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Abstract 

We investigate the effect of the poly(acrylic acid) (PAA) carrier polymer concentration on the 

microstructure and rheological properties of catalyst inks for electrospun polymer-electrolyte membrane 

fuel cell catalyst layers. Characterization of ink microstructure using oscillatory shear rheology showed the 

catalyst particles (platinum on carbon) are significantly agglomerated in the absence of PAA or ionomer. 

Both ionomer and PAA promoted the stability of the particles against agglomeration via electrosteric 

stabilization by adsorbing onto the particle surface. Increasing the PAA concentration increased the 

stability of the particles (or reduced the agglomerated structure) due to increasing PAA coverage onto the 

free surface area of the particles. However, beyond a certain increase in concentration, PAA was found to 

predominantly remain as excess free polymer in the ink due to insufficient free/available surface area on 

the particles for further PAA coverage. Extensional rheology measurements demonstrated that PAA 

enhances the extensional viscosities of the inks.  Consequently, increasing the PAA concentration in the 

ink promoted the evolution of uniform nanofibers. However, beyond a certain concentration, significant 

increase in the shear viscosities of the inks led to defective fiber morphologies because of the onset of flow 

instabilities. Electrochemical performance comparisons between catalyst layers with different PAA 

concentrations showed maximum performance at PAA concentration that led to the least agglomerated 

structure of the catalyst, most uniform fiber morphologies, and low concentrations of free (non-adsorbing) 

PAA in the electrode. These results provide a rationale for optimization of electrospun catalyst nanofibers 

for both spinnability and electrochemical performance.   
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Introduction 

Polymer electrolyte membrane (PEM) fuel cells have attracted tremendous interest as a clean-emissions, 

highly efficient power source for both stationary and mobile applications1,2. A PEM fuel cell generates 

electricity from the electrochemical reaction of H2 and O2 producing water as a byproduct. A critical 

component of fuel cells is the cathode catalyst layer, which includes the catalyst – most often platinum on 

carbon – and ionomer, where the electrochemical reactions occur. The structure of the catalyst layer, at 

several length scales, dictates the transport of reactants and products to-and-from the catalyst site, which 

affects the utilization of the catalyst, and thus the performance. Optimization of the catalyst layer 

microstructure for performance still remains as a significant challenge. 

To improve fuel cell performance, several studies have explored various alternate catalyst layer 

morphologies 3–5 to the conventional catalyst-coating layers with random morphologies2. Electrospun 

nanofiber catalyst layer morphologies have recently attracted interest due to improved performance and 

durability compared to the conventional morphology3,6–10. These enhancements have been attributed to 

better dispersion of catalyst and ionomer phases, which maximizes the three-phase interaction (carbon-

ionomer-catalyst interface) and thus increases catalyst utilization, and increased porosity (due to inter-

fiber void fraction) that enhances the mass-transport properties of the catalyst layer8,10,11. 

Electrospinning is one of the common techniques to fabricate nanofiber catalyst layers. It allows fiber 

fabrication from a diverse set of  materials and can produce fibers with a wide range of diameters12,13. In 

this method, the liquid formulation is pumped through a nozzle and stretched by applying a high voltage 

potential between the nozzle tip and a grounded collector. As electrostatic repulsion forces between the 

excess ions in the fluid overcome the fluid interfacial tension, a jet evolves from the conical-shaped 

reservoir (known as the Taylor cone) formed at the nozzle tip. The jet is significantly deformed or 

elongated by the electrostatic forces. As this jet approaches the grounded collector, it solidifies into fibers 

due to solvent evaporation14.  

Control of fiber uniformity as well as the fiber diameter in the electrospinning process is important for 

quality and/or performance in many applications, not limited to fuel cells. The stability of the jet during 

the electrospinning process strongly influences the evolution of the fiber morphology. Jet stability is 

governed by the balance of viscous, elastic, capillary, and inertial forces. These forces, and thus the 

evolution of the fiber morphology, are dictated by a combination of fluid properties (i.e. rheology, 
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interfacial tension, conductivity), process parameters (e.g. liquid flow rate, voltage), and ambient 

conditions (e.g. temperature, relative humidity). Among these, fluid rheology is known to significantly 

affect the jet stability, and thus evolution of the fiber morphology15,16. To obtain uniform fibers, the jet 

needs to be stable without breaking up into droplets due to capillary (surface tension) forces. Inertia due 

to the acceleration of the jet by electrostatic forces exacerbates the capillary break-up process14. 

Viscoelastic forces resist inertia and facilitate the formation of uniform fibers by delaying the break-up of 

the jet into droplets. Thus, increasing viscoelasticity of the fluid, by increasing polymer concentration or 

molecular weight of polymer solutions, for example, is found to promote the stability of the jet and 

facilitate the formation of uniform fibers15,17,18. 

The typical perfluorosulfonic acid ionomer that is used in the catalyst ink formulation is relatively low 

molecular weight (Mw ~ 200,000 g/mol) and does not impart sufficient elasticity to enable fiber 

formation.19,20 To enable nanofiber formation, high molecular weight (Mw) polymer additives (e.g. 

polyacrylic acid, polyethylene oxide, polyvinylidene fluoride, and polyacrylonitrile), referred to as carrier 

polymers, are commonly added to the catalyst inks 3,6–8,21–23. To fabricate uniform fibers, the concentration 

of the carrier polymer must be high enough that it provides sufficient elasticity to fabricate uniform fibers 

but not so much that it results in defective fibers due to flow instabilities caused by significant increase in 

the viscoelasticity of the inks24,25. Mostly importantly from a performance perspective, excess carrier 

polymer can negatively affect fuel cell performance. Interaction of the carrier polymer with the particles 

(catalyst/carbon) and the ionomer may reduce the three-phase (catalyst-ionomer-carbon) interface and 

inhibit full utilization of the catalyst3,7,26. Furthermore, excessive carrier polymer in the fiber may also 

reduce the overall porosity and hinder mass transport in the catalyst layer26.  

