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ABSTRACT 

A  variety  of  electrochemical  energy-conversion  technologies,  including  fuel  cells,  rely  on

solution-processing  techniques  (via  inks)  to  form  their  catalyst  layers  (CLs).  The  CLs  are

heterogeneous structures,  often with uneven ion-conducting polymer (ionomer)  coverage and

underutilized  catalyst.  Various  platinum-supported-on-carbon  colloidal  catalyst  particles  are

used, but little is known about how or why changing the primary particle loading (PPL, or weight

fraction  of  platinum  of  the  carbon-platinum  catalyst  particles)  impacts  performance.  By

investigating  CL gas-transport  resistance  and  zeta  (ζ)  potentials  of  corresponding  inks  as  a

function of PPL, a direct correlation between CL high-current-density performance and ink ζ-

potential is observed. This correlation stems from changes in ionomer distributions and catalyst-

particle  agglomeration  as  a  function  of  PPL as  revealed  by  pH,  ζ-potential,  and  impedance

measurements.  These findings are critical to unraveling ionomer distribution heterogeneity in

ink-based CLs and enabling enhanced Pt utilization and improved device performance for fuel

cells and related electrochemical devices.
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INTRODUCTION

Polymer-electrolyte  fuel  cells  (PEFCs)  present  an  attractive  clean-energy  alternative  to

conventional  energy  sources  in  several  energy  sectors,  especially  heavy-duty  transportation.

However, widespread commercialization is limited due to the high costs associated with the use

of platinum (Pt) in the catalyst layers (CLs). Unfortunately, reducing overall Pt loading induces

significant transport losses and poor performance, particularly gas-transport losses in the cathode

CL.1-2 Mitigating these losses, while maintaining low Pt loadings, is paramount to the widespread

deployment of PEFC technology.

CLs  in  PEFCs  are  complex  porous-electrode  structures  consisting  of  agglomerates  of  Pt-

supported-carbon catalyst particles (collectively referred to here as catalyst particles) and ion-

conducting polymer (ionomer) binder.3-4 The catalyst particles are roughly 30-50 nm in diameter

(determined primarily by the size of the carbon support) and are decorated with 2-4 nm platinum

nanoparticles. The carbon, platinum, ionomer, and void-space pathways create a triple-percolated

network for the transport of various species to and from the reaction sites: reactant gas (H 2 , O2),

product water, protons (H+¿¿), and electrons (e−¿¿). Using microscopy,5-10 ptychography,11 and

tomography,12-14 studies have revealed the heterogeneous nature of CL structures: there are non-

uniform  ionomer  distributions  (with  a  significant  fraction  of  Pt  not  in  direct  contact  with

ionomer),  isolated  ionomer  domains,  and  wide  variety  of  agglomerate  (defined  here  as

aggregates  of  catalyst  particles  plus  ionomer)  sizes  and ionomer  film thicknesses.  The total

platinum  loading  in  a  CL  reported  in  mgPt/cm2  ,  and  the  ionomer-to-particle  weight  ratio

(typically expressed as ionomer-to-carbon ratio, I:C) are two commonly studied CL fabrication

parameters.1, 12, 15-18 Of note, in addition to varying total platinum loading, platinum loading on the

carbon-support particles (termed primary particle loading, PPL) can also change. Notably, higher

PPL results in larger Pt nanoparticle sizes.19-20 When platinum nanoparticles are not near or in

contact with the ionomer, they do not contribute to the electrochemical surface area (ECSA).

Optimization  of  CL  structure  with  well-distributed  phases  is  essential  to  allow  for  efficient

species transport and high Pt utilization (and therefore high current densities and reduced capital

costs).
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CLs are  fabricated  from inks  containing  catalyst  particles  and ionomer  dispersed  in  solvent

(typically water:alcohol mixtures). The interactions between the components in solution govern

how these agglomerates (aggregates of catalyst particles and ionomer) self-assemble, including

how  the  ionomer  adsorbs  to  the  catalyst  particles.21-23 Upon  drying,  ink-level  interactions

manifest and control the eventual CL microstructure, the nature of the ionomer/catalyst-particle

interface, and the properties of the ionomer.3, 21, 24-29 Ink properties (e.g., ink zeta potential, ζ, and

agglomerate size distribution) correlate well with CL performance (e.g.  mass activity and gas-

transport resistance) as a function of ink water:alcohol ratio24 and I:C ratio.30 Importantly, the

surface chemistry of the catalyst particles (i.e., platinum-nanoparticle loading and distribution

and  carbon  type)  alters  how  the  ionomer  interacts  with  them,  as  evidenced  by  rheological

measurements.31 Furthermore,  calorimetry  and  ionomer-adsorption  measurements  reveal  that,

when subject to no applied potentials, binding strengths of ionomer are higher on hydrophobic

(carbon) surfaces than on platinum surfaces when using Nafion (a prototypical ionomer, although

depending on ionomer charge density the magnitude of this  relationship may change).32 One

therefore expects that as the PPL varies (i.e., the surface area of platinum nanoparticles relative

to carbon particles), ionomer/catalyst-particle interaction strengths differ (decreasing interaction

with increasing platinum surface area), which could impact device power output. While changing

total Pt loading is well studied1, 15, 33, varying Pt distributions within the CL caused by differing

PPL is poorly understood. 

In this study, we probe the influence of PPL on both ink and CL properties, using Vulcan carbon-

supported particles and Nafion as a model support and ionomer, respectively. Vulcan is chosen

as a model  support due to its  very low internal  porosity;  changes  in PPL,  therefore,  can be

directly correlated with differences in the platinum versus carbon surface area on the exterior of

the catalyst particle. Ink ionomer/catalyst-particle interactions are explained with ζ-potential and

pH measurements as a function of I:C. We link ink interactions to CL properties by investigating

both  gas-transport  resistance  and  ζ-potential  of  corresponding  inks  as  a  function  of  PPL.

