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Experimental

Materials

Dopamine hydrochloride (Milipore-Sigma, Canada), sodium hydroxide (Milipore-Sigma, Canada
ACS reagent, > 97.0%, pellets), ethanol (98% purity; Milipore-Sigma, Canada), isopropyl alcohol or IPA
(> 99.5% purity; Milipore-Sigma, Canada), ethylene glycol (> 99.8% purity; Milipore-Sigma, Canada),
acetone (ACS Grade, > 99.5%, Fisher Scientific, Canada), hexachloroplatinic acid (H2PtCls, 8 wt% in
H>0, Milipore-Sigma, Canada), TKK 10.2% (TEC10V10E; TKK, Japan) and 19.8% Pt/C (TEC10V20E;
TKK, Japan) catalyst (purchased from Fuel Cell Store, USA), Nafion (EW 1100, lon Power, USA), 70%
perchloric acid Veritas doubly distilled (GFS chemicals, USA) were used as received. High-purity de-

ionized water (Milli-Q Advantage A10, Millipore SAS) was used.

Synthesis of PDA nanospheres

PDA nanospheres were prepared by a facile one-step aerobic polymerization method reported
previously!. The monomer (Dopamine hydrochloride, 1 g) was dispersed in DI water in a 20 mL glass
vial. A dispersion medium was prepared separately by mixing water-ethanol with 2.1 vol% of (28-30 vol%
NH4OH) in a 500 mL glass beaker. Subsequently, the dopamine dispersion was added slowly to the
dispersion medium; here, dopamine concentration was kept constant at 3.3 mg mL while maintaining the
final water: ethanol ratio at 67:33 vol%. Then, the mixture was stirred for 4 h at 1600 rpm in the presence
of air at room temperature (23 °C). Once polymerized, the sample was centrifuged at 27216 xg (15,000
rpm) (Beckman coulter Avanti J-26S XP, USA) and washed with an ample amount of DI water and ethanol
to remove unreacted monomer and other residues. The sample was re-dispersed by sonication and then
centrifuged again. The procedure was repeated three times till the dispersion media became pH neutral.
The sample was then vacuum dried at 60 °C. The overall yield (starting monomer to final recovered dry

PDA spheres) was calculated to be around 65% (gravimetrically). Carbonization of the PDA nanoparticles



was carried out at 700 °C under an N2 atmosphere which yielded smaller-sized but spherical carbonized
PDA (cPDA) nanoparticles. The carbonization protocol featured three stages: (i) heating from room
temperature to 700 °C with a heating rate of 5 °C/min; (ii) a dwell time of 1 h at 700 °C for complete

carbonization; and (iii) slow, uncontrolled cooling to room temperature.

Platinum deposition on cPDA nanospheres

Pt nanoparticles were deposited on cPDA nanospheres by following a modified polyol method?; 500
mg of cPDA were added to 140 mL of Ethylene Glycol (EG) in a 400 mL round bottom flask and sonicated
for around 30 min, followed by magnetic stirring at 1600 rpm to obtain a well-dispersed slurry. In order
to achieve a 10 wt% Pt loading on cPDA, 105 mg of H2PtCle was dissolved in 35 mL of water. The cPDA
dispersion was preheated at 140 °C in an oil bath, and H2PtCls (aq) solution was added dropwise to the
dispersion. Subsequently, the pH of the mixture was adjusted to around 10-11 by adding a pre-made 5M
NaOH (aq) solution. The reaction mixture was stirred at 1600 rpm for approximately 4 hours under reflux.
The pH was monitored using a pH meter (Model EL20, Mettler Toledo, USA) during this period and
maintained at the desired level (between 10 and 11) by adding the NaOH (aq) solution if required. The
level of the solution in the round bottom flask was maintained by the addition of a 20% (v/v) water/EG
mixture. After the completion of the reaction, the sample was filtered and washed with DI water, ethanol
and acetone, followed by vacuum drying at 60 °C. Next, the dried sample was reduced under a 10% H2 in
N2 atmosphere inside a furnace to ensure complete reduction of deposited Pt. Prior to H» treatment, the
furnace was purged with N». Thereafter, the gas was changed to 10% Ha in N2, and the temperature was
raised to 300 °C at 5 °C min, held for 3 h, and afterwards cooled to room temperature under an N

atmosphere.



PDA, cPDA and Pt/cPDA characterization

The size and the morphology of PDA and cPDA nanospheres were examined by using Hitachi H-600
(Japan) Scanning Electron Microscopy (SEM), Tecnai F20 200 kV (USA) Transmission Electron
Microscope (TEM) and Talos F200X Scanning transmission electron microscope (USA) equipped with a
Super-X four silicon drift detectors of energy dispersive spectrometry (Super-X SSD EDS, EDAX). The
TEM thin sections (approximately 100 nm) were cut by Leica UCT ultramicrotome setup (Germany)
equipped with an Ultra 45°DiIATOME knife (USA) from a block prepared by embedding a small piece of
the catalyst-coated membrane (CCM) in a 1:1 mixture of trimethylolpropane triglycidyl ether resin
(Sigma-Aldrich, USA) and 4,4'-Methylenebis (2-methylcyclohexylamine, Sigma-Aldrich, USA)
hardener, polymerized overnight at 60°C. The sections were situated onto multiple 200 mesh Cu/Pd grids.
Laboratory-based X-ray photoelectron spectroscopy (XPS) measurements were carried out at room
temperature in an ultrahigh vacuum (UHV, 3 x 1078 Torr) setup using a monochromatized Al Ko (1486.6
eV) excitation and a hemispherical analyzer (Kratos Axis Ultra DLD, UK). The XPS spectra were
analyzed using CasaXPS software. All spectra were charge-corrected with respect to the main C1s peak
of the corresponding sample, which was assigned to have a binding energy of 284.8 eV°. The wide survey
XPS spectra of PDA, cPDA and Pt/cPDA samples are presented in Fig. S2(a). The high resolution
deconvoluted XPS spectra of C1s, O1s and Pt 4f peaks (for Pt/cPDA only) for PDA, cPDA, and Pt/cPDA
are shown in Fig. S2(b-d), while the high resolution deconvoluted XPS spectra of N1s for PDA, cPDA

and Pt/cPDA has been presented in the main manuscript Fig. 2(f).