Polyacrylic acid (PAA) is one of the commonly used carrier polymers for the fabrication of nanofiber fuel 

cell catalyst layers for a variety of catalyst systems7,21,27,28. Previous studies have identified the optimal 

concentration of PAA in the inks to produce uniform fiber morphologies25. Researchers have also reported 

on the impact of PAA on performance, though at limited PAA concentrations (10 – 15 wt.% PAA w.r.t 

total solids, i.e. Nafion, PAA, and particles)3,7. Excessive PAA was found to reduce fuel cell performance 

by decreasing the ionic and electronic conductivity of the electrode3,7. However, systematic studies 

investigating how the concentration of PAA affects both the evolution of the fiber morphologies and the 

performance are scarce. Rheological properties, particularly extensional properties that dominate 

electrospinning process, play an important role in the evolution of fiber morphologies18. Understanding 
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of how the carrier polymer influences both the rheological properties and the ink microstructure provide 

insights into the evolution of fiber morphologies and the internal structure of the fibers, and thus on device 

performance. The interaction of the carrier-polymer with the catalyst and the concentration of carrier-

polymer can strongly impact the ink microstructure, and in turn affect the internal distribution of the 

components in the fibers. However, we are unaware of any such studies. Such knowledge is critical for 

efficient optimization of the carrier polymer in the nanofiber electrodes26,29. 

In this paper, we investigate the effect of PAA concentration on the ink component interactions 

(particularly carrier-polymer – particle interactions), the ink microstructure, and rheological properties – 

particularly the extensional flow properties. The impact of these on fiber morphology and fuel cell 

performance has also been examined. Oscillatory shear rheology was used to characterize the ink 

microstructure. The study shows that PAA stabilizes the catalyst against agglomeration. Additionally, 

extensional rheology measurements show that PAA enhances the extensional viscosities of the inks. 

Consequently, increasing the PAA concentration promotes the evolution of uniform fibers; however, large 

PAA concentrations result in non-uniform fiber morphologies because of significant increase in the shear 

viscosities of the inks. A combination of, improved fiber uniformity, reduced agglomerated structure of 

the catalyst, and low concentrations of free/excess (non-adsorbing) PAA in the electrode maximized the 

device performance.  

In a parallel study, we further investigate the impact of PAA concentration on the distribution of ionomer 

within the nanofiber microstructure. Electron microscopy and several electrochemical diagnostic 

techniques are used to link the intra-fiber distribution of ionomer to their  electrochemical properties.30  

 

Materials and sample preparation 

Poly (acrylic acid) (Mw ≈ 450,000 g/mol, Sigma Aldrich) was used as the carrier polymer. The catalyst 

was 46.7 wt.% platinum (Pt) on Vulcan carbon (Pt-Vulcan) (TKK, TEC10V50E) and the ionomer 

dispersion was 1000 EW Nafion (D2020, Ion Power). The dispersion media is a 50:50 (w/w) mixture of 

isopropyl alcohol (IPA, Alfa Aesar) and deionized water (Milli-Q). 
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Inks were prepared by adding desired amounts of catalyst (10 wt.%) and ionomer (3.41 wt.% w.r.t solvent) 

from the 20 wt.% stock D2020 dispersion into the dispersion media in a 20 ml vial. The ink mixture was 

then dispersed by probe sonication for 2x10 s, followed by bath sonicating in an ice bath for 2 h. Next the 

desired amount of PAA, ranging from 0 to 4.76 wt.%, was added to the ink mixture from a stock PAA 

solution (7.5 wt.% PAA solution in a 2:1 IPA:H2O w/w solvent mixture) and then was mixed using a 

magnetic stirrer for at least 72 h to homogenize the mixture. All the concentrations of particles and 

polymer presented throughout the manuscript are based on mass and the concentrations are w.r.t to the 

dispersion media evaluated as 100*ma /(ma+ms) where ma is particles or polymer mass and ms is the mass 

of the dispersion media. The PAA concentration range in the inks with ionomer corresponds to solids 

loading between 2.30 to 22.7 wt.% which is evaluated as 100*mPAA/(mcatalyst + mPAA + mionomer). 

 

Experimental 

Shear Rheology 

Rheological measurements were performed using a stress-controlled rheometer (Thermo-Scientific 

HAAKE Mars 60 Rheometer) with a stainless-steel parallel-plate geometry (40 mm diameter) with a gap 

of 500 µm at 25 °C. A solvent-saturation trap was used in order to minimize any solvent evaporation 

during measurements. Prior to making measurements, the samples were preconditioned to erase any 

sample loading history on the microstructure by conducting a pre-shear at 500 s-1 for 60 s, and then allowed 

to rest for 60 s. The steady shear rheology measurements were performed by imposing a decreasing rate 

sweep with logarithmic spacing ranging from 500 to 0.05 s-1. For dynamic-oscillatory-shear 

measurements, the same pre-shear protocol was followed as for steady shear. In the amplitude-sweep 

measurements, the frequency was fixed at 0.5 Hz and the strain amplitude was increased logarithmically 

from 0.0001 to 10. 
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Extensional Rheology 

To characterize extensional rheology of the fluids, a Dripping onto Substrate Capillary Breakup 

Extensional Rheometry (CaBER-DoS) technique, that was used in Sur and Rothstein, 201831, was used 