Additionally,  CL  findings  are  validated  by  double-layer  capacitance  and  H+¿¿ transport-

resistance measurements. In this way, we probe the influence of carbon and platinum surface

area  on  ink  properties  to  understand  how they  determine  CL transport,  revealing  important
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implications  for  controlling  ionomer  and  catalyst-particle  distribution  heterogeneity  and

consequently improving Pt utilization. 

EXPERIMENTAL

Ink preparation and measurements:  Inks for electrode fabrication were prepared by dispersing

ionomer dispersions‡ (Nafion®, D521, Ion Power, Delaware, USA) and Pt-nanoparticle catalyst

supported on Vulcan carbon (TEC10V10E, TEC10V30E and TEC10V50E from TKK, Tokyo,

Japan) in a solvent  mixture of 18 MΩ deionized water (Millipore  Milli-Q® IQ 7000 Water

Purification  System,  Millipore  Sigma,  Massachusetts,  USA)  and  n-propyl  alcohol  (>99.9  %

purity,  Sigma Aldrich,  Missouri,  USA) in  a  1:1  weight  ratio.  For  the  bare  carbon  samples,

Vulcan XC72 was used (Fuel Cell Store, Texas, USA). The carbon-to-solvent weight ratio was

kept  constant  at  0.03  wt.  %  for  low  Pt-loading  electrode  samples  (0.05  mg/cm2  electrode

geometric surface area) and zeta-potential measurements. For higher Pt-loading samples (0.1 mg/

cm2 electrode area), the carbon-to-solvent weight ratio was increased to 0.1 wt.%. All inks were

manually  agitated  followed  by  sonication  for  30  minutes  in  a  bath  sonicator  (Branson,

Connecticut, USA) maintained at 10°C using a water recirculatory/chiller (F25-HL Refrigerated

- Heating Circulator, Julabo Inc, Pennsylvania, USA). Zeta potentials of the inks were measured

immediately  after  sonication  via  electrophoretic  light  scattering  (NanoPlus3,  Micromeritics,

Georgia,  USA),  modeled  using  the  Smoluchowski  equation.34 To elucidate  ionomer/catalyst-

particle interactions in inks, pH measurements were conducted over a wide range of I:C ratios.

Inks were prepared in a similar manner as above, with a fixed carbon-to-solvent ratio of 0.1 wt.

%, dispersed in varying ionomer concentrations using solvent-diluted ionomer (Nafion®, D2021,

Ion Power, Delaware, USA). pH measurements were taken with an Orion Star A211 pH meter

and a ROSS Ultra Triode pH probe with automatic temperature compensation (Thermo Fisher

‡‡ Consistent with the terminology in the field, we use the term ionomer “dispersion” to mean an ionomer and
solvent system. Importantly however, given the ζ trends presented herein, “solution” may be a more appropriate
term based on observed tendency of the ionomer to uniformly distribute in the ink at high I:C and control “bulk”
behavior.
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Scientific,  Massachusetts,  USA).  The probe was calibrated  before  each use with  appropriate

known standards. Samples were stirred at 400 RPM for the course of the pH measurement. Most

samples equilibrated in less than 30 s.

Electrode  fabrication: Electrodes  were  prepared  by  spray  coating  inks  using  a  Sono-Tek

ultrasonic  spray coater  and a 25  kHz AccuMist  nozzle  (Sono-Tek Exacta  Coat,  New York,

USA). The working electrode (WE) was spray-coated onto a NR212 Nafion membrane (Ion

Power, Delaware, USA) while the counter electrode (CE) was spray-coated onto a gas-diffusion

layer (GDL) (Sigracet 25BC, SGL Wiesbaden, Germany). In the WE, the total Pt mass loading

was  maintained  at  0.05  mg/cm2 and  0.1  mg/cm2 for  CL  gas-transport  resistance  and

electrochemical impedance spectroscopy (EIS) measurements, respectively. CE utilized a total Pt

loading of 0.3 mg/cm2. Nafion ionomer binder at an I:C ratio of 0.7 and 0.9 was utilized for all

WEs and CEs, respectively. 

Cell assembly for CL gas-transport resistance measurements: Membrane-electrode assemblies

(MEAs) were prepared by stacking the CE sprayed onto the GDL against a Nafion membrane

(NR-212, ~50 µm thickness) with the WE sprayed on the other side. Additional GDL sheets were

added on the WE-side during measurements. The active cross-sectional area, determined by the

WE electrode cross-sectional area directly in contact with the GDL, was limited to 2 cm2. The

remaining area was covered by impermeable Teflon gaskets (PTFE, McMaster Carr, Illinois,

USA) to prevent gas exposure, seal the cell,  and achieve the desired GDL compression. The

entire assembly was mounted in a single cell with graphite flow-fields (total area 5 cm2) and

single serpentine flow channels (Fuel Cell Technologies Inc, New Mexico, USA). The cell was

operated  using  a  commercial  test  stand (850e Multi-Range Fuel  Cell  Test  System,  Scribner

Associates,  North  Carolina,  USA)  that  allowed  control  of  gas  flowrates,  humidity,  cell

temperature,  and  cell  backpressure.  Cyclic  voltammograms  (CVs)  and  limiting-current

measurements  were  recorded  via  a  Biologic  VSP  potentiostat  (Biologic,  Seyssinet-Pariset,

France).

Cell  assembly  for  electrochemical  impedance  spectroscopy  (EIS)  and  polarization-curve

measurements: MEAs described above were sandwiched between two 25-cm2 SGL29 BC GDLs,
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at 25% compression and placed between the flow fields with the cell bolts tightened to 40 in-

pounds. 25-cm2 double/triple (CE/WE) serpentine flow fields were used.

