 Polarization Curves in 5cm2 Differential Cell.  The test protocol involved measuring the current-

voltage (I-V) curves from 0.4 V to open circuit voltage (OCV) at 80 °C and 100 kPa O2 partial pressure (150 

kPa total pressure) and 100% relative humidity (RH) for 4 min per point (average of last 1 min used) in the 

anodic direction.  Pure H2 and O2 gases were flowed at 700 sccm through anode and cathode gas feeds, 

respectively (stoichiometries >15 and >7). The ORR mass activities were reported at 0.90 V after applying 

high-frequency resistance (HFR) and hydrogen cross-over corrections [43].   

H2/Air Polarization Curves in 5cm2 Differential Cell. The test protocol involved measuring the I-V curves 

from 0.3 V to OCV at 80 °C and at 150 kPa total pressure with 75% RH for 4 min per point (average of last 

1 min used) in the anodic direction with gases fed at constant rate of 700 sccm. Currents were normalized 

by metal loading determined by X-ray fluorescence spectrometry (XRF). 

O2 Limiting Current Experiments. Limiting current measurements were performed on 5cm2 differential 

cell MEAs at 80 °C and 75% RH, with oxygen mole fractions of 0.02, 0.03 and 0.05. The limiting current 

was obtained at total cell pressures of 100, 150, 200 and 300 kPa. Limiting current was measured at 

constant voltages, held for 3 min, of 0.30, 0.24, 0.18, 0.12, and 0.06 V. Due to the impact of hydrogen 

evolution on current densities obtained below 0.1 V, the maximum of the resulting current densities 

above 0.12 V was reported as the limiting current. Additional details on the procedure were previously 

described by Baker et. al [45]. 

CO Displacement Chronoamperometry. The test protocol involved measuring the transient current 

response (I-t) resulting from the introduction of CO to an equilibrated electrode held at a constant 

potential.[24] During this process, adsorbed cationic/anionic species are displaced through 

oxidative/reductive process and the resulting displacement charge (qdis) corresponds to the amount of 



charged surface species present at a specific potential. Experiments were conducted at 80°C while the 

electrode was held at 0.1V, 0.2V, 0.3V, 0.4V, and 0.5Vcell. Sulfonate coverages were determined by 

normalizing the displacement charges measured at 0.4 Vcell by CO stripping charge (QCO). 

CO Stripping Voltammetry. Pt ECA was determined by integrating the CO stripping charge (QCO) obtained 

from cyclic voltammetry (CV) immediately following CO displacement experiments. The cathode feed was 

purged with pure N2 at 0.25 Lstd min-1 prior to the first anodic sweep. CVs were performed at 80 °C under 

H2/N2 sweeping from 0.05 to 0.9 V at 20 mV s-1. An area-specific charge of 420 µC cm-2 was assumed for 

converting the CO stripping charge to ECA.  

AC Impedance Experiments. Electrochemical impedance spectroscopy (EIS) experiments were prepared 

on fully conditioned 50 cm2 MEAs with 0.3mgPt cm-2 using a Gamry Reference 3000 Potentiostat 

connected to a Gamry 30k Booster. EIS experiments were conducted at 80 °C with 1 atm pure H2 and N2 

flowing at 100 cc min-1 at anode and cathode gas lines, respectively. Experiments were run at 10%, 25%, 

50%, 75%, and 100% RH with 30-60 min equilibration time before each measurement. EIS were measured 

50kHz-50mHz at 0.45V and 0.2V vs RHE with ±10mV oscillations for CO-free and CO-doped experiments, 

respectively. Cathodes were exposed to 1% CO/N2 feed for 15 minutes to allow for CO adsorption, then 

purged with pure N2 prior to CO-doped experiments. Residual CO was oxidized after CO-doped EIS 

experiments and before CO-free EIS measurements. 

High Temperature Polarization Measurements. 50cm2 MEAs were prepared 60, 70, and 80 wt% H2O 

PtCo/HSC ink formulations having nominal loadings of 0.08mgPt/cm2 at the cathode. Anodes with 

0.03mgPt/cm2
 loadings were prepared from Pt/HSC (as described earlier). Catalyst layers were 

ultrasonically sprayed onto a 10 µm PFSA membrane, which was then sandwiched between two 

Freudenberg H23C8 GDLs. MEAs were subjected to the same conditioning protocols described earlier and 

H2/Air performance was measured at 80 and 94°C in a counter flow configuration with gas stoichiometries 

of 1.5 and 2.0 at the anode and cathode, respectively [11,46]. 