(Figure S1). In CaBER-DoS, the liquid is dispensed by a syringe pump (KD Scientific) and a liquid bridge 

is formed between a glass substrate and a nozzle by allowing a drop of liquid to drip from the nozzle. The 

diameter of the nozzle was D = 800 μm and the volume flow rate was Q = 0.02 ml/min. An aspect ratio 

of H0/D = 3, where H0 is the height of the nozzle from the substrate, was selected to form an unstable 

liquid bridge as soon as the drip makes contact and spreads on the substrate. A high speed camera 

(Phantom-Vision optics, V-4.2) at a frame rate of 25,000 fps and resolution of 192x64 pixels (for most of 

the experiments) and a long range microscope lens (Edmund optics, 4.5x zoom) were used to record the 

capillary break-up process32. Filament diameter was measured from the diameter decay images using an 

edge detection algorithm (Edgehog, KU Leuven). Diameter values below 20 μm were not reported to 

minimize the resolution error (± 5μm). 

The diameter decay data of the test fluid is used to calculate the extensional flow properties. The diameter 

decay data was fit using spline function and differentiated to calculate the extension rates as, 

ϵ̇ =  −
2

Rmid(t)

dRmid(t)

dt
                                           (1) 

where Rmid is radius at the mid-filament. The apparent extensional viscosity was then calculated as, 

ηE =  
2σ

dRmid
dt

                 (2) 

where σ is interfacial tension, which was taken as ~ 24.3 mN/m, of the dispersion media (1:1 water : IPA 

mixture, w/w)33. For a Newtonian fluid, the radius of the fluid filament will decay linearly with time, 

Rmid(t) ~ (tb - t), to the final breakup at time tb.
34,33. And for a viscoelastic fluid, characterized by an Oldroyd-

B model with a relaxation time of λE, the radius will decay exponentially with time, Rmid(t) ~ exp(-t/3λE) 

resulting in a constant extension rate of 𝜖̇ =  2 3⁄ 𝜆𝐸
35. The extensional relaxation times were determined 

from exponential fit to the diameter decay. The extensional viscosity was then examined as a function of 

Hencky strain given as, 

ϵ = 2 ln(
R𝑖

Rmid(t)
)                 (3) 
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where Ri is the radius of the syringe tip. 

 

Electrospinning 

A custom designed electrospinning system was used to fabricate nanofibers (Figure S2). The ink was 

pumped using a syringe pump (KDS100 Infusion Syringe Pump) into stainless-steel needle (22-gauge, 

inner radius R0 = 0.21 mm) at a fixed flow rate of Qo = 0.5 ml/hr. A high-voltage potential of 15 kV 

relative to the collector was applied at the needle tip. The collector was a stainless-steel rotating drum 

(100 rpm) covered with aluminum foil. The distance between the needle-tip and the collector was 10 cm. 

Experiments were conducted at room temperature (23± 2 0C) and at relatively humidity between 35 – 

40%RH which was controlled within the environmental chamber of the electrospinning system. 

 

Electron Microscopy 

SEM was conducted using Hitachi 400 and FEI Quanta 600 instruments. Samples were gold sputtered at 

a current of 45 mA prior to measurements.  The voltage and the working distance were 11 kV and 3 - 7 

cm (depending on the magnification), respectively. 

 

MEA Fabrication & Test Procedure 

The catalyst nanofibers were electrospun onto Nafion NR211 membranes (IonPower) with a target Pt 

loading of 0.10 mgPt cm−2. The Pt loadings of the nanofiber electrodes were determined by X-ray 

fluorescence spectroscopy (Fischerscope XDV-SDD, 50 kV, 50 W X-ray source). For each coated section, 

the loading was measured in at least five locations. The anodes were fabricated by ultrasonic spray coating 

Pt supported on high surface carbon (TKK, TEC10E50E) catalyst dispersed in deionized-water/nPA (62 

wt.% water) with a 0.9 ionomer/catalyst (w/w) ratio and a 0.10 mgPt cm−2 loading. The catalyst coated 

membranes were sandwiched between two 5 cm2 Freudenberg H23C8 gas diffusion layers at ~18% 

compression. These, along with polytetrafluoroethylene gaskets, were then placed between the flow fields 

and the bolts were tightened to 40 in-lbs. The membrane-electrode-assemblies were activated and 
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conditioned using our previously established break-in and voltage recovery protocols22. Pt 

electrochemically accessible surface area was determined by integrating the hydrogen underpotential 

deposition (HUPD) region obtained from cyclic voltammograms at 100% RH under H2/N2 sweeping from 

0.05 to 1.2 V versus RHE at 100 mV/s. The factor used for converting HUPD charge to ECSA was 210 

μC cmPt−2. The test protocol involved measuring the I-V curves from 0.75 V to OCV in H2/O2 and 0.3 V 

to OCV in H2/Air at 80oC, 2.580 kPaabs cell pressure and 100% RH for 4 minutes per point (average of 

last 1 min used) in the anodic direction. 