Break-in protocol: A modified version of the break-in protocol described by Ono  et al.35 was

adopted for this study. The samples were maintained at a constant potential (0.2 V referenced to

the CE) for 12 h at 80°C, 100% relative humidity (RH), and 50 kPa gauge pressure while flowing

pure H2  (flowrate of 400 standard cubic centimeters per minute, SCCM) on the CE side and air

(flowrate of 800 SCCM) on the WE side.

Electrochemical  surface  area  (ECSA)  measurement: ECSA was  estimated  by  CO-stripping

voltammetry as described by Schuler  et al.36 at  40°C, 80% RH, and ambient  pressure (same

operating  conditions  for  the  limiting-current  measurements).  Briefly,  both  electrodes  were

flushed using humidified Ar for 1 h to hydrate the sample at the desired RH. The CE feed was

then switched to 2% H2 in Ar, and 20 cleaning cycles were performed between 0.08 to 0.95 V

(referenced to the CE) at a scan rate of 50 mV/s, followed by additional 20 cleaning cycles over

the same potential range at a scan rate of 100 mV/s. The WE was thereafter fed with 1% CO

diluted in Ar at 500 SCCM for CO adsorption for 5 min to allow CO adsorption. Next, Ar purged

the WE at 500 SCCM for 15 min to remove excess CO and obtain an irreversibly adsorbed

monolayer. Finally, three CVs were recorded by sweeping the WE potential between 0.08 to 0.95

V  (referenced  to  CE)  at  a  scan  rate  of  100  mV/s.  ECSA  was  calculated  from  the  charge

integration of the CO peak. The second and third CVs served as a baseline for charge integration

of  the  CO  peak.  A  CO-monolayer  oxidation  charge  of  420  mC/cm2 was  assumed  in  all

calculations.37 The surface-area roughness factor  r f , commonly used to characterize electrodes

and defined as the ECSA normalized to electrode geometric area,2 was estimated from the ratio

of ECSA to WE active area (2 cm2). r f  values are reported in the Supporting Information (SI).

Transport-resistance  measurement: Electrode  transport  resistances  were  ascertained  from

limiting-current measurements using the H2-pump configuration and test protocol as described by

Spingler et al.38 and Schuler et al.36 A 2 vol.% H2 in Ar mixture was fed to the CE to minimize

crossover current while maintaining a stable potential. To achieve the mass-transport limit of the

WE,  low-concentration  gas  mixtures  of  1000  ppm  H2 in  Ar  were  utilized.  The  flowrates
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maintained were 1000 standard cm3/min on the WE and 500 standard cm3/min on the CE. The

setup was maintained at 40°C, 80 % RH, and ambient pressure during the measurements. 

To record the limiting current, the cell was flushed using humidified Ar for 45 min. The CE feed

was then switched to 2 vol.% H2 in Ar, and 20 cleaning cycles were performed between 0.08 to

0.95 V (referenced to CE) at a scan rate of 50 mV/s, followed by an additional 20 cleaning cycles

over the same potential range at scan rate of 100 mV/s. Thereafter, the potential on the WE was

maintained constant at 0.3 V (referenced to the CE) to record the crossover current. The WE gas

was then switched to 1000 ppm H2 to record the total  steady-state current density. To reach

limiting  current,  voltage  was increased  until  the current  remained  constant.  Limiting  current

density at this point was then obtained by subtracting the crossover current density from the total

current density.2 

The total cell resistance RTotal is given by the ratio of average feed reactant concentration (on the

WE) to the measured limiting current ilim ¿ ¿ as 

RTotal=
nF C Feed

Avg

ilim ¿¿
(1)

where  n(¿2) is  the  number  of  electrons  in  the  overall  reaction.  RTotal for  the  H2-pump

configuration is composed of transport resistances from the GDL and the WE,

RTotal=N RGDL+ RCL (2)

where N  is the number of GDLs stacked on the WE, RGDL is the transport resistance of a single

GDL,  and  RCL is  the  WE  transport  resistance.  RGDL is  determined  from  GDL  stacking

experiments  where  RTotal is  measured  as  a  function  of  N  keeping  other  system  parameters

constant.38 The slope of  RTotal versus  N  represents  RGDL.  RCL is determined by subtracting the

total  GDL  resistanceN RGDL from  RTotal.  Measurement  precision  is  maintained  since  the

magnitudes  of  RCL , N RGDL , and  the  difference  between  the  two are  much  higher  than

experimental error.

Impedance measurements: EIS experiments were prepared on fully conditioned 25 cm2 MEAs

with WE-Pt loading of 0.1 mg Pt/cm2 using a Gamry Reference 3000 Potentiostat connected to a
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Gamry 30k Booster.  EIS experiments  were conducted  at  80°C with 1 atm pure  H 2 and  N 2

flowing at 100 SCCM at CE and WE gas lines, respectively. Experiments were run at 10, 25, 50,

75, and 100 % RH with 30 to 60 min equilibration before each measurement. EIS was measured

over 50 kHz to 100 mHz at 0.45 and 0.2 V versus RHE with ±10 mV oscillations for CO-free

and CO-doped experiments, respectively. The WE was exposed to 1 vol.% CO/N 2 feed for 15

min to  allow for CO adsorption,  then purged with pure  N 2 prior to CO-doped experiments.

Residual  CO  was  oxidized  after  CO-doped  EIS  experiments  and  before  CO-free  EIS

measurements via CO stripping voltammetry.

