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SUMMARY

As the platinum (Pt) loading in proton exchange membrane fuel cell
cathodes is driven down to reduce costs, catalyst utilization be-
comes increasingly important. Here, we report an atomic layer
deposition-facilitated electrode fabrication technique designed to
improve the catalyst-ionomer interface. The ionomer solvent envi-
ronment and carbon support nanoporosity are studied indepen-
dently, and it is found that the combination of an agglomerated ion-
omer dispersion and a mesoporous support gives access to a high
catalytic activity (mass activity [MA] = 0.31 A/mgPt with pure Pt)
that can be maintained at high current densities. We hypothesize
that the formulation results in Pt sufficiently withdrawn from the ion-
omer such that poisoning and transport losses are reduced. When
paired with a low-resistance dispersion-cast membrane, a 0.1-
mgPt/cm

2 cathode can deliver a 0.65-V power density of 1.0 W/
cm2 at 150 kPa and 80�C. The assembly also demonstrates impres-
sive durability, losing only 33 mV after 30,000 cycles.
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INTRODUCTION

Enabling fast refueling and long ranges,1 hydrogen (H2)-powered proton exchange

membrane fuel cells (PEMFC) are emerging alongside lithium (Li)-based batteries as

a reduced-emission alternative to internal combustion engines (ICEs) for transporta-

tion applications. To lower costs and support the deep market penetration of

PEMFC vehicles, automotive manufacturers are interested in decreasing the quan-

tity of platinum (Pt) in the electrodes.2 For reference to the incumbent technology,

ICE vehicles also use scarce and expensive Pt-group metals (PGM) in catalytic con-

verters, but only use 2–8 g compared to the R30 g in the latest fuel cell vehicles.2

Aligned with the aims of automotive manufacturers, the US Department of Energy

(DOE) has set a total areal loading target of 0.125 mgPGM/cm
2, equivalent to

�11.3 gPGM for a midsized, 90 kWgross vehicle.
3

Because of the rapid H2 oxidation kinetics on Pt catalysts, anode loadings as low as

0.025 mgPt/cm
2 can be used in PEMFCs without considerable voltage loss.4–6 This

leaves a target of <0.1 mgPt/cm
2 for the cathode to achieve the rated power density

of 1 W/cm2 at a reasonable cell efficiency.3 Due to sluggish oxygen (O2) reduction

reaction (ORR) kinetics and the relatively dilute presence of O2 in air, this presents

a major challenge. To improve ORR kinetics, a large body of important work has

gone into improving the intrinsic activity of Pt, largely through alloying7,8 and
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nanostructuring.9,10 Although order-of-magnitude improvements have been made

in mass-normalized activity relative to Pt in the rotating disk electrode test configu-

ration,11 translating these improvements into industrially relevant membrane elec-

trode assemblies (MEAs) has remained a challenge. Furthermore, while the theoret-

ical voltage loss upon reducing the cathode loading from 0.3 mgPt/cm
2 to 0.1 mgPt/

cm2 is only�33 mV for a given Pt catalyst,2 additional voltage losses are observed at

high current densities (HCDs) due to the depletion of O2 at the Pt surface.2 These

transport-related losses are independent of intrinsic catalyst activity and can exceed

100 mV for low-loaded cathodes at HCDs.2

Engineering the Pt-ionomer interface in the cathode is a broad research strategy that

can both mitigate transport losses and improve catalytic activity. The ionomer, while

necessary for delivering protons to the Pt surface, impedes O2 transport
2,12 and can

act as a catalyst poison.13,14 For this reason, minimizing the exposure of Pt to the ion-

omer while maintaining sufficiently high proton accessibility is crucial to PEMFC

performance. In the traditional fabrication of an MEA, Pt is synthesized on a carbon

support and mixed with an ionomer dispersion to form an ink that is subsequently

cast onto either the membrane or gas diffusion media.15 Characterizing the Pt-ion-

omer interface that results from this preparation is difficult, but recent research has

shown that the interface may be sensitive to experimental parameters such as Pt

synthesis technique,16 ionomer molecular structure,17–19 dispersant/solvent

composition,20–23 ink dispersion technique,24 carbon surface functionalization,25,26

and carbon pore size distribution.5,27

Despite the strong results achieved through optimization within this fabrication frame-

work, it is important to identify alternative preparation routes that may be subject to