 

Results and discussion 

The results and discussion section is presented as follows. First, we investigate the effect of PAA 

concentration on the catalyst ink microstructure using rheology. Next, we investigate the effect of PAA 

concentration on the extensional rheological properties. Then we present the processing behavior of the 

inks in the electrospinning process where the examine how the rheological properties influence the fiber 

morphologies. We conclude with the comparison of performance of the electrodes fabricated with 

different PAA concentrations in relation to the structure of the nanofibers and the ink microstructure. 
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Ink Microstructure 

Effect of PAA and ionomer 

 

We first investigated the effects of ionomer and PAA, independently, on the ink agglomerate structure, 

prior to examining the PAA concentration on the ink structure in the presence of ionomer.  The amplitude 

sweep (AS) measurements of storage modulus (G’) and loss modulus (G”) as a function of strain amplitude 

(γ) of three ink cases are compared in Figure 1. These include 1) neat inks (no polymer), inks with 2) 

ionomer and 3) PAA, both polymers at 3.41 wt.% concentration in the ink. The catalyst concentration in 

the inks was fixed at ~ 10 wt.% throughout the study. At low strains, where the moduli are independent 

of strain, i.e. the linear viscoelastic region, the storage moduli are greater than the loss moduli (G’ > G”) 

for all samples. This indicates their equilibrium structure is predominantly gel-like36. This also suggests 

the interparticle interactions are predominantly attractive and are leading to formation of a percolated-

network-like (gel-like) structure37. As the strain amplitude is increased beyond the linear viscoelastic 

region, the moduli exhibit a cross-over (G’ = G”) and then decline with G’ < G”. This indicates a transition 

from a gel-like to a liquid-like structure. The decline in G’ and G” at large strains, referred to as strain-

softening and strain-thinning, respectively, indicates the break-down of the equilibrium percolated 

network of the particles/agglomerates by the deformation amplitudes.  
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Figure 1. Amplitude-sweep measurements: elastic (G’) and loss (G”) moduli as a function of 

strain amplitude, for inks with no polymer, inks with PAA only, and inks with ionomer only. 
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If we compare the amplitude sweep response between the inks, both the magnitudes of the moduli in the 

linear viscoelastic region and the degree of non-linearity (strain-softening and strain-thinning) of the ink 

without any polymer are larger than the inks with polymer (ionomer or PAA). This indicates the strength 

of the gel-like structure (or the degree of percolation of the catalyst agglomerates), and thus the attraction 

strength between the particles, in the presence of ionomer or PAA is weaker compared to the inks without 

any polymer. Charged polymers can adsorb and stabilize the particles against van der Waals 

agglomeration via a well-known electro-steric stabilization mechanism, wherein a combination of both 

steric hinderance due to the coverage thickness and electrostatic repulsion associated with charged 

segments can provide inter-particle repulsion38.  Both PAA and ionomer could be similarly inducing some 

stability to the particles, hence the reduced inter-particle attraction compared to ink with no polymer. This 

observation is also consistent with our previous rheological studies on the same Pt-Vulcan inks (though 

in the previous study, a water-1-propanol dispersion medium was used) where the ionomer significantly 

stabilized the agglomerated structure of the catalyst.39 

 

Effect of PAA concentration at fixed ionomer content 
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Figure 2. Amplitude-sweep measurements: elastic (G’) and loss (G”) moduli as a function 

of strain amplitude for inks with fixed ionomer concentration (3.41 wt%) for a series of PAA 

concentrations: a) 0 – 0.80 wt% and b) 1.64 - 3.62 wt%. 
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Next, we examined the effect of PAA concentration on the ink structure with a fixed ionomer 

concentration of 3.41 wt.%, which provides an ionomer/catalyst(Pt) mass ratio (I/C) of ~ 0.6, which is 

empirically considered to be optimal for the performance of dispersion-cast Pt-Vulcan catalyst layers40. 

Amplitude sweep measurements conducted on inks with PAA concentrations ranging from 0.31 to 3.62 

wt.% are shown in Figure 2a and Figure 2b. With increasing PAA, the amplitude response of the inks 

progressively changes from that of predominantly gel-like structure to a predominantly liquid-like 

structure. These changes as a function of PAA concentration can be better visualized by the trend in the 

moduli values in the linear viscoelastic region and their ratio, given by tan δ = G”/G’ (Figure S3a in 

Supporting Information, SI). Their moduli values decreased initially until a PAA of ~ 0.80 wt.% and then 

increase with further increase in PAA. The tan δ also was found to change from ~ 0.2 to 6.6 with increasing 

PAA wt.% from 0 to 4.76 wt.%, indicating that the ink microstructure progressively changes from gel-

like (tan δ < 1) to liquid-like (tan δ > 1) with a transition between 0.80 wt.% and 1.64 wt.%. The magnitude 

of strain-softening and strain-thinning behaviors were also characterized by the exponents, n1 and n2, 

respectively, which were obtained from power-law fits to the data as G’ ~ γ-n1 and G” ~ γ-n2 (Figure S3b 

in SI). Both n1 and n2, and thus the magnitude of strain-softening and strain-thinning, respectively, 

decreased with increasing PAA wt.%, though the decrease was more significant for the former than the 

latter. This trend suggests the degree of the agglomerated structure in the ink is decreasing with PAA 

concentration, consistent with the trend of tan δ in the linear viscoelastic region.  

The amplitude sweep results indicate that PAA is progressively stabilizing the agglomerated structure of 

the particles, beyond what was imparted by the ionomer itself. The transition from a gel-like to a liquid-

like structure, where the percolated network of the particle agglomerates is broken into isolated 

agglomerates/aggregates, occurs for PAA concentration between 0.80 wt.% and 1.64 wt.%. The increasing 

trend in the moduli (in the linear viscoelastic region) for PAA concentrations beyond 1.64 wt.% suggests 

that the rheological response is dominated by the increasing polymer concentration in the ink, even though 

some fraction of PAA seems to continue to stabilize/reduce the remaining agglomerates (as was evident 

from Figure S3b).  The added polymer contributes to the total solids volume fraction in the inks, increasing 

their viscoelasticity. This behavior indicates that a significant fraction of the added PAA is remaining as 

free/excess polymer in the dispersion media for concentrations beyond 1.64 wt.%.  