MEA Characterization 

Ultra-Small Angle and Small Angle X-Ray Scattering (USAXS and SAXS) Experiments.  

The X-ray scattering data were collected on a combined Bonse-Hart (USAXS) and pinhole (SAXS) 

instrument at beamline 9-ID-C at the Advanced Photon Source (APS) located at Argonne National 

Laboratory. Details regarding the optics and instrumentation have been previously reported [47]. The X-

ray beam was monochromatized via a pair of Si(220) crystals to an energy of 21 keV. The beam spot size 

for USAXS was 0.8 × 0.6 mm (horizontal x vertical) and 0.8 × 0.2 mm for SAXS. The X-ray beam exposure 

times for each sample were 90 s for USAXS, and 30 s for SAXS. The samples were prepared by removing a 

section of the cathode catalyst layer from the membrane with single-sided, transparent Scotch™ tape 

using a press-peel technique. The samples were then supported in a custom-made sample holder for the 

USAXS/SAXS measurements. Patterns collected on a blank piece of tape were subtracted from the 

patterns acquired for the samples during data reduction. The data were corrected and reduced with the 

NIKA software package,[48] and data analysis was conducted using the IRENA software package [49]. Both 

packages were run on IGOR Pro 7.0 (Wavemetrics). Particle size distributions were obtained from the 

measured scattering data using the maximum entropy (MaxEnt) method,[50] which involves a constrained 

optimization of parameters to solve the scattering equation:  

𝐼𝐼(𝑞𝑞) = |Δϱ|2 �|F(q, r)|2 �V (r)�2 Np (r)dr𝑖𝑖𝑖𝑖𝑖𝑖             [1] 

Where, I(q) is the scattered intensity, ϱ is the scattering length density of the particle, F(q, r) is the 

scattering function at scattering vector q of a particle of characteristic dimension r. V is the volume of the 

particle, and Np is the number density of particles in the scattering volume. 

Nano-CT Experiments.  

X-ray radiographs of PtCo/HSC electrode (extracted from the cathode of an MEA, refer to Ref. [51,52] for 

more details) were acquired using the Xradia nano XCTS100 TXM at beam line 32-ID-C of the APS. 

Employing a fly-scan technique, 1080 projection images were acquired over 180° rotation. The projection 



images were reconstructed into a 3D image sequence with ∼20-nm voxel size using Tomopy and 

Astra.[53,54] Following the procedure in Refs.  [55–58] the Cs+-exchanged sample was scanned in both 

absorption and Zernike phase contrast modes. The phase contrast mode resolves the overall morphology 

of the solid (a mixture of C, Pt, ionomer and primary pores below the resolution of nano-CT) while the 

absorption contrast images provide an intensity map of the high electron-density materials within the 

sample (i.e., Cs+ signal indicates the ion-exchanged ionomer). It should be noted that the intensity map in 

absorption contrast images also includes the contribution from the catalyst particles (especially the large 

catalyst particles observed as small bright dots), but due to the small volume of the catalyst in comparison 

to ionomer, the signal from the catalyst particles are ignored. 

Results/Discussion 
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Figure 1. a) Nominal and b) Pt mass-based H2/Air performance of various PtCo/HSC MEAs measured at 
150 kPa, 80 °C, and 75% RH in 5cm2 differential cell experiments (L≈0.04mgPt/cm2, GDL: H23C8). c) Mass 
activity measured at 0.9ViR-free as a function of solvent ratio. High stoichiometric flows were used (700 
sccm at both anode and cathode). (d) Non-Fickian O2 transport resistance (RnF) measured at 75% RH as a 
function of solvent ratio. Error bars represent standard deviation from at least two independent 
measurements. 
 

Figures 1a and 1b compare the nominal and Pt mass-based performance of n7w3, n5w5, and 

n3w7 PtCo/HSC MEAs during H2/air polarization experiments performed at 150 kPa, 80 °C, and 75% RH. 