different practical constraints. For example, in the traditional ink-based architecture,

certain solvent compositions and sonication/stirring procedures are needed to properly

disperse the solids for film application.Here, we introduce anMEA fabrication technique

facilitated by atomic layer deposition in which carbon, Pt, and ionomer are deposited

sequentially. Unconstrained by the need to disperse an ink, we can tune the ionomer sol-

vent environment independently of the Pt/carbon nanostructure. In evaluating a series of

ionomer dispersion alcohol contents and carbon supports, we found that the combina-

tion of agglomerated ionomer dispersions and mesoporous furnace carbons yielded

remarkably active cathodes at both low current densities (LCDs) and HCDs. When

used in conjunction with a low-resistance dispersion-cast membrane, power densities

of 1.0 and 1.3 W/cm2 at 0.65 V could be obtained in air under differential flow at 150

and 230 kPa backpressures, respectively. Per the US DOE protocol, the MEA was also

subjected to 30,000 square-wave cycles between 0.6 and 0.95 V to assess its durability.

In linewith the targeted 30mV loss as 0.8 and 1.5 A/cm2, the assembly lost 21 and 33mV

at those respective current densities after degradation.
RESULTS

Electrode Fabrication and Electrochemical Characterization

In our bottom-up electrode fabrication (depicted in Figure 1), an�2- to 5-mm layer of

carbon is deposited onto the microporous layer of a gas diffusion layer via vacuum

filtration28 (Figure 1A). Pt is then grown on the carbon using 30 cycles of a CO-passiv-

ated atomic layer deposition (PALD) recipe29 (Figure 1B). While in principle this Pt/

carbon layer could be prepared without ALD, it is practically difficult to form such a

thin layer from a Pt/carbon powder without introducing an ionomer for its dispersing

and adhesion properties. Furthermore, we previously demonstrated that PALD Pt

delivers heightened activity and durability due to the flattened geometry and
2 Cell Reports Physical Science 2, 100297, January 20, 2021



Figure 1. Schematic Illustration of the Bottom-Up Electrode Fabrication Procedure

(A) Carbon deposited on the polytetrafluoroethylene (PTFE)-treated microporous layer of the gas diffusion media via vacuum filtration.

(B) Pt nanoparticles deposited on the carbon layer via atomic layer deposition (ALD).

(C) The Pt/carbon layer impregnated with an ionomer dispersion via drop casting.
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uniform size of the resulting Pt particles.29 To conclude the fabrication process, the

catalyst layer is impregnated with ionomer by drop casting a dilute ionomer disper-

sion onto the surface (Figure 1C). For studying the effects of ionomer dispersant and

carbon support, cathodes were assembled with commercial 0.1 mgPt/cm
2 anode-

coated membranes for testing. As discussed later in more detail, a cast membrane30

was prepared for power density measurements. The ALD-prepared MEAs were

conditioned and tested under differential flow at 80�C, 100% relative humidity

(RH), and 150 kPa backpressure, unless otherwise noted.

A major goal of this work was to assess the catalytic performance of cathodes across

a wide range in current density. The most common metric reported for ORR kinetics

in PEMFCs is the mass-normalized current at an iR-corrected cell potential of 0.9 V.31

Because transport-related losses at this cell potential are negligible, this ‘‘mass ac-

tivity’’ (MA) is used to describe the kinetics of ORR in the cathode. However, current

densities relevant to high-power fuel cell operation are nearly two orders of magni-

tude greater than those measured for the MA. At these current densities, voltage

losses after standard ohmic and concentration32 corrections are commonly

observed16,25 that cannot be accounted for by simple (i.e., fixed slope) Tafel ki-

netics.33 Mechanistic studies34,35 building from the double trap kinetic model36 attri-

bute these losses to the increasing Tafel slope associated with potential-dependent

changes in surface oxide coverage. The probable inaccuracy in determining concen-

tration losses with limiting current measurements is also often considered.16,25

Regardless of their exact origin, these unexplained losses vary in quantity depend-

ing on the catalytic environment of the cathode. Here, we define catalyst utilization

at HCDs (UHCD) as the H2 crossover-corrected current density (ieff) at an ohmic- and

concentration-corrected cell potential of 0.75 V normalized by the current density

projected from 0.85 V, assuming simple Tafel kinetics (Equation 1):