The CL ionic sheet resistance (Rsheet) was determined by fitting EIS data (between 50 kHz and 0.1

Hz) from 100% RH-H2/N2 EIS spectra to a spherical diffusion model39 (Equation  (3) with an

Open Source Impedance Fitter (OSIF)40 tool,

Z=( iω )
θ l+Rhfr+

Rsheet

√R sheet Cdl ( iω )
ϕ coth √ Rsheet Cdl (i ω )

ϕ
−1

(3)

where Z  is complex impedance, l is inductance of nonideal inductor, ω is frequency (rad/s), Rhfr

is  a high frequency resistance element, R sheet is  CL sheet  resistance,  Cdl is  the double-layer

capacitance of a nonideal capacitor, and θ,ϕ  are power index phase elements between 0 and 1

representing nonideal inductor and capacitor behavior, respectively. A value of 1 corresponds to

an ideal constant-phase element. Due to the relative thinness of the CLs, the spherical diffusion

model  (Equation  (3) gave better  fits compared to an analogous transmission-line model with

capacitive and inductive elements modeled as constant-phase elements. Table S4 presents the

values of each variable fit in Equation 3. 

Ionomer fractional capacitance (or the dry divided by the wet capacitance of the CL) is attributed

to changes in ionomer coverage and was determined on both Pt and C surfaces by comparing the

changes in Cdl taken under wet (80-100% RH) and dry (10% RH) conditions with and without

CO exposure, as previously described.24, 37 The presence of CO helps isolate the platinum from

the  carbon  capacitance  contribution.  Cdl for  an  individual  EIS  spectrum was  determined  by

finding the  y-intercept of  ω-2 vs  1/ωZimg plot using the linear region present at low frequency

(typically 0.1 to 0.5 < ω-2 < 2.5 rad2/s2). This method was used for all conditions (wet, dry, with
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and without  CO) rather  than using  the  results  of  Equation  3 because  the  spherical-diffusion

model gave poor fits under dry conditions. However, the wet-condition values for Cdl were very

similar  when comparing  the two methods.  Uncertainty of the  y-intercept  associated with the

least-square linear-regression fit were propagated through all calculations. 

H2/air polarization curves: The cell was maintained at 80°C, 150 kPa total pressure and varying

RH. H2 and air were fed to the CE and WE, respectively. The test protocol involved measuring

the current-versus-voltage curves from 0.3 V to open-circuit voltage (OCV) for 4 min per point

(average of last 1 min used). Currents were normalized by ECSA to account for differences in Pt

surface area with varying PPL loading.

SEM imaging (electrode and electrode thickness): SEM images of the CLs were obtained using a

SEM  FEI  Quanta  250  FEG  equipped  with  a  Bruker  Quantax  200  EDX  detector.  For  CL-

thickness  measurements,  the  samples  were  freeze-fractured  under  liquid  nitrogen.  Average

thickness (and associated images) from three different CL locations is reported in the SI in Table

S5.

RESULTS & DISCUSSION

Ink Characterization.  Varying the PPL changes the relative amounts of carbon and Pt surface

area of catalyst particles: estimates indicate that the carbon surface area decreases from 100 to

70-80% when the Pt surface area increases from 0% to 20-30% as Pt PPL increases from 0 to 46

wt.% (see SI). It is worth noting that the surface area does not vary linearly with Pt-nanoparticle

loading because carbon and Pt have drastically different specific (mass-normalized) surface areas

(see  Table  S1-2).  Additionally,  because  Pt  is  slightly  hydrophilic  and Vulcan carbon (C)  is

slightly hydrophobic, varying PPL alters the hydrophobic/hydrophilic nature of catalyst particle

surfaces, thereby influencing ionomer adsorption onto the catalyst particles.32 

ζ-potential can be thought of as an effective surface potential of the agglomerates in the ink and

therefore  is  an  indicator  of  colloidal  stability:  keeping  all  other  variables  constant,  high

magnitude  ζ-potential  particles  experience  more  electrostatic  repulsion  and therefore  tend to
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aggregate less than low ζ-potential particles. It has previously been established that -potentialis

closely coupled with I:C ratio,34 indicating the -potentialstrongly depends on ionomer/catalyst-

particle interactions. Therefore, it is expected that the dependence of  -potentialon I:C ratio

changes as a function of PPL. To probe this assertion,  Figure 1 shows the ink ζ-potential as a

function of I:C ratio (Nafion is used as the ionomer) for 0 (bare C), 10, and 30 wt.% Pt on C. A

1:1  water:n-propanol  solvent  composition  is  used  for  all  inks  in  this  study.  In  Figure  1,  ζ-

potential exhibits a U-shaped dependence on the I:C ratio for the three PPLs; Figure S1 also plots

ζ-potential  for  a  much wider  range of  I:C using  bare  carbon support  particles  (0 wt.% Pt).

Generally, ζ-potential is proportional to the surface charge density on a particle and inversely

proportional to the square root of the ionic strength of the surrounding medium.41 Although this

is a non-classical system (no added electrolyte), the general trends with surface charge and ionic

strength still hold (discussed more in the SI). 

Figure 1. Zeta potential of inks of varying ionomer-to-carbon (I:C) ratios, containing (A.) 0 wt.
% Pt bare-carbon-support particles, and (B.) 10 wt.% Pt, or (C). 30 wt.% Pt-on-carbon catalyst
particles.  The  dashed  light  blue  vertical  lines  indicates  where  the  marginal  ionomer  added
switches from adsorbing to the particle surface (because the surface is unsaturated, Uns) to no
longer  adsorbing  (because  the  surface  is  saturated,  Sat).  (B.)  and  (C.) are  reproduced  with
permission from reference 30 Copyright 2021 American Chemical Society. Error bars display the
standard deviation of multiple replicate samples. 