Fig. S1. STEM image of microtomed Pt/cPDA CL. The marked regions are the cross-section of Pt/cPDA

catalysts highlighting the location of the Pt particles (left - Brightfield, right - Darkfield).
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Fig. S2. (a) Wide survey XPS spectra of PDA, cPDA and Pt/cPDA samples; high resolution deconvoluted

XPS spectra of (b) C1s for PDA, cPDA and Pt/cPDA, (c) O1s for PDA, cPDA and Pt/cPDA PDA, (d) Pt

4f for Pt/cPDA.



N2 sorption isotherm

N sorption analysis were performed on PDA and cPDA samples using a 3Flex™ analyzer (USA)
(Alberta Sulphur Research Ltd., University of Calgary Research Center). The sample was heated under a
vacuum (6-10 mbar) in two stages, initially to 60 °C at 1 °C min™* for 2 h and then to 100 °C at 1 °C min-
! for 12 h, following which the out-gassing rate was less than 2 pbar h™t. The sample was then purged with
N2 before being transferred to the analysis port, where it was evacuated for at least a further 240 min
before the analysis was started. The temperature was kept constant by using liquid N2 (76.3 K). The
Brunauer Emmet-Teller (BET) model was applied between partial pressures of 0.04 < P/Po < 0.30 to
obtain the specific surface area. The micropore surface area was obtained using a t-plot curve, which was

applied between partial pressures of 0.06< P/Po <0.7. Results are summarized in Table S1.
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Fig. S3. (a) N2 adsorption-desorption isotherm data for PDA and cPDA and (b) the corresponding pore

size distribution.



Table S1. Microstructural properties of cPDA carbon support and Vulcan* carbon determined from N

adsorption isotherm.

Sample SABET, total SA>2mm SA <2nm Vpore, total Vpore, < 2nm Ref
(ng;alrbon) (ngc_alrbon) (ngc_alrbon) (Cm3gc_alrbon) (Cm3gc_alrbon)
cPDA 365.4 62.9 302.5 0.51 0.16 This
work
Vulcan carbon 227.7 114.7 113.0 0.4 0.06 4

Pt content determination in Pt/cPDA
Pt content of 8.5 wt% was determined by Thermogravimetric analysis (TGA) as described below, and this

value was used to calculate mass-specific activity.

Determination of Pt content of catalyst by thermogravimetric analysis (TGA): The Pt content of the
catalysts and catalyst layer were determined by thermogravimetric analyses. The set of experiments also
yielded ionomer content (ionomer to carbon, I:C ratio) in the Pt/cPDA catalyst layer. The measurements
were performed with a Mettler-Toledo TGA/DSC 3+ instrument (USA). In all the TGA experiments,
around 4 mg of vacuum dried sample was loaded on a previously tared 70 pL Al>Os TGA crucible and
heated from room temperature to 150 °C under N2 (at 200 mL mint), followed by a 120 min hold at 150
°C to get rid of any residual moisture content. Prior to use, all the TGA crucibles were cleaned by soaking
overnight in aqua regia, followed by 5 min of sonication in DI water and acetone each, and drying at 350
°C (in Air). To oxidize carbon support, the samples were heated in an air environment. To decompose the
ionomer only in the Pt/cPDA CL, the sample was heated in a nitrogen environment. A ramp of 10 °C min

1 was maintained for all the heating steps.



Pt content of catalyst: Pt content of Pt/C TKK (10.2% and 19.8%) and Pt/cPDA catalysts were determined

from the residual weight after oxidation/burning of carbon in an air environment at around 700 °C. First,
the samples were dried overnight under a vacuum at 80 °C. Next, the Pt-loaded catalyst supports were
heated to 150 °C under N (at 200 mL min™) to remove any moisture and heated again to oxidize the
carbon support (VC-TKK or cPDA support) from 150 °C to around 700 °C under Air (50 mL min™) until
the mass were not changing. This resulted in a Pt content of 8.5% for Pt/cPDA, 19.5% for TKK Pt/C

19.8% and 9.5% for TKK Pt/C 10.2%, respectively (Fig. S4).

lonomer content in CL: The ionomer and Pt content in Pt/cPDA CL was determined by TGA in two
different experiments. Firstly, the ionomer content was determined by decomposing the ionomer only in
the CL under N>. For this, around 4 mg of Pt/cPDA CL was first peeled from the CL decal and dried under
a vacuum oven overnight at 80 °C. Then, the dried sample was loaded on a previously cleaned and tared
TGA crucible. After that, the sample was heated from room temperature to 150 °C under N (at 200 mL
mint) and held for 120 min to get rid of any residual moisture content. Then, the sample was heated from
150 °C to 700 °C under N2 (50 mL min™) to decompose all the ionomer, which yielded an ionomer to

carbon ratio (1:C) of 0.75 based on the previously determined Pt content of 8.5%.

Pt content in CL: In a separate experiment, similar to the ionomer content determination experiment, the

CL samples were first heated to 150 °C under N2 (200 mL min't), followed by heating to 700 °C under
Air (50 mL min'), which oxidized all the carbon support (both cPDA and Vulcan carbon). The Pt content
of Pt/cPDA and Pt/C TKK10% CLs was estimated to be around 7.8% and 10.4%, respectively, from the
residual weight. All the TGA data are presented in Fig. S4 and Table S2, and Fig. 3c in the main

manuscript.