UHCDð%Þ = i0:75V

iTafel; 0:85V0:75V

x100% (Equation 1)

With the kinetic current density �27 times greater at 0.75 V than at 0.85 V under this

assumption, UHCD quantifies unattributed voltage losses that evolve from the LCD

regime to the HCD regime. Therefore, while MA defines the LCD performance of

the catalyst, UHCD describes the HCD performance. We also include the total O2

transport resistance37,38 in assessing HCD performance, but note that the value is

loading dependent and tends to correlate with UHCD.
Effects of Ionomer Dispersant on Electrochemical Performance

To assess the effect of ionomer dispersant composition on MEA performance,

aqueous Nafion formulations with different total alcohol content—0, 7.8, 15.6,
Cell Reports Physical Science 2, 100297, January 20, 2021 3



Figure 2. Effect of Ionomer Dispersion Alcohol Content on Fuel Cell Performance

(A) Uncorrected MEA H2-air polarization curves for cathodes prepared with ionomer dispersions

containing different alcohol concentrations.

(B) MEA H2-O2 mass activity (MA) values.

(C) MEA H2-air polarization curves with potentials corrected for high-frequency resistance (HFR) and

total O2 transport resistance (Rtotal) and current densities corrected for H2 crossover and normalized

by the value at 0.85 V. The dashed line represents a theoretical curve following simple Tafel kinetics.

(D) High current density catalyst utilization (UHCD) values (left) extracted from (C) and Rtotal values

(right).

Conditions: active area = 5 cm2; cathode loading = 0.095 G 0.015 mgPt/cm
2; anode loading =

0.1 mgPt/cm
2; cell temperature = 80�C; total outlet pressures = 150 kPa; cathode and anode RH =

100%; cathode flow rate = 5,000 sccm; anode flow rate = 500 sccm.
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and 31.2 wt%—were prepared via dilution with n-propanol and used to impregnate

catalyst layers prepared with PALD Pt and a porous carbon black (CB-KB, discussed

later). Cathodes with loadings of 0.095G 0.015mgPt/cm
2 were fabricated in this way

and tested under the aforementioned conditions. Figure 2A displays the uncorrec-

ted polarization curves corresponding to each ionomer dispersion. Evidently, the

0 wt% alcohol sample trails slightly behind the intermediate 7.8 and 15.6 wt% sam-

ples, while the 31.2 wt% sample performs significantly worse. LCD and HCD perfor-

mances are formalized in Figures 2B and 2D. MA (Figure 2B) reaches a respectable

�0.31 A/mgPt for the intermediate 7.8 and 15.6 wt% alcohol samples, followed by

0.27 and 0.20 for the 0 and 31.2 wt% samples, respectively. UHCD values displayed

in Figure 2D were extracted from the corrected and normalized polarization curves

(Figure 2C). With a UHCD of �83%, the 7.8 wt% sample retained a significant portion

of its LCD catalytic performance in the HCD regime; the 15.6, 0, and 31.2 wt% sam-

ples followed in that order. The total transport resistances (Rtotal) (Figure 2C) are

inversely correlated with the UHCD values for the dataset, pointing to the shortcom-

ings in describing concentration losses with limiting current measurements.

With increasing alcohol content under 50 wt%, solvent properties such as viscosity39

and surface tension40 change monotonically. Because we observe an intermediate

concentration being optimal for MEA performance, these factors alone are unlikely
4 Cell Reports Physical Science 2, 100297, January 20, 2021



Figure 3. Physical Characterization of Ionomer Dispersions

(A) Dynamic light scattering measurements for 0.5 wt% ionomer dispersions containing different

alcohol concentrations.

(B) Illustration of the hypothesized catalyst nanostructures formed with agglomerated and non-

agglomerated ionomer dispersions.
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to provide a complete explanation of the electrochemical results. Another process

that is sensitive to solvent composition is the formation of ionomer agglomerates.