All samples exhibit similar performance at high cell voltages (V>0.8V), which is supported by comparable 

mass activities (im
0.9V) around 1 A/mgPt (Figure 1c) and similar Tafel slopes (Figure S1) observed in H2/O2 

experiments. However, MEAs with electrodes made from water-rich inks (70 wt% H2O) exhibit higher 

current densities especially at cell voltages below 0.6 V where O2 transport dominates. Limiting current 

experiments corroborate these performance trends with the lowest non-Fickian (pressure-independent) 

O2 transport resistance (RnF) observed for the 70 wt% H2O MEAs, as shown in Figure 1d. Literature has 

previously identified at least three contributing factors to RnF; i) the ionomer-catalyst interface [13,59–

61], ii) the total number of accessible active sites [62,63], iii) transport resistance inside the agglomerates 

as capillary condensed water starts filling the pores inside the agglomerates [56,64]. Since all PtCo/HSC 

MEAs have nearly equivalent ECAs (see SI Figure S2), and the majority of particles are located in the pores 

of the high surface area carbon, reducing, but not necessarily eliminating contributions from the catalyst 

ionomer interface, differences in RnF are most likely stemming from increased diffusion resistance through 

the aggregate/agglomerate microstructure. 



Figure 2. a) Sulfonate coverage on PtCo/HSC electrodes measured by CO displacement at 0.4Vcell at 75% 
(dashed) and 100% RH (solid). b) Ionomer coverage on Pt and C measured as a function of ink formulation 
with electrochemical impedance spectroscopy. 

Despite this hypothesis, in situ electrochemical techniques, CO displacement 

chronoamperometry and EIS were used to probe sulfonate adsorption (on Pt) and ionomer coverage (on 

Pt and C) under realistic operating conditions (80 °C and 150 kPa) to glean potential changes in the 

Pt/ionomer interface.[24,26,65,66] Sulfonate (-SO3
-) coverages were calculated by normalizing the CO 

displacement charge measured at 0.4Vcell to the ECA (determined by CO stripping voltammetry obtained 

at the same T, P, and RH). Figure 2a compares the sulfonate coverage on fully conditioned PtCo/HSC MEAs 

at several RHs. At 100% RH, sulfonate coverage slightly increases with water content of catalyst ink ranging 

from 0.15 to 0.19 for n3w7 and n3w7 MEAs, respectively. Similarly, sulfonate coverage was also shown to 

slightly increase with ink water content for experiments performed at 75% RH (0.13 < ϴ < 0.21). These 

sulfonate coverages measured at high relative humidity are slightly higher than the previously-reported 

sulfonate coverages of ca. 0.10 on 30 wt% Pt/HSC (TKK) MEAs measured at 40 °C, 80% RH.[24] In that 

study, the ink composition was not specified, but these differences could potentially be explained by 

different electrode fabrication, C support morphology, and/or the experimental conditions at which the 

data was acquired. Regardless of this trend, for materials where electrocatalysts are located inside carbon 

pores, it appears difficult to correlate ionomer coverage/interaction with performance metrics such as 

local transport resistance. This is a stark contrast to electrodes fabricated with externally accessible 
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carbon supported electrocatalysts, such as Pt/Vu, which clearly show increased Pt sulfonate adsorption  

with increasing ink water content [26]. 

In addition to Pt sulfonate coverage, ionomer coverages on Pt and C were calculated from changes 

in double-layer capacitance measured by EIS [26,65]. Using CO to block capacitive contributions from Pt 

and RH to control contributions from H2O adsorption, it is possible to determine how much the Pt-

ionomer  and C-ionomer interfaces contribute to the overall double-layer capacitance. Figure 2b compares 

ionomer coverages on Pt and C as a function of ink water content. Ionomer coverage on C is only slightly 

higher than coverage on Pt (25% and 20%, respectively) across all samples and comparatively much lower 

than ionomer coverages measured on Pt/Vu MEAs (60-90% on C and 30-50% on Pt) [26,65]. Lower 

coverages for HSC supported electrocatalysts are related to limited ionomer intrusion into the C pore 

structure, having been described earlier [21,65]. Further examination of Figure 2b reveals ionomer 

coverage to be a weak function of ink solvent ratio. These AC impedance results suggest ionomer 

coverages on Pt and C do not appreciably change with ink content for these PtCo/HSC electrodes, however 

CO displacement results suggest there may be some conformational changes of the local ionomer 

structure near Pt sites consistent with increased exposure of chains for higher ink water content 

formulations. These orientational effects have previously been demonstrated for unbound ionomer 

dispersions [67–70]. Having systematically ruled out the possibility for interfacial phenomena to 

contribute to changes in RnF for electrodes with internally-distributed Pt catalyst sites focus shifts to 

aggregation and microstructural effects. 