100 +
\
80 + :
X | \
~ | ——Pt/cPDA \ R
g T |
) ——Pt/C TKK 10% ' :
é’ AQ - ——Pt/CTKK 20% !
1
----- Pt/cPDA CL-N2 ! \
]
20 - ---Pt/cPDA CL (Air)'_ ‘
- - -Pt/CTKK10% CL(Air)s_ _ T .=
0 : | : | | ' | |

0O 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. S4. TGA thermogram of Pt/cPDA, TKK Pt/C 10%, TKK Pt/C 20%, Pt/cPDA CL and TKK Pt/C 10%

CL for the determination of Pt and ionomer content (Pt/cPDA CL).

Table S2. Summary of the TGA determined (TGA-Pt/C) and theoretical (Pt/Cn) Pt content in Pt/cPDA
CL, TKK 10% Pt/C (Vulcan carbon) CL.

Sample TGA-Pt/C (%) | Pt/Crn (%)’
Pt/cPDA CL 7.8 -
Pt/cPDA 8.5
Pt/C TKK 10% 9.5
Pt/C TKK 10% CL 10.4 10.2
Pt/C TKK 20% 19.5 19.8

“The Pt/Cry for the commercial catalysts are the manufacturer provided values.
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Pt content estimation in Pt/cPDA by TEM image analysis: The particles were assumed to be spherical.

A total of 173 Pt particles from the TEM image presented in Fig. 3a (main manuscript) were used for this

calculation. The surface area (SA) of each particle was calculated as: nDy?and the mass of each particle

as a product of the volume of the sphere and density of platinum: (m x Dp%/6) x (ppi). The number of

average ECSA (ZSAi/Zmj) is 108 m3, gp¢, which is slightly lower than ECSA based on an average particle

size of 117 m3, gp¢, where SAjand m;are calculated surface area and mass of individual Pt nanoparticles,

respectively, assuming that the particles are spherical.

By Dividing ECSA (cm3,/gp;) by (cm3,/gp¢+c), We obtain the following Pt content on cPDA (Table S3).

The differences between TEM, RDE and MEA-based ECSA are commonly observed and are attributed

to less than perfect accessibility of Pt catalyst by protons in an MEA or catalyst layer due to ionomer

coverage issues. The estimated Pt content of Pt/cPDA catalyst from image-based analyses was calculated

to be around 7.4 — 8.5 wt%.

Table S3. Estimated Pt content on cPDA determined from TEM image analysis.

ECSA Calculation Pt content (wt%); Pt/(Pt+C)
Method ECSATEM Pt/cPDAuiquid (%) Pt/cPDAMEA (%) TGA
(m?/gey) Pt/cPDA (%)
XSAi/Zm; 108 8.4 8.5
S (SAi/mi) 123 73 7.4 8.5%
(SAavg/Mavg) 117 77 78

“Assuming all Pt precursor was loaded on cPDA support.

11



Ipt.pt Or average inter-particle distance
Average inter-particle distance (AID, nm) was estimated using the equation (S1) developed by Meier et

al.5.

Average inter-particle distance (AID) = \/3%3 10—3.th.(

100—Lpt

).AS. d3—d (S1)

Where, pp, is the density of platinum (21.5 g cm™), Let is the platinum content (wt%), A is the

specific surface area of the support (m? g 1), and d is the platinum particle diameter (nm).

Electrochemical Characterization in Liquid Electrolyte

Electrochemical characterization of the Pt/cPDA catalyst and commercial TKK 10% Pt/C catalyst (the
same batch as that used for comparison in MEA, see next section in SI) were performed via rotating disk
electrode (RDE) test. Extensive care was taken to clean the glassware and work with high purity
electrolyte as described in the following sub-section. Significant effort was directed towards the
development of in-house expertise to create good quality films out of powdered catalysts based on
pertinent key articles (°1*) and discussion (°%).

Rotating Disk Electrode Test

Glassware and component cleaning: The ORR kinetics are incredibly susceptible to trace amounts of

impurities even at ppm levels, as is well established in the literature”*8-2110-17 Hence, the cleanliness of
the electrochemical cell and components is as important as the purity of the electrolyte. Therefore,
cleaning all the electrochemical components is obligatory using the following procedure by summarizing
the various literature®191222-5 The electrochemical cell glassware (Pine Instrument, USA) and the
components were soaked in concentrated sulfuric acid (Millipore Sigma, USA) overnight, followed by a
5-6 times repeat sequence of boiling with DI water followed by DI water replacement after each boil. This

procedure is followed after each experiment to eliminate the trace amount of impurities. Before the

12



electrochemical testing, the electrochemical cell and the components are rinsed 2-3 times with freshly
prepared 0.1 M HCIOg4 (diluted from 70% Veritas Doubly Distilled GFS Chemicals, USA). The glassy
carbon (5 mm diameter, Pine Instrument) tips are polished before each experiment using 0.05 pm alumina
slurry (Pine Instrument, USA), followed by rinsing and subsequent sonication for 3-5 min using DI water.

The glassy carbon (GC) tip was dried using nitrogen gas before the catalyst coating.

Ink formulation and coating: Two different fabrication techniques were applied for the two different

catalyst films - (i) ionomer-free and (ii) ionomer-based catalysts based on the approaches described by
Shinozaki et.al”#1%11.26 and Kocha et.al® %1% For ionomer-free catalyst characterization, the stationary
air-dry technique (®1) was followed, whereas the rotational air-dry approach (°t) was adopted for the

ionomer-based catalyst film.