It is generally known that water-alcohol mixtures disperse proton-conducting ion-

omers in large, swollen agglomerates,20,22,41 but the exact morphologies and sizes

of these agglomerates for a given solvent environment are difficult to predict.41

Here, we observe the formation of Nafion agglomerates at the intermediate 7.8

and 15.6 wt% alcohol dispersions. Interactions of the agglomerates with light are

visible to the naked eye, as shown in Figure S1, and can be quantified using dynamic

light scattering (DLS). Figure 3A shows the scattering intensities for each ionomer

dispersion as a function of hydrodynamic diameter. Peaks between 200 and

250 nm are pronounced for the intermediate alcohol dispersions, but very little scat-

tering is observed for the 0 and 31.2 wt% solutions. Thus, according to our electro-

chemical data, the presence of Nafion agglomerates in the ionomer dispersion is

associated with higher catalytic performance.We hypothesize that the enhancement

originates from a reduced exposure of Pt to the ionomer. In agglomerates, polymer

strands have a greater affinity for each other than the surrounding dispersing mole-

cules. Therefore, as we depict in Figure 3B, Nafion in agglomerates would be less

driven to follow the solvent into the nanometer-scale pores in which Pt is located.

Because ionomer is known to both poison Pt13,14 and add O2 transport resis-

tances,2,12 increased penetration for non-agglomerated dispersions would reduce

both LCD and HCD performance. As for the poor performance for the 31.2 wt% sam-

ple relative to the 0 wt% sample, the reduced surface tension of the high-alcohol

dispersion likely further increases ionomer penetration. This factor may also explain

the slight reduction in performance of the 15.6 wt% sample relative to the 7.8 wt%

sample.

With agglomerated dispersions, we can achieve relatively high activities and account for

�83% of voltage losses observed below roughly 1.5 A/cm2. Retention of simple Tafel

kinetics at high current densities is a major challenge in PEMFC research, especially

for porous carbons with high activities.16 In accordance with the results presented

here, we theorize that the strong HCD results can be attributed to the incorporation

of agglomerated ionomer via a water-heavy (i.e., high surface tension) dispersion.
Effects of Carbon Nanoporosity on Electrochemical Performance

To examine the effects of support on PEMFC performance5,25–27 within the bottom-up

MEA fabrication framework, we evaluated three furnace CBs with varying degrees of

porosity (CB-V, CB-KB, and CB-KBHSA) and one ordered mesoporous carbon (OMC)
Cell Reports Physical Science 2, 100297, January 20, 2021 5



Figure 4. Effect of Carbon Support Structure on Fuel Cell Performance

(A) Uncorrected MEA H2-air polarization curves for cathodes prepared with different carbon

supports.

(B) MEA H2-O2 MA values.

(C) MEA H2-air polarization curves with potentials corrected for HFR and total O2 transport

resistance (Rtotal) and current densities corrected for H2 crossover and normalized by the value at

0.85 V. The dashed line represents a theoretical curve following simple Tafel kinetics.

(D) UHCD values extracted from (C) (left) and Rtotal values (right).

Conditions: active area = 5 cm2; cathode loading = 0.10 G 0.02 mgPt/cm
2; anode loading = 0.1 mgPt/

cm2; cell temperature = 80�C; total outlet pressures = 150 kPa; cathode and anode RH = 100%;

cathode flow rate = 5,000 sccm; anode flow rate = 500 sccm.
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with channels templated at �4.5 nm in diameter. Figure 4 contains the fuel cell testing

results for 0.10G 0.02 mgPt/cm
2 loaded cathodes fabricated with each carbon and the

7.8 wt% alcohol Nafion dispersion from the ionomer study. Consistent with the prior

literature, CB-V-supported Pt demonstrated a lower MA than CB-KB.5 The more porous

CB-KBHSA revealed a slightly higher LCD performance than CB-KB, with an MA of 0.34

A/mgPt. Finally, Pt supported on the OMC resulted in the highest MA, reaching 0.45 A/

mgPt and thereby exceeding the US DOE target of 0.44 A/mgPt.
3

According to the transmission electron microscopy (TEM) analysis presented in Fig-

ure S2, Pt deposition by PALD resulted in �3 nm particles on each carbon support,

with differences small enough that the effects of particle size on activity42 can be ne-

glected when comparing between the supports. In recent work demonstrating a

positive correlation between MEA performance and support mesoporosity, it was

argued that 4–7 nm pores are large enough not to be blocked by Pt nanoparticle

growth but small enough that ionomer penetration is low.5 Following this

perspective, we define f4–7nm for each carbon as the fraction of total surface area

contained within 4–7 nm pores. Assuming Pt nanoparticles nucleate uniformly across

the carbon surface, f4–7nm describes the fraction of Pt located within pores that

ostensibly have restricted ionomer access. When MA is plotted against f4–7nm (Fig-

ure 5B, closed circles), a clear trend is observed. We acknowledge here that a signif-

icant portion of surface area in CB-KB and CB-KBHSA belongs to pores between 3.5
6 Cell Reports Physical Science 2, 100297, January 20, 2021



Figure 5. Physical Characterization of Carbon Supports

(A) Pore size distribution curves calculated from N2 desorption curves using Barrett-Joyner-

Halenda theory.