The above observations show that PAA is indeed interacting with the particles (Pt or carbon), more 

significantly at low PAA concentration (< 1.64 wt.%), and not remaining as an inert carrier in the ink. 
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Such interaction is reducing the agglomerated structure of the particles in the inks. At higher 

concentration, PAA appears to be predominantly remaining as free polymer in the ink. These changes in 

particle agglomeration and the amount of free polymer in the ink are likely to impact the catalyst utilization 

and mass transport properties of the catalyst layer. The implications of the ink microstructure on the fiber 

structure and the performance will be examined in later sections. 
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Extensional Rheology 
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Figure 3. Extensional rheology data of inks with fixed ionomer concentration (3.41 wt.%) for a series 
of PAA concentration: a) Diameter versus time and b) Extensional viscosity versus Hencky strain. 
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The fiber evolution process in electrospinning is predominantly dictated by the extensional rheological 

properties of the fluids18. To understand the processing behavior of the inks, we characterized their 

extensional rheology for different PAA concentrations at a fixed ionomer concentration (3.41 wt.%). The 

diameter decay data for the inks is shown in Figure 3a. The overall lifetime of the filaments increases 

with increasing PAA concentration, implying an increase in the stability of the ink filaments against 

capillary break-up. If we examine the decay profiles, all the inks decay linearly at initial times, followed 

by a weaker exponentially decay, which is a characteristic decay behavior of viscoelastic fluids41. The 
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Figure 4. Extensional rheology data comparison between inks and polymers at a fixed ionomer 

concentration (3.41 wt%) for a series of PAA concentrations: a) Diameter versus time and b) 

Extensional viscosity versus Hencky strain. 
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appearance of an exponential decay region indicates the onset of elastic effects. The ratio of elastic to 

viscous forces in the filament is described by the dynamic dimensionless Weissenberg number, 

Wi~ λE ϵė
42, where ϵė is the extensional deformation rate in the filament. Elastic forces are found to 

become more important than viscous forces for Wi greater than a critical value of ~ 0.5, due to a coil-

stretch transition of the polymer molecules in solutions43. The exponential decay region suggests 

Weissenberg number of the filaments are greater than 0.5. The characteristic extensional relaxation times 

of the inks also increase with increasing PAA concentration from 5 ms to 50 ms as shown in the Table 1. 

The onset of elastic effects (i.e. exponential decay) is leading to an increase in the extensional viscosity 

(hE) with increasing Hencky strain (known as strain hardening), as might be expected in all the inks, as 

shown in Figure 3b. Further, the extensional viscosities at any given strain increase with increasing PAA 

concentration.  

Pt-Vulcan particles are anisotropic in shape with mass fractal dimension of df ~ 1.539. Dispersions of 

anisotropically shaped particles (e.g. rod-like particles44) have been found to exhibit strain-hardening of 

their extensional viscosity due to the alignment of the particles along the flow direction and the resulting 

hydrodynamic interaction between particles that ensues45–47. Of course, high molecular weight polymer 

solutions are well-known to exhibit strain-hardening behavior due to coil-stretching in extensional flow48. 

Therefore, both particles and PAA in the ink are likely contributing to the observed strain-hardening of 

the extensional viscosity (by flow-induced alignment of the particles and stretching of the polymer coils). 

However, because the particle concentration has been fixed and only the concentration of PAA has been 

increased in Figure 3, the observed growth in extensional viscosity and relaxation time is due entirely to 

changes in PAA concentration. The effect of particles is more clearly observed in the lowest PAA 

concentration systems where strain hardening of the extensional viscosity was observed even in the 

absence of a measurable relaxation time of the fluid.  

To further understand how PAA-particle interactions in the ink are influencing the strain hardening 

behavior of the inks, we compared the extensional rheology measurements of the full catalyst inks against 

polymer-only solutions (PAA + ionomer) at equivalent polymer concentration, where the ionomer was 

fixed at 3.41 wt.%. The diameter decay data of the polymer-only solutions is compared against the inks 

in Figure 4a and Figure 4b. Both the filament lifetimes and the extensional relaxation times (Table 1) of 

the polymer solutions increase with increasing concentration, as expected31. Previous studies on 

electrospinning of Nafion/PAA solutions observed improvement in fiber formation transitioning from 
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beads or beads-and-fibers to uniform fibers with increasing PAA concentration, which is consistent with 

the observed trend in the extensional relaxation times of the solutions19. We observe the extensional 

relaxation times of the polymer solutions to be larger than that of the full catalyst inks. Additionally, the 

extensional viscosities of the inks and polymer solutions were compared in terms of Trouton ratio, which 

is defined as the ratio of extensional viscosity and shear viscosity, Tr = ηE/hs(γ̇ =  √3ϵ̇).  The Trouton 

ratio is three (Tr = 3) for simple liquids (i.e. Newtonian fluids) where structural change does not differ 

between shear and extension. The Trouton ratios at large Hencky strains, where extensional viscosities 

tend to a plateau, have been evaluated. The corresponding shear viscosities (Figure S4a & S4b) – the 

viscosities at shear-rates equivalent to the extension rates at large Hencky strains – were used for the 

evaluations. These were found to be Tr ~ 23 – 37 and Tr ~ 170 – 230 for the inks and the polymer solutions, 

respectively. The Trouton ratio for both fluids is much greater than three (Tr >> 3), which is consistent 

with previous studies on polymer solutions and colloidal dispersions, and indicates strong extensional 

flow-induced structuring in both materials31,49. However, the Trouton ratio of polymer solutions is much 

greater than the inks, by approximately 6x. These comparisons show that the extensibility of the polymer 

solutions is much greater in the absence of the particles present in the inks. 