The ionomer-free ink was prepared by adding 9.6 mg of catalysts in a 20 vol% IPA in a water mixture.
The resulting ink was sonicated in an ice water bath sonicator for ~ 20 min to obtain a good dispersion
slurry (10 pl aliquot, ~ 10 pge: cm™2). For ionomer-based catalyst, 9.6 mg of catalyst was dispersed in the
required amount of 20 vol% IPA in a water mixture to which 39.5 ul of 5 wt% Nafion was further added
to achieve an overall 1/C mass ratio of 0.2 such that 10 pl aliquot would yield ~ 10 pge: cm in the coating.
The ink was sonicated with an ice water bath sonicator for ~ 20 min. The sonication time of ~ 20 min was
found to be optimum; long sonication time or non-ice water bath sonication results in a deleterious effect
observed in a loss in ECSA and activity, as is well established in the literature”8128 After sonication, the
ink was deposited on the GC tip mounted on the inverted rotator shaft (Pine Instrument, USA) for the
ionomer-based catalyst. It was rotated at 500 rpm for 15-20 min until the film dried. An aliquot of ink was
deposited onto the GC disk and dried under an air atmosphere for the Nafion-free catalyst. The sample

with partial or non-uniform coating assessed by visual inspection was rejected.
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Electrochemical characterization in liguid electrolyte: All the electrochemical measurements were carried

out using a conventional three-electrode setup consisting of a catalyst film coated on GC as a working
electrode, Pt gauze as a counter electrode and a reversible hydrogen electrode (RHE) as a reference

electrode.

The electrochemical characterization followed a sequence of experiments (with conditions similar to that
employed by other respectable groups) comprising catalyst conditioning, ECSA determination, and ORR

activity measurement:

1. The conditioning of the catalyst is performed by cycling the electrode potential from 0.025V - 1.2V
at 500 mV st for 50-100 cycles under 1600 rpm in N-saturated 0.1 M HCIO4 until repeatable cyclic
voltammograms were obtained. The voltage has been restricted to 1.2 V to minimize carbon corrosion.
The conditioning of the catalyst is essential to obtain high ORR activity.

2. To evaluate the electrochemical active surface area (ECSA), the Hupp charge was obtained from
hydrogen adsorption observed between ~ 0.05 V and ~ 0.4 V in the third cycle of the CV measured in
0.025 V — 1V at 20 mV s with no electrode rotation and the ECSA was estimated using 210 uC cm-
2Pt-

3. In addition to the Huprp, the ECSA of the catalyst was also measured using the CO-stripping protocol,
the 50 mol% CO/Nz is bubbled into the electrolyte for 30 min. After bubbling, the working electrode
was held at 0.08 V for 30 minutes; then, the electrolyte was purged with nitrogen for 30 minutes. Two
consecutive cyclic voltammograms were recorded from 0.05 to 1.1 V at a scan rate of 20 mV s and
held at the final potential for 2 min to electrochemically strip all of the available CO molecules
adsorbed on the Pt surface. The CO stripping charge was obtained from the difference in the charge

between the two cyclic voltammograms (voltammograms similar to that shown in Fig S12). The ECSA

was determined from the CO stripping charge by using the specific charge of 420 uC cm2.
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4. ORR I-V curve was measured during an anodic sweep from -0.01 to 1 V using a scan rate of 20 mV
st at different rotation speeds (400-1600 rpm) to evaluate the activity, and the kinetics of the catalyst
in Oz saturated 0.1 M HCIOa. The obtained LSV is corrected to baseline voltammetry in N> saturated
condition, iR correction based on the uncompensated ohmic electrolyte measured via high-frequency
AC impedance in N2 saturated 0.1 M HCIOg4, and correction for low local atmospheric pressure (88-
90 kPa in Calgary, Canada). As described by Kocha et al. and Shinozaki et al. 81%2, the data were
corrected to 100 kPa based on the reaction order concerning O of 0.85. The electrochemical data was
collected using SP-200 potentiostat (Biologic, France). This study referred to all the electrochemical

potentials represented as the RHE reference electrode.

Results: The cyclic voltammograms for ionomer-free and ionomer-containing catalyst films for Pt/cPDA
and Pt/C in nitrogen-saturated 0.1 M HCIO4 shown in Figures S5a and S5b, respectively, confirmed the
presence of Pt catalyst. The Pt surface area was determined from the Hupd peak as well as CO stripping
peaks (not shown). The linear sweep voltammetry of the catalyst films in the Oxygen-saturated electrolyte
(Figure S6 a,b,c,d) demonstrated all the features of a good film, viz. limiting current plateau reached before
0.7 V (vs RHE) and limiting current of ~ 6 mA cm at 1600 rpm. K-L plots further confirm the good
quality of data. The higher activity of Pt/cPDA catalyst compared to commercial Pt/C (10 wt% TKK) is
observed in the LSV comparison shown in Figure S7a. Similarly, the impact of ionomer poisoning can be
observed from the comparison between ionomer-free and ionomer-containing catalysts for commercial
Pt/C and our Pt/cPDA catalysts in Figures S7b and S7c, respectively. Since the mass loading may vary
slightly between the catalyst films, it is sensible to compare specific activities (MA cm2p) so as to
normalize the activity with respect to electrochemically active surface area (cm?pt). These comparisons
are presented in Table S4, revealing — (i) higher specific activity for ionomer-free Pt/cPDA compared to

ionomer-free commercial Pt/C (10 wt% Pt, TKK), (ii) lower suppression (24% for Pt/cPDA vs 42% for