To investigate the effect of ink solvent ratio on catalyst-ionomer microstructure, X-ray scattering 

measurements were performed on catalyst inks and MEAs to monitor changes in catalyst particle, C 

aggregate, and agglomerate sizes as a function of ink formulation. X-ray scattering experiments performed 

on catalyst inks and electrode layers yield similar results (Figure S4); for this reason, the discussion will 

focus on the X-ray scattering results for the assembled electrodes. Particle size distributions (PSDs) for 



catalyst and C particles can be determined by fitting the X-ray scattering regions between Q < 0.026 Å-1 

(1.5 – 10 nm) and 0.02 Å-1 < Q < 0.001 Å-1 (10 – 250 nm), respectively, corrected using an exponential 

(agglomerate scattering) background. All ink formulations gave similar PtCo PSDs with an average size of 

4.1-4.2 nm regardless of the ink formulation (Figure 3b). Similarly, the PSDs of small C particles (20 – 100 

nm), the reported size range of the primary C particles,[71–73] do not appear to significantly change with 

ink solvent ratio (Figure 3c), as expected. At slightly larger length scales (100-300 nm), in the size range 

reported for clusters and chains of fused primary carbon particles[71–73] (termed aggregates here[74]), 

MEAs made using water-rich inks show better long-range order and smaller cluster sizes. Furthermore, 

differences in the USAXS spectra become more discernable at larger length scales (d > 1000 nm), or in the 

low-q scattering intensity region describing agglomerate structure (Figure 3b). The higher scattering 

intensity observed for n-PA rich formulations indicates the presence of larger agglomerate structures in 

the electrode. This observation corroborates earlier results that show stronger interactions between 

ionomer and catalyst particles, which stabilize smaller aggregate particles in H2O-rich catalyst inks [39]. 



 

Figure 3. a) X-ray scattering profile for various PtCo/HSC electrodes (30-70 wt% ink H2O content). b) 
Particle size distributions of PtCo catalyst particles and c) C particles determined from fitting of the X-ray 
scattering profiles. d) USAXS profiles in the large agglomerate region (d > 1μm) for various PtCo/HSC 
electrodes. 

 

Figure 4. Segmented nano-CT phase contrast mode data for Cs+ ion-exchanged PtCo/HSC electrodes 
prepared using 30wt%, 50wt%, and 70wt% H2O catalyst-ionomer ink formulations. 

n3w7 n5w5 n7w3 (a) (b) (c) 



To better resolve the differences in electrode structure, nano-CT characterization was performed 

on the electrodes prepared using n7w3, n5w5, and n3w7 catalyst-ionomer inks. Data collected in phase 

contrast mode facilitates imaging of the secondary pore morphology and the structure of the solid 

electrode comprising C, Pt, and ionomer, as show in Figures 4a-c. Comparing the nano-CT data for 

electrodes prepared from n-PA rich (30wt% H2O) and H2O rich inks (70wt% H2O), there is a clear 

qualitative trend showing increased ink water content leads to a more porous electrode structure with 

smaller agglomerates, consistent with the observations from the USAXS experiments. Quantitative 

analysis of these microstructures show electrodes made from water-rich inks exhibit an abundance of 

smaller C aggregates Figure S5a) and higher effective diffusion coefficients in all directions (Figure S5b), 

which explains the observed improved gas transport compared to n-PA rich electrodes.  

 
Figure 5. Enclosed regions show the distribution of aggregate diameters (dAgg) and aspect ratios of the 
middle 5 and 10% (a), 30% (b), and 50% (c) of PtCo/HSC aggregates extracted from segmented nano-CT 



data on electrodes prepared from 30 (black), 50 (red), and 70 wt% (blue) H2O inks using watershed 
separation technique. 