The observations are similar to a previous finding where pure polyethylene oxide polymer solutions 

demonstrated enhanced extensional viscosities compared to mixtures with fumed silica dispersions49. The 

reduced extensional viscosities in colloidal mixtures has been attributed to the adsorption of some fraction 

of the polymer onto the particles. Adsorption onto the surface is likely to restrain the polymer from freely 

stretching under extensional flow, unlike pure polymer solutions where all the polymer coils would be 

freely available to stretch under extensional flow field, consequently reducing extensional viscosities. The 

shear rheology observations of the inks (Figure 2) indicated that the PAA adsorbs onto particles, as 

discussed previously. Therefore, the reduced extensional viscosities of the inks compared to pure polymer 

solutions could be attributed to the similar mechanism. 

These comparisons of the extensional rheology between inks and pure polymer solutions further indicate 

the presence of significant interaction between the catalyst particles and the carrier polymer, which is 

consistent with the shear rheology observations. While the extensional-flow properties of the inks are 

weaker compared to pure polymer solutions, increasing PAA concentration is overall increasing the 

extensional-flow properties of the inks. This can be expected to facilitate fiber formation in the 

electrospinning process, where extensional viscosities enhance the stability of the jet against break-up by 
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capillary forces. In the following section, we examine how the extensional rheological properties influence 

the spinnability and fiber morphologies. 
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Electrospinning 
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Figure 5. SEM images of electrospun fibers of catalyst inks containing different PAA% 

concentrations: a) 0.31 wt%, b) 0.80 wt%, c) 1.21 wt%, d) 1.64 wt%, e) 2.00 wt%, f) 2.48 

wt%, g) 3.62 wt%, and h) 4.76 wt%. 
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Electrospinning experiments were conducted on the inks with various PAA concentrations for a fixed 

ionomer concentration. SEM images of the resulting electrospun fiber morphologies are presented in 

Figure 5. Fiber morphologies significantly varied based on PAA wt.%. Beads (without any fibers) were 

observed at the lowest studied PAA concentration of 0.31 wt.%, indicating the formation of the droplets 

during the jetting process similar to an electro-spraying process (Figure 5a). As the PAA concentration 

is further increased, a combination of beads and fibers were observed (Figure 5b & Figure 5c). At a PAA 

concentration of 1.64 wt.%, uniform fibers (without any beads) begin to form (Figure 5d). Increasing 

PAA concentration beyond 1.64 wt.% resulted in an overall increase in the average diameter of the fibers, 

Figure 6. Diameter of electrospun fibers (left axis) and extensional viscosities at large 

Hencky strain (η
E,

) (right axis) as a function of PAA concentration in the ink. The labels on 

the figure represent concentration regions where different fiber morphologies were 

observed. These include: beads only (B), beads and fibers (B+F), uniform fibers (F), and 

fibers and clumps (F+C). NJ implies not jettable.  
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which were found to be ~ 400 nm at 1.64 wt.% PAA, increasing up to 2.3 μm at 3.62 wt.% PAA, as shown 

in Figure 6. The observed fiber morphological transitions – from only beads to uniform fibers – and 

variation of the fiber diameter with increasing PAA concentration is similar to several previous studies17–

19,25. At PAA concentrations ≥ 1.64 wt.%, defects - intermittent clumps of non-dispersed ink material - 

begin to appear along the fibers (Figure 5e – Figure 5g). Beyond 3.62 wt.%, we begin to experience 

pumping difficulties where large chunks of catalyst are ejected intermittently (Figure 5h). 

 

To gain insights into mechanism of the evolution of the different fiber morphologies, we compared the 

ink properties in terms of global dimensionless numbers to understand the relative importance of relevant 

forces on the overall jet dynamics during electrospinning42,50. The ratio of viscous to inertial forces is 

given by the Ohnesorge number, Oh ~ η0/√ρσR0, where η0, ρ and σ are zero-shear viscosity, density, 

and surface tension of the fluids, respectively, and R0 is the characteristic length scale of the process. For 

Oh > 0.2 viscous forces are shown to dominate inertial forces50. The ratio of elastic and viscous forces is 

described by the Elasto-Capillary Number, Ec ~ λEσ/η0R0, where λE and σ are extensional relaxation 
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Figure 7. Normalized Dimensionless numbers evaluated for inks for a series of PAA concentration 

which include: Ohnesorge number, OhN = Oh/Ohc (Ohc ~ 0.2), Elasticity number, EcN = Ec/Ecc 

(Ecc ~ 4.7), and Intrinsic Deborah number, De0N = De0/ De0c (De0c ~ 1). 
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time and interfacial tension of the fluid, respectively. For Ec > Ecc ~  4.7, a critical Elasto-Capillary 

Number, the elastic forces are found to be more important than viscous forces50. The ratio of elastic and 

inertial forces is given by the intrinsic Deborah number, De0~  √ λE
2σ/ρR0

3.  For De0 > De0c ~ 1 the elastic 

effects are known to dominate inertia50. These have been evaluated for all the inks using radius of the 

nozzle (R0) as the characteristic length of the process. For h0, as all the inks predominantly shear thin (SI. 

3), the viscosity values corresponding to shear-rates in the nozzle (γ0̇ ~ v0/R0 ~ 4.5 s-1, where v0 ~ Q0/R0
2) 

were used for estimations.  