15



Pt/C TKK) in activity due to ionomer at I:C mass ratio of 0.2. It was shown previously (Kocha et al., ref
29) that activity suppression due to ionomer reaches an asymptotic level at an I:C ratio of 0.2 (Figure S8).
The 42% suppression in the activity of Pt/C TKK (this study) due to ionomer at an I:C ratio of 0.2 is
comparable to that reported by Kocha et al. for Pt supported on high surface area carbon (Pt/HSC), as
shown in Figure S8. It is worth noting that 4 times higher diameter (~135 nm) of cPDA compared to ~30
nm diameter of Vulcan carbon (TKK) implies that the external surface area carbon support is 16 times
lower for Pt/cPDA. Thus, at the same I:C ratio, theoretically, a thicker coating of ionomer and/or higher
coverage of ionomer on Pt/cPDA can be expected. Despite this expected higher impact of ionomer on

activity suppression for Pt/cPDA, the RDE results reveal lower suppression.
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Fig. S5. Cyclic voltammogram of (a) Pt/cPDA catalysts (ionomer-free and with ionomer 1:C = 0.2) and
(b) Pt/C TKK catalysts (10 wt% - ionomer-free and with ionomer 1:C=0.2) in N2-saturated 0.1 M HCIO4
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Fig. S6. Linear sweep voltammetry (LSV) catalyst at a different rotation speed in O, saturated 0.1 M
HCIO4 at 23 °C, sweep rate - 20 mV s, (RE - RHE; CE — Platinum) (a) Pt/cPDA catalyst (ionomer-free),
(b) Pt/cPDA catalyst with ionomer I:C = 0.2, (c) Pt/C TKK catalyst (ionomer-free), (d) Pt/C TKK catalyst
with ionomer 1:C=0.2. The corresponding Koutecky-Levich plots (inverse limiting current versus inverse
square root of rotational speed) at 0.4 V (vs RHE) for (e) Pt/cPDA catalyst (ionomer-free), (f) Pt/cPDA
catalyst with ionomer I.C = 0.2, (g) Pt/C TKK catalysts (ionomer-free), (h) Pt/C TKK catalyst with

ionomer 1:C =0.2.

(a) —— Pt/C TKK 10% - lonomer free | (b) —— Pt/C TKK 10% - lonomer [ (C) Pt/cPDA - lonomer !
—~ .14 Pt/cPDA - lonomer free | —— Pt/C TKK 10% - lonomer free | — 1d Pt/cPDA - lonomer free |
o i & i o i
§, i § | £, i
< “ | < 21 < 2] i
E E 3 !
> -3 f Z -3 Z 31
‘a ‘@ | ‘a
3 S 5]
o° -4 1 T -4 ! ° -44
- | P | k3 |
c . c . c
£ s ! £ ) ! £ 5. !
3 i 3 i 3 i
O ! [} o !
64 | 64 | -64 |
! | !
T T T T T T T T T T T T T T T T T u
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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Fig. S7. Linear sweep voltammetry (LSV) comparison plot (a) for ionomer-free Pt/cPDA and ionomer-
free Pt/C TKK (b) for ionomer-free and ionomer containing (1:C = 0.2) Pt/C TKK catalyst (c) for ionomer-
free and ionomer containing (1:C = 0.2) Pt/cPDA catalyst. The rotation speed was 1600 rpm in O saturated

electrolyte 0.1 M HCIOq4 at 23 °C, sweep rate - 20 mV s. (RE - RHE; CE — Platinum).
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Table S4: Summary of the ECSA and specific activity between Pt/cPDA (lonomer and lonomer free)

and Pt/C TKK (lonomer and lonomer free)

Catalyst ECSA Specific activity*
(m2gptt) (MA cm?py)
Pt/cPDA-lonomer free 107 £ 4 0.95+0.07
Pt/cPDA-lonomer (I:C 1057 0.72+0.05
ratio=0.2)
Pt/C TKK — lonomer free | 106 + 11 0.43+£0.017
Pt/C TKK- lonomer (1:C | 102+8 0.23+0.016
ratio=0.2)
Poly Pt N/A 1.77 £0.08

(Roughness factor =1.73 £ 0.1)

*The +/- represents deviations for 3-6 measurements — (a) made from at least two batches of ink for supported catalysts;
the results on only the good films were considered (b) 3 repeat measurements of Poly Pt surface.

Lo @ Pt/cPDA
i @ PvC TKK 10%
e @ Kocha et.al.
0.9
s 084 @
= Lo
L 07
\A
®
< 0.6 T T
2 i g T L @,
S P
0.5 S
0.4
0.3 —rtr - r - 1r - 1 1 1 1 T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
I/C ratio

Fig. S8. Comparison of specific activity ratio (specific activity of ionomer-free catalyst: specific activity
of ionomer containing catalyst) for Pt/cPDA(red), Pt/C TKK (black) and literature data by Kocha et al.

(blue)(The literature data is digitized from ref?®). *The error bar (red and blue) represents deviations for

19



3-6 measurements — made from at least two batches of ink for supported catalysts (Pt/cPDA and
Pt/V(TKK)).