We first examine the initial  part  of the U-shaped curve at low I:C ratios in  Figure 1A.  In a

dispersion,  the  acid  group in  the  sulfonate  sidechain  dissociates  to  solubilize  H+¿¿ ions  and

11



negatively charged SO3
- groups (the sulfonate groups should be almost fully dissociated in this

environment).34,  42 The  increase  in  ζ-potential  magnitude  (more  negative)  indicates  that  the

catalyst/carbon-particle  agglomerates  are becoming more negatively  charged.  In other words,

ionomer adsorption onto the catalyst/carbon-particle agglomerate surface likely initially causes a

more negative  ζ as I:C increases  due to  negatively  charged  SO3
- groups associated with the

adsorbed ionomer. This initial  increase in ζ-potential magnitude cannot be due to addition of

non-adsorbing ionomer; if the ionomer did not adsorb, it would increase the surrounding ionic

strength and cause the opposite trend. Similarly, the increase cannot be due to the ionomer itself,

because the ζ-potential of pure Nafion in this solvent is difficult to interpret (indeterminate via

electrophoretic light scattering).

At a certain I:C ratio however, the ζ-potential value stops becoming more negative, and instead

decreases in magnitude with additional ionomer. We here define the transition ratio based on the

data of Figure 1 corresponding to the last data point following the first half of the U-shaped

curve (i.e. the inflection point). This I:C transition ratio occurs at ionomer adsorption saturation

as confirmed by independent adsorption studies.32, 43 After the I:C transition, additional ionomer

in solution behaves like small-molecule salts and acids (Figure S1B): the catalyst/carbon-particle

agglomerate surfaces are adsorption saturated with ionomer, and dissociated H+  ions from the

additional ionomer increase the ionic strength of the surrounding solvent medium. The increase

in ionic strength causes ζ-potential to trend toward zero.

Interestingly, the I:C transition ratio is a function of PPL. For bare carbon (0% Pt, Figure 1A),

the transition occurs at an I:C of 1. As PPL increases, the transition point progressively shifts to

lower I:C ratios: 0.8 for 10 wt.% Pt and 0.7 for 30 wt.% Pt, as indicated by the light-blue dashed

vertical  lines  in  Figure  1.  Nafion  adsorbs  more  strongly  onto  Vulcan  carbon  than  onto  Pt

nanoparticles under similar conditions in the ink.32 As the carbon SA available for the ionomer to

interact with decreases (Table S1-2), the amount of ionomer the catalyst-particle surface can

accommodate also decreases,  in agreement with the decreasing threshold I:C with increasing

PPL.

To explore the relationship between PPL and ionomer/particle ink interactions further,  pH is

measured  during  ink  titration  with  ionomer,34 and  compared  with  the  pH  of  ionomer-only
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dispersions at the same ionomer concentrations. The pH of both the ink (with 0, 30, and 46 wt.%

Pt/C catalyst particles) and the Nafion dispersion (no catalyst particles) are plotted on the y- and

x-axes, respectively in Figure 2; the raw data of ink pH versus I:C is given in Figure S3.  

  

Figure  2.  Measured pH titrating of an ink containing either bare carbon (C), 30, or 46 wt.%
platinum on carbon (Pt/C) as a function of the measured pH of ionomer-solvent dispersions of
the same composition containing no particles. Dashed lines are guides for the eye. The dotted
gray line indicates a one-to-one correlation.

We first examine the bare-carbon data (light blue circles in  Figure 2). Because the ionomer is

acidic,  low pH values (bottom left  of  Figure 2) represent the highest ionomer concentrations

(highest I:C). In this regime, the pH of the ink and the ionomer dispersions agree directly, thus

indicating that the ionomer contributes to the bulk pH in a similar manner with and without

catalyst  particles.  However,  at  low ionomer  concentrations  (top  right  of  the  figure),  a  clear

deviation from this linear behavior (evidenced by a slope change) between the ink and dispersion

pH  is  observed.  This  difference  could  be  due  to  the  carbon-support  particles  or  to

ionomer/carbon-particle interactions. Initial ink pH values (top right of the graph) are set by the

solvent/carbon-particle environment. Notably, the ink pH in this region is relatively insensitive to

ionomer concentration when ionomer is first increased. Figure S3 replots the ink pH data as a

function of I:C. This insensitivity is because the ionomer does not contribute to the bulk pH in
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this region, suggesting that it is bound/adsorbed to the carbon particle. This indicates that the H+

counterions  located in the adsorbed layer do not distribute freely into the bulk solution,  and

accordingly, do not significantly impact bulk solution pH. However, as more ionomer adsorbs to

the agglomerates as indicated by the changing slope region from pH ~3-6, the ink and dispersion

pH values eventually converge. When they do converge (around pH ~3, corresponding to similar

I:C values as in Figure 1 as shown in Figure S3) the carbon particles are adsorption saturated.

Here, additional ionomer in the solution contributes to the bulk pH as it would in an ionomer-

only dispersion. Therefore, deviation between ink and dispersion pH is due to adsorption of the

ionomer  to  the  carbon-particle  surface;  pH may  be  thought  of  as  a  measure  of  bulk  (free)

ionomer. 

This same trend is seen for the Pt/C data: all inks display relatively insensitive pH responses with

increasing ionomer concentration at low I:C ratios. The Pt/C values are also initially more acidic

than bare carbon support due to differences in surface chemistry induced by the acidic platinum

deposition process.‡ For the Pt/C ink pH data, adsorption of ionomer onto the catalyst particles

scavenges  ionomer  from  solution.  Below  pH  ~3,  enough  ionomer  is  present  to  overcome

adsorption loss of solution ionomer onto the catalyst particles.