 

Recent work by Cetinbas et al. [52] demonstrated that local O2 transport can also depend on 

aggregate size and shape, which were found to vary with ink formulation and electrode fabrication 

method.  Utilizing a similar approach, detailed information about the aggregates in PtCo/HSC electrodes 

was extracted from nano-CT data using a watershed separation technique (described previously).[52] The 

average particle diameter (dagg) and aspect ratio (aR = 1 for sphere) were determined for at least 1200 

aggregates identified in each electrode volume. Distributions of PtCo/HSC aggregates (shown in Figure S6) 

indicate a non-normal distribution with aggregate diameters ranging from 100 to 1450 nm and aspect 

ratios from 0.2 to 1. To assess ink content effects on the size and shape of aggregate particles and better 

describe the population, a sorting algorithm was employed to identify the middle p% of particles (see 

details in SI). Figure 5a demonstrates how median aggregate peaks change with ink formulation; 

specifically, the concentric circles correspond to regions that enclose the middle 5 and 10% of aggregates 

for each electrode. Electrodes prepared using alcohol-rich ink (n3w7) exhibit the largest and most 

spherical aggregates. While increasing ink water content to 50 wt% has a negligible impact on aggregate 

diameter, a slight shift to more oblong/deformed shapes is observed. At 70 wt% ink water content, a 

significant drop in the average aggregate diameter is observed. These trends hold when comparing larger 

proportions of aggregates (e.g., 30 and 50%) as shown in Figures 5b and 5c. The shift to less spherical 

particles and smaller aggregate sizes have previously been shown to reduce local O2 transport for 

electrocatalysts located within the carbon support [52]. This is consistent with our experimental 

observations. As shown in Figure 1d, RnF decreases as water content is increased from 30 to 50 wt%, due 

to the more oblong aggregate shapes (Figure 5a-c) and then as water content is further increased from 

50 to 70 wt%, RnF is again reduced, this time due to a reduction in aggregate size.  



 

Figure 6. a) H2/Air polarization curves measured for high-performance PtCo/HSC MEAs (H23C8 GDLs) 
with various ink water content (60 wt%, 70 wt%, and 80 wt% H2O) and cathode loading of 0.08 
mgPt/cm2 at standard saturated conditions (80 °C, 150 kPa). b) H2/Air performance of 50 cm2 PtCo/HSC 
MEAs measured under heat rejection conditions (94 °C, 65% RH, and 250 kPa). Gases were fed at 
stoichiometric ratios of 1.5 and 2.0 at anode and cathode, respectively. Error bars correspond with the 
standard deviation of 3 experiments performed on different MEAs. 

Having demonstrated the superior performance of water-rich ink formulations for this particular 

material set (30 wt% PtCo/HSC catalysts with D2020 ionomer and I:C of 0.9), several CCMs with 0.08 

mgPt/cm2 cathode loading (and 0.03 mgPt/cm2 anode loading) were prepared for testing using a modified 

MEA  design in  counter-flow configuration (see Experimental section). To fine tune the best ink 

formulation, 60, 70, and 80 wt% H2O inks were used. Figure 6a compares the H2/Air performance at 80 

°C and 100% RH for these 50 cm2 MEAs. Despite the differences in materials (membrane, loading, and 

hardware), MEAs prepared using 70 wt% H2O inks again exhibited superior performance at high current 

densities. The reduced performance for the 80 wt% H2O MEA could be due to a continued increase in 

ionomer phase segregation, the onset of which is shown for 70 wt% in Figures S6a-c [26,40]. The higher 

cathode loadings of 50cm2
 MEAs compared to 5cm2 MEAs (shown in Figure 1) reduce the O2 transport 

losses experienced at high current densities (~1A/cm2), an effect described in detail elsewhere [13]. 

Figure 6b shows results from H2/Air polarization curves performed at 94 °C, 65% RH, and 250 kPa. 