Fabrication of membrane electrode assembly (MEA)

In this study, the decal transfer method was used in order to prepare an MEA. First, the desired amount
of IPA to achieve a solid to liquid ratio (S/L) of 0.18 and 20 wt% Nafion ionomer dispersion (EW 1100,
lon Power Inc.) .) was added to achieve an overall I/C mass ratio of 0.8 with catalyst (Pt/cPDA) in a 20
mL glass vial and dispersed ultrasonically using an ultrasonic bath for 20 minutes; both procedures were
performed under the ice to avoid Pt degradation. For the commercial TKK 10% Pt/C catalyst, a similar
ink preparation recipe described in reference®® was used. Here, an ionomer to carbon ratio (I/C) of 0.8, a
solid to liquid ratio (S/L) of 0.18 and a solvent mixture of 20% water/IPA were used to prepare the catalyst
ink for the commercial TKK 10% Pt/C catalyst. Then, to further homogenize, the inks (both Pt/cPDA and
TKK Pt/C) were magnetically stirred in a 20 mL glass vial containing 5 g of 5 mm diameter ZrO, beads
for 24 h at room temperature (23° C) prior to its use. The catalyst layer was then coated onto a 75 um thick
PTFE substrate (McMaster-Carr, 8569K75) by using an automatic film coater (MSK AFA-II, MTI
Corporation, USA) at a speed of 10 mm s™. During the coating, a wet film thickness of 100 pm was set.
Subsequently, the catalyst-coated decal was air dried for 1 h followed by drying under vacuum for 12 h at
80 °C to evaporate residual solvents. CCM with an active area of 1 cm? (sub-framed and controlled by
kapton window) was prepared by hot-pressing catalyst coated decal against 25 um thick Nafion 211 (NRE-
211, Fuel cell store, USA) membrane at 150 °C and 2 MPa pressure for 3 minutes with an applied force
of 0.12 kN cm™. Pt loading in the prepared CCM was calculated gravimetrically by weighting the decals
before and after the catalyst layer transfer. The thickness of Pt/cPDA and TKK Pt/C CLs was determined
by a micrometre (Marathon digital micrometre, fisher scientific, USA) 9 £ 1 pym and 10 £ 1 pm,

respectively.
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In this study, three Pt/cPDA CCMs were prepared and tested separately for reproducibility; the error
bar presented is from the average of results from three individual testings, except for the mass transport
resistance which was repeated twice. The loading of Pt/cPDA and commercial Pt/C catalyst (10 wt%
Pt/Vulcan, TKK) were (Pt/cPDA — 0.031, 0.033 and 0.036 mge: cm™) and 0.058 mge: cm™?, respectively.
After hot-pressing, a cell was assembled by sandwiching hotpressed CCM between two gas diffusion
layers with a microporous layer (~ 230-240 um, Toray, TGP-H-060; Fuel Cell Store, USA) guided by 175
pum thick PTFE gaskets to ensure around 25% compression of GDL. GDL dimensions were 1.5 cm x 1.5
cm on both sides. The area of the GDL was designed to be larger than the active area of the CCM to ensure
independent control of compression of the catalyst layer and the GDL and also to avoide edge degradation.
A torque of 30 in-Ib was applied during the cell assembly in three steps (10-20-30 in-Ib). Fuel cell
hardware consisting of 50 cm? flow field with a serpentine channel (16 cm? channel area) was used
(purchased from fuel cell technologies, USA). A photograph of the hardware, flow field and MEA is

shown in Fig. S9.

Gas outlet

Electrode: 1 cm?,,,

_______________________________________________________________________

Fig. S9. Optical image of the flow-field design and MEA geometry with respect to the flow field (left)

and front and side view of the used hardware for cell assembly (middle and right).
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Fuel cell testing

Fuel cell testing with in-situ high-frequency resistance (HFR, for iR correction) measurement at each
voltage were performed using a Biologic SP-200 potentiostat and a commercial 100 W, G20 Greenlight
Innovation test station (Greenlight Innovation corp., Canada) in a high differential cell. The following

sequence of events were followed and are described in detail below (Fig S10).

Primary Diagnostics (CV, LSV, EIS)

1

Activation

1 }

ECSA determination (CO stripping and
> H,q), Polarization curves (O,, Air)

1

RH change (30-100%)

1}

Limiting current study

L &

AST cycling

Fig. S10. Flow chart shows the sequence of testing for each cell.

Primary diagnostics (before activation): First, a series of primary diagnostic tests (Had CV, LSV and EIS)

was performed to determine the electrochemical surface area (ECSA), Hz crossover and series resistance
or high-frequency resistance (HFR) of the cell for quality assurance of the assembled cell at 70°C, 100%
RH, 140 kPaaps in H2/N2 (0./0.2 NLPM). The reactants, i.e. compressed air (99.999%), carbon monoxide
(99.5%), hydrogen, oxygen (99.999%), and nitrogen (99.999%), were obtained from Air Liquide, Canada.
The anode (hydrogen electrode) served as the reference (RHE) and counter electrode (CE), while the
cathode was the working electrode (WE). The impedance spectra were obtained at 0.4 V by sweeping
frequencies in the range of 1 MHz to 1 Hz with an amplitude of 10 mV. The anode and working electrode
(cathode) were fed with fully humidified hydrogen and nitrogen at the rate of 0.1 NLPM and 0.2 NLPM,

respectively. Fig. S10 shows an overview of all the electrochemical tests performed in an MEA.
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Activation Protocol: All cells were conditioned prior to testing to activate the MEA, hydrate the ionic

network and remove possible contamination. The conditioning protocol used in this study is a combination
of USFCC, DOE and recent work from the NREL (USA) group. The Hz pumping from Ref 3!, constant
voltage hold at 0.6 V from USFCC?2 and potential cycling conditioning protocol (OCV to 0.6 V) similar
to DOE® (OCV to 0.55 V) and Kabir et al. **. (OCV to 0.6V) were employed. The entire conditioning
protocol is summarized in Table S5 and explained below.

Table S5. Summary of the conditioning protocol used in this study.