In our inks, the fact that ionomer does not contribute to bulk pH at low ionomer concentrations

(likely  due  to  interactions  with  the  catalyst/carbon-particle  surface)  and  does  so  at  high

concentrations corroborates the U-shaped ζ-potential behavior, in which at low concentrations

the ionomer does not add to ionic strength but rather lowers ζ-potential due to adsorption. At

high ionomer concentrations,  the additional  ionomer (beyond the adsorption saturation point)

remains dispersed in the solvent, thereby increasing the bulk ionic strength. Furthermore, the pH

transition region occurs at similar I:C ratios (Figure S3) as the ζ-potential-transition values. It is

important to note that the observed ζ-potential trend may not hold for inks with very low carbon

concentrations (i.e., where the amount of ionomer adsorbed to the carbon surface area negligibly

affects bulk ionomer concentration). 

‡‡ It  should  be  noted  therefore  that  the  bare  carbon  did  not  undergo  a  similar  treatment  process,  and  the
ionomer/carbon interactions are likely inherently slightly different between untreated bare carbon and the carbon.
The data are presented here, however, to understand the intrinsic ionomer/Vulcan interaction. 
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CL  Characterization.  To  understand  how  PPL-influenced  ink  interactions  affect  CL

performance, CLs made from inks comprised of catalyst particles of varying PPL (bare C (0%

Pt), 10, 30, and 46 wt% Pt/C catalysts) but identical I:C ratios were fabricated and tested, where

the total platinum loading and solvent composition (1:1 water:n-propanol) and other fabrication

procedures remaining identical. A fixed I:C of 0.7 was chosen to capture behavior on either side

of the ζ-transition value for the varying PPLs (i.e., 10% should be to the left of, 30% should be

on, and 46% should be to the right of the transition values as seen in Figure 1). Because ionomer

interacts more strongly with carbon rather than with platinum,32 the available SA of the Pt/C

catalyst particle for ionomer to adsorb decreases as the platinum weight fraction on the particle

increases. Consequently, we expect the ionomer distribution on the catalyst-particle surface to be

more  heterogeneous  and  spatially  separated  by  platinum  nanoparticles  as  PPL  increases.

Importantly,  in  the  following  data,  the  total  platinum  loading  is  maintained  constant  (0.05

mg/cm2) across all samples; only the PPL changed, and thus performance differences are due to

differences in PPL.  PPL differences yield differences in Pt (and ionomer) distributions in the CL

and CL thickness/porosity. In the subsequent analysis we attempt to isolate the first effect by

normalizing for the latter one, as described below. Note that these PPL data are fundamentally

different from those of previous studies investigating the effect of total platinum loading1 and the

two situations should not be confused. 

Figure 3A shows the effect of PPL on CL gas-transport resistance and corresponding ink ζ-

potential. Gas transport was not measured for bare carbon because it is a poor H2 catalyst. CL

gas-transport  resistance  is  composed  of  the  total  transport  resistance  for  the  gas  to  diffuse

through the CL thickness to the Pt reaction sites. At low Pt CL loadings (as is the case here), the

overall  CL  gas-transport  resistance  is  dominated  by  local  gas-transport  resistance  which  is

composed of ionomer thin-film transport resistance and an interfacial resistance at the Pt/ionomer

interface.2 Because total  platinum loading was the same for all CLs, each CL had a different

nominal thickness due to the varying PPL used: CLs fabricated from high PPL have less total

carbon,  and  are,  therefore,  thinner.  Additionally,  ECSA varied  widely  across  the  CLs  with

different PPL (Table S3). This probably results from changes in Pt nanoparticle size as a function
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of  PPL.19-20 The  CL  gas-transport-resistance  data  presented  in  Figure  3A are,  therefore,

normalized to the average ECSA (see SI). 

As mentioned above, ζ-potential correlates well with CL high current-density performance.24, 30

Changes in CL structure are triggered by differences in ionomer/catalyst-particle interactions. In

Figure 3,  we also see a strong relationship between transport  resistance and ζ-potential  as a

function of PPL. CLs with low PPL exhibit low CL gas-transport resistance and high ζ-potential

magnitudes.  At  46  Pt  wt.%  PPL,  a  sharp  increase  in  CL  gas-transport  resistance  occurs

concurrently with a sharp decrease in ζ magnitude. The gas-transport-resistance data agree with

previous studies that report decreases in CL high-current-density performance with increased

PPL.44 The previous literature attribute these trends to crowding of the carbon surface by Pt

nanoparticles, resulting in a low flux per Pt nanoparticle.44 However, the coinciding ζ-potential

trends here with high gas-transport resistances suggest microstructural changes of the CL toward

apparently larger catalyst-particle agglomerates.
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Figure  3. (A.)  Gas-transport  resistance  of  catalyst  layers  (CLs)  containing  the  same  total
platinum  loading  (0.05  mg/cm2),  but  varying  primary  particle  platinum  loading.  The  zeta
potentials  of the inks  used to  cast  these CLs are also shown. Scanning electron  microscopy
images of CLs manufactured with (B.) 10 wt% Pt/C and (C.) 46 wt% Pt/C (the same samples
measured as in (A.)). Error bars display the standard deviation of multiple replicate samples.

From the ζ-potential measurements at low PPL, we expect the majority of ionomer to adsorb to

the carbon support particles because the surface is not adsorption saturated (i.e., an I:C of 0.7 is

on the left side of the U-shaped ζ-potential  curve).  At high PPL, we conversely expect some

free  ionomer  in  solution,  because the I:C ratio  is  past  the  ζ-potential  transition  value.  Non-

uniform ionomer distribution over the catalyst-particle surface due to reduced carbon SA at high

PPL correlates with the increased local transport resistances observed in Figure 3A.