Here, the 70 wt% H2O MEA achieved a current density of 1.5 A/cm2 at 0.67 Vcell exceeding the power 
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density of 1 W/cm2 with a low total Pt loading (compared to DOE targets in Table S3). Table 1 summarizes 

the PEFC performance of n4w6, n3w7, and n2w8 PtCo/HSC MEAs compared to other state-of-the-art 

MEAs. In general, these electrodes exhibited slightly higher kinetic performance (since measurements 

were performed in the anodic direction) and comparable H2/air activity at saturated 80°C and heat-

rejection conditions. 

While our particular catalyst ink formulation (catalyst, ionomer, solvent combination) may not 

exhibit the best PEFC performance ever reported, this study illustrates that significant improvements in 

power density and efficiency can be achieved by understanding the effect of process variables such as ink 

solvent ratio on electrode structure and performance. Such insights will help facilitate rapid incorporation 

of promising materials (catalysts, ionomers, membranes, diffusion media, etc.) into high performance 

PEFC architectures. 

Table 1: Comparison of PEFC Performance with State-of-the-Art MEAs 

Catalyst Ink Content Pt Content Cathode Loading Total Pt Loading Mass Activity Activity at 0.8V (80°C, 
100% RH 150kPAabs) 

Power Density 
(0.67 V, 94°C,  

65% RH 
250kPaabs) 

Reference 

 
nPa:H2O g/kW (rated) mg/cm2 mg/cm2 A/mgPt @ 0.9V A/cm2 W/cm2 

 

PtCo/HSC 4:6 0.118 0.077 0.107 1.26*,@ 0.274 0.932 This Work 

PtCo/HSC 3:7 0.107 0.078 0.108 1.27* 0.321 1.013 This Work 

PtCo/HSC 2:8 0.122 0.077 0.107 1.19* 0.267 0.900 This Work 

L10-PtCo/Vu  0.171 0.10 0.2 0.67% 0.32% 1.17%,^ [75] 

PtCo/HSC  0.234 0.08 0.230 0.6& 0.245& 0.981& [14] 

PtCo/Vu  0.124 0.10 0.125 0.62 0.2 1.005 [76] 

PtCo/KB  0.124 0.1 0.125 0.7 0.385 1.005 [11] 

PtCo/HSC-f  0.063 0.06 0.125 0.7 0.4 1.34 [11] 

PtCo/HSC-a  0.098 0.1 0.125 0.65 0.3 1.275 [77] 

*Measured during anodic sweep 
@Mass activity measured during cathodic sweep around 0.9 A/mgPt [43] 
&Stoichiometric flows of 2/2 instead of 1.5/2 typical for other measurements and 10cm2 cell area 
%Obtained from differential cell measurements (5cm2) 
^Obtained from differential cell measurements 0.67 V, 75% RH, 250 kPa, 80oC.  

Conclusion 



Ex situ characterization of catalyst inks (comprising Nafion™ D2020 ionomer, 30 wt% PtCo/HSC, 

and n-PA/H2O) and electrode layers along with in situ electrochemical testing of MEAs demonstrated that 

ink water (and alcohol) content has a significant impact on electrode microstructure and cell performance. 

X-ray scattering and X-ray nano-CT results revealed that water-rich inks lead to smaller average 

aggregate/agglomerate size and a more porous electrode structure, which improves O2 transport within 

the aggregate and through the catalyst layer, respectively. While in situ electrochemical techniques 

identified stronger sulfonate adsorption on Pt with increasing water content along with moderate 

differences in ionomer coverage on Pt and C, neither effect alters local oxygen transport for 

electrocatalysts where Pt is located within the pores of the support.  

Using a commercially available electrocatalyst and ionomer, modifying only the ink formulation, 

50 cm2 MEAs prepared with a 70 wt% H2O ink exhibited similar performance compared to state-of-the-

art electrodes containing novel catalysts [75,76], ionomers[14], and C supports[11,77]. This work 

illustrates the importance of catalyst ink formulation in determining overall fuel cell performance. The 

insights from this study provide useful guidelines to facilitate the rapid incorporation and optimization of 

novel high-performance materials for future PEFC advances. Such considerations are also critical for the 

development of heavy-duty PEFC applications where fuel efficiency and durability are key performance 

metrics. 
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CT images, absorption-contrast images and ionomer distributions from nano-CT, mass activities 

for different MEA loadings, MEA performance comparisons to DOE targets 
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