Step Test Teen | Thum | Flowrate Reactant | Pressure Time
# (°C) | (°C) An/Ca gas An/Ca | (kPay)
(NLPM) (h)
1 H> pumping 30 | 45 0.5/0.5 Hao/H> 0 0.5
2 Flooding 70 80 0.1/0.2 H2/N2 50 8-12
3 0.6 V hold 70 | 70 0.3/0.5 Ho/Air 200 ~12
4 | Potential cycling | 70 70 0.3/0.5 Ho/Air 50 5 min hold
(OCV-0.6V)/5x at each
potential

First, an H> pumping procedure was performed while the cell (both anode and cathode), anode humidifier
and cathode humidifier temperature was set at 30 °C, 45 °C and 35 °C, respectively. H> pumping was
performed for 30 min by applying a current of 50-200 mA c¢m while the resulting voltage was mildly
negative. After that, the cell was purged with high flow Ny; then, the cell was supplied with over-
humidified gas H2/N2 (0.1/0.2 NLPM) for around 8-12 h by setting the cell and humidifier temperature
(both anode and cathode) at 70 °C and 80 °C, respectively to hydrate the membrane and ionomer network.
This step results in a 10-20 mQ-cm? reduction in the series resistance. Subsequently, the cell was purged
again with a high flow of N2 for 20 min to remove excess water, and the humidifier temperature was
decreased to 70 °C. Once the temperature is equilibrated, humidified H> and Air were introduced to the
anode and cathode, respectively, and the back pressure was set at 200 kPagq for both sides. When an open

circuit voltage (OCV) of ~ 1.0 V was reached, a constant voltage hold of 0.6 \VV was applied to the cell and
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current was drawn from the cell for ~ 12 h until the current stabilizes (£ 5 mA cm), similar to the one

described in reference®. A typical current profile is provided in Fig. S11.

10 - 0.70
<----3
0.8 + /_L—A—\/—'\_——‘ 065
. L 0.60
= 06 / |
I ) —
g L 055 =
< 04 -+ "’
= L 050
02 + L o045
0.0 : : : | 0.40

0 2 4 6 8 10 12
Time (h)

Fig. S11. Typical current profile during conditioning under constant voltage hold of 0.6 V at 70 °C, 100%

RH and 200 kPag pressure in Hz/Air (0.3/0.5 NLPM).

After the 0.6 V hold, the cell was purged again with a high flow of N2 gas to remove the excess water.
Finally, the cathode potential was cycled between OCV to 0.6 V by holding for 5 min at each potential at
70 °C, 100% RH and 50 kPag pressure in Ho/Air (0.3/0.5 NLPM); this was repeated 5 times. A similar
break-in protocol was also used by Kabir et al. 34. The step 4 of the used activation protocol in this study
is similar to the DOE protocol (OCV to 0.55 V). The cell was purged with a high flow rate of N for 20

min after the conditioning to remove any excess moisture trapped in the cell.
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ECSA determination by Hag (MEA): The Hag CV was performed at 70 °C, 30-100% RH and 140 kPaans
in H2/N2 (0.1/0.2 NLPM) by scanning the potential between 0.06 V and 1.2 V versus RHE at a scan rate
of 200 mV s for 10 cycles. ECSA was determined by integrating the H-adsorption peak of the hydrogen
underpotential deposition (Hag) region (0.07 V — 0.4 V) from the 10" cycle once the steady state was
reached while subtracting capacitive currents. The area corresponding to Haq of the CV plot was evaluated
using the trapezoidal rule. Subsequently, the roughness factor (RF) and ECSA was calculated using
equation (S2) and (S3), respectively.
Rfuap (cm2pi/cmge0) = Integrated Area (V. mA cm2)/[0.210 (MC cm?p) x scan rate (mV s1) x 1073 x
geometrical area (cm?geo)] (S2)
ECSA = Rf (cm?pt cm2geo)/Loading ((Mgpt cmZgeo) (S3)
A value of 0.210 mC cm2p; was considered®®. The double layer current was calculated by taking an
average value of the charging and discharging currents in the range of 0.40 — 0.5 V. Crossover current was
determined by performing LSV at a potential between 0.05 V and 0.6 V versus RHE at a scan rate of 5
mV s?.
ECSA determination by CO stripping: In addition to Hag method, the ECSA of the MEAs was also
measured following a similar CO-stripping protocol described by Takeshita et al. 3. The cathode was first
purged using 1 NLPM N2 until OCV dropped below 150 mV, while the flow of the anode was kept
constant at 0.2 NLPM Ha. Then, the cathode was cleaned by potential cycles between 0.115 and 0.94 V
at the scan rate of 50 mV s under N,. CO stripping was performed by adsorbing CO (5% CO in Nz, 0.2
NLPM) for 20 min at 70 °C and ambient pressure while holding the cathode potential constant at 0.08 V.
Subsequently; the residual CO was removed by purging N2 for 20 min using a flow rate of 0.5 NLPM.
After purging, the potential was swept from 0.115 V to 1 V with a scan rate of 20 mV s and held at the

final potential for 2 minutes to oxidatively strip all electrochemically available CO molecules adsorbed
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on Pt catalysts under the flow of N2 (0.2 NLPM). This sweep pattern was repeated twice in order to verify
no residual CO on the electrode surface. The CO stripping charge was obtained from the difference in
charge above the double layer potential region (0.4-0.6 V) between the first and second sweep-holds. The
ECSA was determined from the CO stripping charge by using a specific charge of 420 uC cm?2p. A typical
CO stripping voltammogram of TKK 10% Pt/C CL and Pt/cPDA CL is shown in Fig. S12. The CO
stripping measurement was performed at varying relative humidity (30% RH to 100% RH) in order to
calculate the dry proton accessibility (Fig. S13). A comparison of the ratio of ECSA determined by CO
stripping and Had (ECSAco/ECSAHAaD) for Pt/cPDA and in-house TKK 10% Pt/C catalyst as a function of
RH was shown in Fig. S14a. Also, for comparison, the dry proton accessibility (ECSAco based) of 10%
Pt/V (Padgett et al.*®) at varying RH was plotted in Fig. S14a, and ECSAco/ECSAnap of 10% Pt/V

(Padgett et al. %) and 30% Pt/HSC (Garrick et al.*°) of General Motors group was plotted in Fig. S14b.