Both  low-magnitude  ζ-potential  and  high  gas-transport  resistances  indicate  microstructural

changes  of  the CL,  likely larger  agglomerates.  A lower magnitude  ζ -potential  demands less

repulsion between the catalyst particles in the ink. This likely results in larger agglomerates, and

in turn, increases the local transport resistance due to the more tortuous pathways the gas must

take to reach buried platinum within the aggregates. To verify this hypothesis and study the

structure, SEM was used to image the CLs as shown in Figure 3B-C for CLs fabricated with PPL

of 10 and 46 Pt wt.%, respectively.  The 10 wt.% sample exhibits  a highly dispersed porous

structure with well-distributed pores, whereas the 46 Pt wt.% sample displays a more aggregated

structure,  in  agreement  with  the  gas-transport  resistance  and  ζ-potential  data.  While  these

representative images do not reveal the ionomer distribution within the CL, they do indicate

structural changes across the different PPLs, likely caused by changes in ionomer distributions.

Indeed at this time, no technique is able to resolve 3-dimensional ionomer structure in CLs with

sufficient chemical and special resolution, though reconstructions have been accomplished in the

absence of platinum8. Such technique development is beyond the scope of this work, and we

instead  use  the  electrochemical  measurements  below  to  corroborate  the  hypothesis  of  PPL

impacting ionomer distribution in the CL. 

Double-layer  capacitance  (Cdl)  can  also  ascertain  ionomer  distribution  within  the  CL,  as

previously  described.24 Briefly,  under  partially  dry  conditions  only  the  agglomerate  surface

covered by ionomer contributes  to  Cdl.  Under more wet conditions, the entire surface of the
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agglomerate likely contributes to Cdl due to the presence of both water and ionomer pathways.

Capacitive  measurements  are  related  to  ionomer  coverage;  the  dry-to-wet  ratio  of  Cdl is

indicative of the fraction of catalyst-particle surface area covered by ionomer (though there may

not be a strictly linear relationship due to differences in the dielectric permittivity of hydrated

versus  dry  Nafion).  When  this  measurement  is  repeated  with  CO  (adsorbed  on  Pt),  the

capacitance is attributed primarily to carbon, assuming that adsorbed CO generally insulates the

platinum SA.24 The Pt-capacitance  contribution  under  dry  and wet  conditions  is  isolated  by

subtracting the Cdl with CO adsorbed from the total  Cdl. The results are presented in Figure 4.

Note that these data are related to the percentage surface of carbon and platinum, respectively,

covered by ionomer, and that the two values should not necessarily sum to one (i.e., both could

be unity). 

Figure  4.  Fractional  (A.) carbon and (B.)  platinum double-layer  capacitance due to ionomer
coverage on those respective surfaces. (C.) Bulk catalyst layer (CL) sheet resistance (RCL) at
100% RH, normalized by thickness of the CL (LCL). All data are for electrodes containing 0.1
mg/cm2 platinum loading, achieved while varying the Pt PPL.  Error bars display the standard
deviation of multiple replicate samples.

The ionomer coverage on carbon is within a small range across all samples, suggesting similar

ionomer/carbon interactions across all samples. Nevertheless, there is a clear monotonic increase
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in fractional carbon capacitance as PPL increases (Figure 4A). Concurrently, the total carbon

surface area available for ionomer to interact with steadily decreases as PPL increases.  Because

the available carbon surface area decrease from the surface area calculation in the SI is larger

than the capacitance increase measured in Figure 4, the overall amount of ionomer adsorbed to C

falls with increased PPL, consistent with ζ-potential  predictions. This trend is also consistent

with the hypothesis that the overall carbon-support-particle surface is more adsorption saturated

at larger PPL (due to lower total available carbon surface area at a fixed I:C). 

The Pt fractional capacitance exhibits a sharp change in magnitude between 30 and 46% Pt PPL,

which is coincident with the ζ -potential measurements (because the 46% is to the right of the U-

bend in Figure 1). A higher coverage on Pt at higher PPL is not evident from ink ζ -potential or

prior adsorption studies.32 This trend could be due to spillover  from adsorption onto carbon.

Alternatively,  higher  ionomer  coverage  on Pt  at  high  PPL could  potentially  result  from the

drying step in CL fabrication. As the solvent evaporates, free solution ionomer (for high PPL

samples that are on the right side of the U-shaped ζ -potential curve) deposits on available free

surface area (including Pt surface area). Such induced deposition in a relatively fast drying step

that occurs during spray deposition can result in non-uniform ionomer distribution or isolated

ionomer aggregates, in agreement with the SEM images (Figure 3B-C). A similar result would

not be expected in a slow-drying deposition method, such as blade coating. The ionomer drying-

deposition mechanism may yield poor ionic conductivity, especially when combined with the

heterogeneous ionomer distribution on the catalyst-particle agglomerate surface from adsorbed

ionomer. However, in some cases a heterogeneous structure may be desirable, and more detailed

studies on how deposition conditions affect CL structure are required. 

Poor conductivity is consistent with observed high CL sheet resistance (Rsheet) at high PPL in

Figure 4C  measured at  100% RH. CL  Rsheet measures  through-plane H+  transport  resistance.

Since high PPL CLs are thinner at fixed nominal Pt loadings (0.1 mg/cm2), CL Rsheet values are

normalized  in  Figure  4C by  the  thickness  of  CL  (LCL)  cross  sections  measured  by  SEM

(summarized in Table S5). When normalized by the CL thickness, differences in Rsheet are a direct

result of changes in ionomer distribution (because the ionomer should have the same intrinsic

conductivity  in  all  electrodes  and  at  the  same  amount  assuming  similar  ionomer  thin-film

19



thicknesses,  discussed further  in the  SI).  A high  Rsheet/LCL suggests  a  heterogeneous ionomer

distribution  with  poor  ionomer  connectivity,  such  as  ionomer  aggregates  connected  by  thin

ionomer strands and/or a highly tortuous ionomer network.