(B) MA values plotted against the fractions of support surface area contained in 4–7 nm and 3.5–

7 nm pores.

(C) Illustration of the hypothesized catalyst nanostructures for each carbon.
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and 4 nm (isotherms are displayed in Figure S3). While in principle Pt contained in

these pores should not have reduced activity—unless Pt nucleation changes as

the pore diameter approaches the nominal nanoparticle size—the 4- to 7-nm size

range was selected following the precedent in the literature. In any case, a mono-

tonic relationship between degree of mesoporosity and MA holds if the size range

is adjusted (Figure 5B, open circles), albeit with a weaker correlation.

The degree of mesoporosity did not, however, predict the trend in HCD performance.

TheOMC, for example, yielded the lowest UHCD by a significantmargin despite having

>60%of surface area in 4–7 nmpores.We believe that this poor performance is caused

primarily by the large primary particle size characteristic of OMCs. With long channels

on the order of 1 mm, O2 accessibility and water removal are presumably challenges,

highlighting pore length as a key factor in HCD performance. Although pore length is

challenging to measure, we can make assumptions based on the size and geometries

of the carbon species tested to better understand the relationship. That is, because all

of the furnace CBs (CB-V, CB-KB, CB-KBHSA) have 30–50 nm spherical primary parti-

cles, differences in mesoporosity should roughly translate into differences in pore

length within the primary particles (as depicted in Figure 5C). With no pronounced

mesoporosity (see Figure 5A), CB-V supports Pt predominantly on its surface. Bulk

O2 transport seems unhindered by the resulting exposure to ionomer (Rtotal is low

for XC-72), but UHCD suffers slightly. Pt deposited on CB-KB and CB-KBHSA, however,

seems to be withdrawn enough that only minor unexplained losses are observed but

not somuch that the diffusion length ofO2 is considerably increased. The slightly lower

UHCD of CB-KBHSA compared to CB-KB may suggest that the optimum pore length

was surpassed for the more porous carbon.

Among the CBs tested, CB-KB produced the lowest total O2 transport resistance

(Rtotal = 0.93 s/cm) and the greatest retention of activity (UHCD = 83%). Although
Cell Reports Physical Science 2, 100297, January 20, 2021 7



Figure 6. Electrochemical Measurements Using a Dispersion-Cast Membrane

(A) Scanning electron microscopy (SEM) image of the cross-section of an MEA prepared with a

dispersion cast membrane; the membrane, observable as a dark band down the center, is flanked

by the catalyst layers of the anode (left) and the cathode (right).

(B) Uncorrected MEA H2-air polarization curves taken at various backpressures using a cast

membrane; the 85% RH condition in the 230 kPa case was selected to minimize flooding.

Conditions: active area = 3.8 cm2; cathode loading = 0.10 mgPt/cm
2; cell temperature = 80�C;

cathode flow rate = 5,000 sccm; anode flow rate = 500 sccm.

(C) Uncorrected MEA H2-air polarization curves taken before and after 30,000 square-wave cycles

between 0.6 and 0.95 V with 3-s holds at each potential. The gold stars correspond to the 30-mV loss

targeted by the US DOE.

Conditions: active area = 3.5 cm2; cathode loading = 0.12 mgPt/cm
2; cell temperature = 80�C;

cathode flow rate = 5,000 sccm; anode flow rate = 1,000 sccm.
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the MA over CB-KB is respectable for pure Pt at 0.31 A/mgPt, significantly higher MA

values are attainable as demonstrated with the OMC tested. According to our hy-

potheses, a carbon with a large proportion of relatively shallow mesopores could

reconcile the observed trade-off between LCD and HCD performance.