The evaluated global dimensionless numbers were compared as a function of PAA concentration in Figure 

7.  To easily visualize the dominant forces, the global dimensionless numbers were normalized by their 

respective critical values as OhN = Oh/Ohc, De0N ~ De0/De0c, and EcN = Ec/Ecc. We can observe that for 

all PAA concentrations, OhN > DeN > 1 and EcN < 1. This indicates that overall jet dynamics are 

predominantly controlled by the viscous forces, followed by elastic forces, and least by inertia. The 

normalized elasticity number EcN < 1 for all cases implies that the inks are mildly elastic at all PAA 

concentrations. This analysis thus suggests that increasing PAA concentration is increasing the viscosity 

of the inks more significantly than it is increasing the elasticity of the inks. This may be undesired in the 

electrospinning process as it could cause flow difficulties and affect the fiber morphologies. Previous 

studies on the jet evolution behavior of viscoelastic fluids during the electrospinning process have 

observed strain-hardening of the fluids due to acceleration of the jet during the initial stages of the jet 

evolution process51,52. All the inks can similarly undergo strain-hardening (as exhibited in extensional 

rheology) for Weissenberg number of the jets Wi > 0.5 during the acceleration stages which is plausible 

as the extension rates in electrospinning are known to be generally very high51. The increase in the 

extensional viscosities due to strain hardening of the inks during the jet evolution can enhance the stability 

of the jet against break-up.  

To quantitatively relate the extensional rheological properties of the inks and the fiber morphologies, the 

extensional rates of the jets as well as the extensional viscosities at the corresponding extension rates 

would need to be determined. However, we can qualitatively relate the evolution of different fiber 

morphologies to the trend in their extensional viscosities at the large Hencky strains (ηE,) they approach 

due to strain-hardening, as summarized in Figure 6. Because the ηE, of the inks increase with increasing 

PAA concentration, we presume that the stability of the jets as a function of PAA concentration would 
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also increase. The beads-only morphology at 0.31 wt% is likely due to insufficient hE, of the inks to 

completely suppress inertial forces and prevent break-up of the jet into droplets. The evolution of beads 

and fibers morphology observed at PAA concentrations of 0.80 - 1.21 wt.% could be due to a moderate 

increase in the hE, of the inks. However, this only partially stabilizes the jet against inertia forces that are 

shown to drive bead formation along the filaments. Such morphology is common for weakly viscoelastic 

fluids2,58,42. At 1.64 wt.% PAA the inertial forces are completely suppressed/resisted due to a sufficient 

increase in hE, and hence the uniform fibers. 

The appearance of embedded clumps in the fibers (Figure 5h) for PAA concentrations ≥ 1.64 wt.% is 

likely due to flow instabilities in the nozzle and their propagation along the jet. While increasing PAA 

concentration increases both the elasticity and the viscosity of the inks, their OhN is consistently larger 

than De0N and EcN, suggesting that the inks are predominantly viscous. This suggests viscous effects could 

dominate the flow in the nozzle rather than elasticity. Though elastic effects are known to lead to 

instabilities in pipe flows24,54, the evaluated Weissenberg numbers in the nozzle are less than 0.5. The 

estimated Wi based on pump flow rates Wiz ~ γ0̇ λE for 3.62 wt.% and 4.76 wt.% PAA cases were found 

to be Wiz ~ 0.12 and 0.17, respectively. Therefore, the formation of defective fibers is mostly likely to due 

to the significant viscosities of the inks that lead to an unstable flow in the nozzle. 

The results demonstrate that PAA concentration significantly impacts the fiber morphologies, consistent 

with previous findings55. Uniform fibers were obtained at an intermediate PAA concentration suggesting 

an optimal viscoelasticity of the inks. The analysis of the ink properties in terms of relevant dimensionless 

numbers indicated the inks are mildly elastic (EcN < 1) where increasing PAA concentration increases the 

inks’ viscosity in addition to their elasticity. As a result, uniform fibers evolve over a narrow range of 

PAA concentration, between 1.21 wt.% to 2.00 wt.%, wherein the inks are likely sufficiently elastic, but 

not too viscous, to generate a stable flow.  
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Performance 

 

Lastly, we examine the impact of PAA content and fiber morphology of the catalyst layer on fuel cell 

performance. For the performance comparison, we focus on three catalyst layers representative of different 

fiber morphologies that were fabricated from catalyst inks containing 1.20 wt.%, 1.64 wt.% and 2.00 wt.% 

PAA. Two of these cases, though defective, had enough of a fraction of fibers feasible to fabricate and 

Figure 8. Electrochemical measurements of nanofiber electrodes fabricated with 1.20, 1.64, 

and 2.00 wt.% PAA tested in 5 cm
2
 MEAs at a Pt target loading of 0.10 mgPt.cm
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test MEA performance. The hydrogen crossover corrected current densities obtained between 0.75 V – 

OCV from the H2/O2 V-I curves are presented in Figure 8a. The data clearly shows improved oxygen 

reduction reaction (ORR) kinetics for the 1.64 wt.% PAA case, with an ORR mass activity of 487 

mA/mgPt, compared to mass activities of 371 mA/mgPt and 403 mA/mgPt for the 1.20 wt.% and 2.00 

wt.% PAA cases, respectively. The electrochemically accessible surface area (ECSA) was determined 

from the HUPD region from cyclic voltammograms (Figure S5 in SI). The 1.64 wt.% PAA case has a 

higher ECSA of 61.4 m2/g compared to ECSAs of 1.20 wt.% and 2.00 wt.% PAA which are 45 m2/g and 

47 m2/g, respectively. The 1.64 wt.% PAA case also demonstrates higher performance across a range of 

current density, as seen in the H2/Air polarization curves of Figure 8b.  

The mass activities of the 1.2 wt% and 2.0 wt% PAA nanofiber electrodes are 76% and 83% of the mass 

activity of the 1.67 wt% PAA nanofiber electrode. This is consistent with the differences in ECSA, where 

the 1.2 wt% and 2.0 wt% PAA nanofiber electrodes had 73% and 77% of the ECSA of the 1.67 wt% PAA 

nanofiber electrodes. This indicates that the performance differences most likely stem from differences in 

catalyst utilization/ accessibility. Variation in ionomer distribution and ionomer coverage on Pt 

nanoparticles and the carbon support are a likely explanation and have been shown elsewhere30. The 

bead/clumps in the 1.2 wt% and 2.0 wt% PAA nanofiber electrodes may also be contributing to the lower 

Pt accessibility. The irregularities of these areas could be leading to Pt/Vu particles that are electronically 

or protonically isolated and unable to contribute electrochemically.   