It is important to note, however, that despite the larger normalized resistances (Figure 3A and

Figure 4C), higher PPLs allow for thinner electrodes that reduce the total through-plane gas and

H+¿¿-transport resistance and allow for higher Pt utilization throughout the CL thickness. These

nominal  resistance  values  may  be  more  important  than  normalized  values  for  dictating

performance under certain PEFC operating conditions with high water production. Polarization-

curve  plots  (corrected  by  multiplying  with  the  sample  r f  and  dividing  by average  r f ,  both

measured at operating RH) in  Figure 5 demonstrate superior performance of CLs with higher

PPL compared to  10  wt.% PPL,  likely  due to  the  thickness  differences  (Table  S5).  This  is

consistent  with  pore-scale  modeling  results.45 CLs  with  30  wt.% PPL seem to  provide  the

optimal  CL  structure,  balancing  the  local  and  through-plane  transport  resistances,  and  thus

providing the best performance. Trade-offs between local interactions and macroscopic processes

must both be considered. 

Figure 5. H2-Air polarization curves obtained from CLs using different PPL on the WE, with a
total  Pt loading of 0.1 mg/cm2. Operating conditions were 80 C, 150 kPa backpressure,  andᵒ
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either  (A.) 40% relative  humidity (RH) or (B.)  75% RH. The voltage is  corrected  for high-
frequency ohmic resistance (HFR), and the current density is normalized to Pt specific surface
area. 

Our results agree with prior studies in which low PPL catalysts demonstrated superior current-

voltage behavior when CL thickness was held constant across all samples by carbon dilution,

likely due to improved local transport.44 Even when polarization curves are corrected for ohmic

resistance and hydrogen crossover, low PPLs still demonstrate better performance, confirming

that  the  polarization-curve  differences  arise  because  of  changing  local  transport  resistances.

However, Schuler et al. did not observe much impact of PPL on local resistance likely because

they used a high-surface-area carbon support wherein a significant fraction of Pt nanoparticles

are located in interior micropores.2 Thus, the carbon-versus-platinum exterior surface area is not

significantly  impacted  by  PPL  for  these  types  of  catalyst  particles.  This  observation  again

highlights the interplay between various CL parameters such as PPL and carbon support type and

the need to account for all CL parameters to achieve optimal CL design/structure. We also note

that  our  CLs  were  fabricated  with  a  fixed  I:C  ratio  that  highlights  the  influence  of

ionomer/particle interactions across the PPL range studied; if this same PPL range was fabricated

with all very low or very high I:C ratios such that all inks were on one side of the U-shaped

curve, we expect the trends to be dominated by intrinsic ionomer properties at these I:C ratio

extremes, rather than by ionomer/particle interactions.  

Finally,  we  emphasize  that  our  paper  reveals  how  changing  PPL  impacts  CL  gas-

transport performance. SEM imaging suggests changes in microstructure. Through zeta potential,

pH, and capacitance  measurements,  the likely conclusion is  that  the differences  between the

different PPL CLs are caused by changes in ionomer distributions.  However, to confirm this

hypothesis, advancements in microscopy and spectroscopy techniques must be made to image

ionomer distributions with actual CLs.
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CONCLUSIONS 

Inks  for  PEFC catalyst  layers  (CLs)  consist  of  solvent,  ionomer,  and catalyst  particles,  and

colloidal interactions among these components can critically influence CL microstructure and

therefore,  polarization  performance.  In  this  study,  the  impact  of  platinum  primary  particle

loading  (PPL)  on  catalyst-particle/ionomer  ink  interactions  and  subsequent  effects  on  CL

microstructure  and  thus  gas-  and  H+¿¿-transport  resistance  was  explored.  Previous  work

demonstrated that Nafion ionomer preferentially adsorbs to carbon surfaces in inks, rather than to

platinum. Here, we find that as PPL is increased and the available carbon surface area decreases,

the carbon surface saturates at a lower ionomer content and additional non-adsorbed ionomer

remains  dispersed  in  the  solvent.  More  free  ionomer  in  the  solution  results  in  higher  ionic

strength, lower magnitude ink ζ-potentials and, thus, a more agglomerated CL microstructure.

These trends agree with results from ink ζ-potential and pH measurements, SEM imaging, and

CL capacitance measurements. Non-adsorbed ionomer can deposit non-uniformly during the CL

fabrication process, resulting in observed poor H+¿¿ conductivity. Hence, low PPL catalysts are

preferred  to  improve local  transport  processes.  However,  higher  PPL catalysts  with low CL

thickness  are  advantageous  with  respect  to  reducing  through-plane  reactant  gas-  and  H+¿¿-

transport  resistances,  thereby  providing  better  Pt  utilization.  These  two  different  transport

resistances (local and bulk) need to be optimized, and this optimum point undoubtedly varies

depending on target operating conditions. Additionally, I:C ratio is a critical parameter that is

dependent  on PPL. There is  no one optimal  I:C ratio,  it  instead depends on the specific ink

conditions  and  how  the  ionomer  interacts  with  the  catalyst  particles.  Based  on  our  results,

moderate PPLs with I:C ratios where the ζ -potential magnitude is maximized, may provide an

optimal balance between all of the effects studied here. Of note, the ionomer/catalyst-particle

interactions probed here are known to depend on solvent composition, highlighting the large ink

variable  space that  can be manipulated to alter  CL structure.  Further  studies  are required to

understand  this  parameter  space  and  its  impact  on  final  CL  performance,  including  the

delineation between local and macroscopic properties.  Importantly,  this study demonstrates a

direct link between ink interactions and CL performance metrics, revealing critical insights into

how ionomer  coverage and transport  processes  are  affected  by carbon and platinum surface
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areas. Such information is imperative to optimize inks for enhanced CL transport and improved

platinum utilization in PEFC applications.
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