Power Density and Durability Measurements with a Low-Resistance Cast

Membrane

After the kinetic voltage losses described by MA and UHCD, ohmic drops are the

greatest source of efficiency loss in PEMFCs until O2 transport losses become

more significant at well over 2 A/cm2. For this reason, a highly conductive membrane

is essential for achieving the rated power density at a reasonable efficiency. It has

previously been shown that preparing membranes by casting an ionomer dispersion

directly onto the electrodes not only reduces themembrane resistance to the level of

electrical resistances in the cell30 but also decreases the O2 transport resistance,

possibly due to back diffusion of water to the anode.43

Here, a �6-mmmembrane (Figure 6A) was prepared on the anode30,43 and assembled

with a 0.1-mgPt/cm
2 cathode fabricated using CB-KB and the 7.8 wt% alcohol Nafion

dispersion. With the introduction of this cast membrane, the total transport resistance
8 Cell Reports Physical Science 2, 100297, January 20, 2021
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decreased to 0.85 s/cm (Figure S4B) and the cell resistance measured by high-fre-

quency impedance decreased to roughly 40mOhm-cm2 (Figure S4A), a low but not un-

precedented value.25,30 Polarization curves taken at common absolute backpressures

of 150, 170, and 230 kPa are displayed in Figure 6B along with their corresponding po-

wer densities. The commercial relevance of testing at higher backpressures is that the

power density increase from more favorable thermodynamics, kinetics, and transport

may outweigh the equipment and energy cost for compressing the air feed.44 Here,

we observe for the 3 pressures power densities at 0.65 V of 1.0 W/cm2, 1.15 A/cm2,

and 1.3W/cm2, respectively. The selected cell potential of 0.65 V defines what is gener-

ally regarded as the minimum cell efficiency of interest to commercial PEMFCs. To the

best of our knowledge, these power densities are among the highest reported at the

respective backpressures for cathode loadings less than or equal to the target loading

of 0.1mg/cm2. Polarization curve reproducibility is demonstratedwith 3 samples in Fig-

ure S5, and comparisons to other literature are made in Table S1.

To assess the durability of an MEA fabricated with bottom-up ALD electrodes and a

cast membrane, 30,000 square-wave cycles between 0.6 and 0.95 V were carried out

per the US DOE accelerated degradation protocol. The resulting polarization curve

shown in Figure 6C demonstrates a downward shift after cycling, which is expected

for a finite loss of active catalytic material. Nonetheless, the voltage losses of �21

and 33 mV at 0.8 A/cm2 and 1.5 A/cm2 are within the range of the 30 mV targeted

by the US DOE,3 as marked with gold stars in Figure 6C. We have previously demon-

strated the enhanced durability of PALD-prepared Pt in a rotating disk electrode

(RDE) configuration.29 Compared to a commercial Pt supported on high-surface-

area carbon, PALD Pt lost nearly 30% less electrochemically active catalyst through

10,000 voltage cycles between 0.6 and 1.0 V. This improvement is credited to the

smaller particle size variation and greater interparticle spacing, which make the Pt

less susceptible to Ostwald ripening and agglomeration, for Pt prepared with

PALD. Additional explanations for the impressive MEA durability presented here

may involve a favorable positioning of Pt nanoparticles with respect to the ionomer21

and carbon pores,45 and a deeper investigation into these possibilities is warranted.

For reference, durability data from selected literature are tabulated in Table S2.
DISCUSSION

In addition to delivering high-performing PEMFCs, we anticipate that our bottom-up

fabrication strategy for leveraging ionomer control will be generally useful to other

gas diffusion electrode-driven fields; the approach may be particularly attractive to

those working in CO2 electroreduction, in which the catalyst-ionomer interface has

an additional effect in product selectivity.46 Furthermore, by using ALD to prepare

the Pt, we demonstrated the feasibility of making electrodes using vapor-based syn-

thesis on high surface area substrates without involving fluidization47 or agitation.48

The recent development of spatial ALD reactors49 could make this electrode fabri-

cation methodology a feasible commercial alternative to conventional approaches.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, F.B.P. (fprinz@stanford.edu).

Materials Availability

This study did not generate new unique reagents.
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Data and Code Availability

The authors declare that the data supporting the findings of this study are available

within the article and the Supplemental Information. All other data are available from

the Lead Contact upon reasonable request.