The differences in the ink microstructure shed some light on differences in the internal structure of the 

fibers as a function of PAA concentration, i.e. the catalyst agglomerated structure and the amount of 

excess/free PAA content (not interacting with particles). The agglomerated structure of the inks reduced 

with increasing PAA, significantly when increasing from 1.20 wt.% and 1.64 wt.% where the equilibrium 

microstructure transitioned from gel-like (percolated network of particles) to liquid-like (isolated 

particles/agglomerates). Further reduction of the agglomerates with increasing PAA beyond 1.64 wt.% 

appeared to be less significant. We can expect qualitatively similar trends in particle structure in the fibers 

as function of PAA as in the inks, though we would expect this to be less in magnitude due to the partial 

break-down of the agglomerated structure by the deformations during the electrospinning process. A 

decrease in the agglomerated catalyst was previously found increase the electrode ECSA, and thus the 

device performance, suggesting the same effect may be occurring here56. Therefore, the observed increase 
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in ECSA and performance with the increase in PAA from 1.20 and 1.64 wt.% is consistent with the catalyst 

agglomerated structure in the ink. 

However, the reduction in ECSA and performance with further increase in PAA concentration from 1.64 

wt.% to 2.00 wt.% is likely due to an excess of PAA in the fibers as suggested by the rheological behavior. 

Above 1.64 wt.%, the viscoelasticity of the inks was found to be dominated by the excess PAA 

concentration rather than by the changes in the particle agglomerated structure (Figure 2). Excess PAA 

in the fibers could reduce the mass transport (gas/water) to/from the catalyst sites and reduce the catalyst 

utilization/ECSA in the fibers, thereby negatively affecting performance56. Thus, the excess PAA, in 

combination with the non-uniform (fiber and clumps) fiber morphology, likely caused the reduction in 

ECSA and performance in the 2.00 wt.% PAA case. In addition to these factors (defective fiber 

morphologies and reduced porosity), inferior ion-conducting properties of PAA relative to Nafion may 

also play a role in the performance reduction at these high PAA concentrations as indicated in previous 

studies, both for spray-coated7 and nanofiber electrodes3. 

The performance comparisons show maximum fuel cell performance at an optimal PAA concentration of 

1.64 wt.% which corresponds to the catalyst layer with uniform fiber morphology, minimal catalyst 

agglomerates, and less amounts of free (non-adsorbing) PAA in the electrode. The inferences drawn of 

the internal structure of the fibers to rationalize the performance differences were primarily based on the 

rheology observations that capture bulk changes in the ink microstructure. The deformation of the inks 

during the electrospinning and drying processes could influence the internal structure of the fibers and 

thus the local environment of the catalyst, (the three-phase interface) which controls fuel cell performance. 

In a separate study to confirm the relationship between the observations of ink microstructure and 

performance, and to gain more insights into the performance mechanisms we further examined the internal 

structure of the fibers – the ionomer distribution in the nanofibers and the local ionomer-platinum 

interactions – and its impact on sulfonate coverage on the catalyst and proton accessibility.30 The results 

from these combined studies provide insights into structure and function of electrospun nanofiber 

electrodes and will guide future nanofiber electrode R&D. 
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Conclusions 

In conclusion, the study shows that carrier-polymer not only facilitates the formation of uniform fibers, 

but its interaction with the catalyst particles can significantly influence fuel cell performance. Particularly, 

a reduction in the catalyst agglomerates by the carrier polymer can have a positive effect on the 

performance of fuel cells. The PAA, along with the ionomer, stabilized the particles (via electrosteric 

stabilization) against agglomeration by adsorbing onto their surface. However, beyond a certain 

concentration (> 1.64 wt.%), PAA predominantly remained as excess free polymer in the bulk because of 

reduction in the free surface area of the particles for further PAA adsorption. We also found that PAA 

overall enhances the extensional viscosities of inks, as expected, but its interaction with particles appears 

to reduce their extensional viscosities relative to pure polymer solutions, owing to their adsorption onto 

the catalyst surface that restrains the polymer from fully stretching under extensional flow. The 

enhancement of the extensional viscosities of the inks by PAA promoted the evolution of uniform 

nanofibers by suppressing the formation of bead morphologies. However, at large PAA concentrations, 

significant increase in shear viscosities resulted in defective fibers (beads embedded with clumps). 

Electrochemical performance comparisons between three nanofiber catalyst layers with different PAA 

concentrations showed maximum performance at an optimal PAA concentration that provides a 

combination of both a decrease in the agglomerated structure of the catalyst and improvement in fiber 

uniformity. The findings from this study contribute to a more rational approach to the fabrication of 

nanofiber electrodes and show that an understanding of the polymer-particle interactions is necessary to 

optimize ink formulation to control fiber formation and create optimal electrode structure for fuel cell 

performance. 

 

 

 

 

 

 

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.



28 
 

Supporting Information 

Schematics of drip on a substrate capillary breakup extensional rheometer and electrospinning 
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PAA wt.%  

Inks Polymer solutions 

Relaxation Time [ms] Relaxation Time [ms] 
0.80 2 5 
1.64 10 12 
2.48 18 37 
3.62 25 2 

 

Table 1. Extensional relaxation times of inks and PAA solutions (with 3.41 wt.% 

ionomer) for a series of different PAA concentrations. 
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