Membrane Electrode Assembly Fabrication

All cathodes were prepared following the process depicted in Figure 1. Using a filtration

process,28 carbon dispersed in alcohol was deposited as a �2- to 4-mm layer (�0.1–

0.2 mg/cm2) onto a Sigracet 29BC gas diffusion layer. Before Pt deposition, the sample

was treated for 10 min with O2 plasma (Harrick PDC-001, 30 W) to functionalize the car-

bon. PALDwas conducted with the procedure specified in our previous publication.29 Pt

loadings were determined by measuring the Pt La X-ray fluorescence signal (SPECTRO

XEPOS spectrometer HE) and interpolating the areal loading from a calibration curve.

The resulting catalyst layers were saturated (nominally an ionomer:carbon weight [I:C]

ratio of 4) with the selected 0.5 wt% Nafion dispersion as specified below. To prepare

the 0 wt% alcohol dispersion, 10 wt% 1100 EW Nafion in pure water was diluted with

ultrapure water (18.2 mU-cm, total organic carbon [TOC] < 5 ppb). The 7.8, 15.6, and

31.2 wt% alcohol dispersions were prepared by diluting a 5 wt% 1100 EW Nafion

dispersed in lower aliphatic alcohols and 15–20 wt% water with ultrapure water and n-

propanol (J.T. Baker). For the ionomer and carbon studies, cathodes were cut to

5 cm2 and assembled with a commercial anode-coated membrane. For the power den-

sity measurements, the membranes and anodes were prepared in-house. Cathodes

were cut to areas of �4 cm2, and these areas were measured precisely to define the

active area. A schematic of the assembly process is shown in Figure S6.

Electrochemical Characterization

MEA testing was done in a Scribner 840 fuel cell testing system using a Greenlight

50 cm2 research cell fixture with a serpentine flow pattern. Cell compression was set

to 4 bars and, unless otherwise stated, cells were maintained at 80�C, 100% RH, and

150 kPa absolute backpressure. After activation and before all polarization curve mea-

surements, a cathode recovery step was carried out.50 Cyclic voltammograms were

taken at several points during the testing protocol with the cathode purged with Ar

(99.999%, Praxair). The average of the cathodic and anodic currents in the capacitive re-

gion provided the parasitic H2 crossover current. For activity measurements, O2

(99.993%, Praxair) and H2 (99.999%, Praxair) were fed at 5,000 sccm and 500 sccm,

respectively. For each cell potential (0.82, 0.85, 0.88, 0.89, and 0.90 V), current densities

were measured at the end of 5 min.51–53 The limiting current was recorded as the

average current density during the brief 0.3-V hold across all of themeasurements.38 Po-

larization curves were taken in 5,000 sccm house air with currents held for 3 min, per the

USDOE protocol.3 The cell resistance used to calculate ohmic losses was taken from the

high-frequency x-intercept of an electrochemical impedance Nyquist plot measured at

0.25 A in O2. Impedance fitting revealed negligible proton resistance within the catalyst

layer for all of the samples at the conditions tested. The accelerated degradation (30,000

square-wave cycles between 0.6 and 0.95 V with 3-s holds at each potential) was carried

out in 1,000 sccm H2 and 5000 sccm N2 at 80�C, 100% RH, and 150 kPa absolute back-

pressure. In post-processing, the limiting current was used to calculate the totalO2 trans-

port resistance37 and concentration voltage losses as a function of current density.32

DLS

Hydrodynamicdiameters foreach ionomerdispersionweremeasuredusingBrookhaven’s

NanoBrookOmni.Aliquots of�2mLwere analyzedat 25�C in the90� angle configuration
with a maximized count rate. Volume-transformed size distributions were weighted by

count rate to compare the relative extent of agglomeration between the dispersions.
10 Cell Reports Physical Science 2, 100297, January 20, 2021
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N2 physisorption measurements were taken in a Quantachrome Instruments Auto-

sorb-IQ. After degassing �100 mg plasma-treated carbon at 150�C for 3 h, adsorp-

tion and desorption isotherms were recorded at 77 K in the P/P0 range 0.025–0.995.

Pore size distributions were calculated using the Brunauer-Emmett-Teller (see Fig-

ure S3B) and Barrett-Joyner-Halenda methods, respectively.

Imaging

A cryo-fractured cross-section of the cast membrane MEA was imaged in a FEI Ma-

gellan 400 XHR scanning electron microscope using an accelerating voltage of 5 kV

and a beam current of 50 pA. TEM imaging was performed with a double Cs aber-

ration-corrected cold FEG JEOL ARM 200F, operated at 200 kV.
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