(a) (b)
10 + 20 -+
1st cycle
1st cycle
8 T 15 —+ = =-=2nd cycle
— - - -2nd cycle g
2 :
- — 10 +
4 1 —
2+ > T
0 1 1 1 1 0 1 1 1 1
0.2 0.4 1.0 0.2 0.4 0.6 0.8 1.0

0.6 0.8 .
E (V vs RHE) E (V vs RHE)

Fig. S12. Typical CO stripping voltammogram of (a) TKK 10% Pt/C CL and (b) Pt/cPDA CL at 70 °C,

100% RH and ambient pressure at 20 mV s,

26



(@ 7 (b)

] o
— 1.0 a
<] g o
g40 + $ e e £
P e > 08 - A - 08 =
E —k -‘: =-- -4 0
O 30 + T s — ¥ ‘@
& L2 06 | - 06 g
NE a -©-Pt/cPDA Q
Q
S 20 + g 1 -B-TKK 10% Pt/C i ©

~ o 0.4 0.4 .
8 —e-TKK 10% Pt/C :u - 10%Pt/V-Padgett et al. T
W 10 + il —e—CDL-Pt/cPDA | >
-4 —+—Pt/cPDA L 02 02 <
> —8— CDL-TKK 10% Pt/C ()

0 % % % % | 0 o0 1 1 1 ; 0.0
0 20 40 60 80 100 0 20 40 60 80 100
0,
RH (%) RH (%)

Fig. S13. (a) Roughness factor (RF, determined by CO stripping) comparison between Pt/cPDA and TKK
10% Pt/C catalyst as a function of RH, (b) dry proton (H") accessibility (estimated by ECSAco stripping —
open symbol, dashed line and Cp. — filled symbol, solid line) comparison between Pt/cPDA and in-house
TKK 10% Pt/C catalyst and literature Pt utilization data of 10% Pt/V published by Padgett et. al..*®

Condition: 70 °C, Nafion EW1100, 1/C — 0.8 (this work), 80 °C, Nafion EW950, 1/C — 0.95 (Padgett et. al.

38)
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Fig. S14. (a) ECSA (CO stripping)/ECSA (Had) (ECSAco/ECSAHAD) ratio comparison (a) between
Pt/cPDA and in-house TKK 10% Pt/C catalyst as a function of RH, (b) between in house Pt/cPDA and
TKK 10% Pt/C catalyst, and literature 10% Pt/V (Padgett et al. %) and Pt/HSC catalysts (Garrick et. al.>®)
at 100% RH. Condition: 70 °C, Nafion EW1100, I/C — 0.8 (this work), 80 °C, Nafion EW950, 1/C — 0.95

(Padgett et al.*® and Garrick et. al.?)
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Determination of Kinetic parameters: In order to determine ORR Kinetic parameters in MEA (mass

activity, specific activity, and Tafel slopes), the current was recorded over 2 min by holding voltage at a

specific voltage over the OCV to ~ 0.8 V range, where the voltage was decreased from OCV to ~ 0.8 V

in ~ 30 mV decrements. The average value of current over the final 30 s were used to create an |-V plot.

These measurements were part of the performance characterization in H2/O2 mode. Then, the voltage was

corrected for iR (HFR) losses and normalized to the mass loading of Pt. The H2 crossover was determined

at the identical conditions as the polarization curve for which the corrections were applied, i.e., at the same

temperature, pressure and RH; however, in Ho/N2 configuration using LSV. The mass activity (im0.9 v)

and specific activity (is 0.0 v) were determined by interpolating to 0.9 V. Fig. S15a shows the mass loading

normalized Tafel plots of Pt/cPDA catalyst at different RH and Pt free cPDA electrode. Fig. S15b presents

the Tafel plots at both 70 °C and 80 °C.
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Fig. S15. Tafel plots of Pt/cPDA catalyst at (a) varying RH and Pt-free cPDA catalyst and (b) varying

temperature (70 °C and 80 °C), Condition: 70 °C (a) and 140 kPaans pressure, in H2/O2 (0.3/0.5 NLPM);

voltage was corrected for iR (HFR) loss and current density was corrected for crossover loss.
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Table S6. Electrochemically determined geometric and kinetic parameters of Pt/cPDA and commercial
Pt/C catalyst both in RDE and MEA condition.

Catalyst Geometric Parameters Kinetic Parameters Reference

ECSA RF Lpt is0.0v im,0.0v

(M2 gec?) [(cmee oM 2ge)|(MgPt CMges D (MA CMpc?) | (MA mger?)

Pt/cPDA-lonomer free (RDE) 107 +4 - ~10 0.95 +0.07 944 £10  [This work
(}*ad)

Pt/cPDA-lonomer (RDE) 105+7 - ~10 0.72+£0.05 737 £14  [This work
(Haa)

101 +5 35+2

H
Pt/cPDA (MEA)” (Ha) (Haa) 342 0.632 = 0.06 638 £68 |This work
113 (CO)| 41(CO)
Pt/C TKK — lonomer free (RDE) | 106 £ 11 - ~10 0.43+0.017 442 + 14 [This work
(Had)
Pt/C TKK — lonomer (RDE) 102 £8 - ~10 0.23£0.016 249 +11  |This work
(Had)
Pt/C TKK (10 wt% Pt) (MEA) 70 (CO) 40 (CO) 58 0.147 103 This work

ECSA = Pt electrochemical surface area per unit mass of catalyst, RF = roughness factor of MEA working electrode (WE), Lp
= WE Pt loading, iso.ov and imo.9v Pt specific and mass activity calculated at 0.9 V versus RHE, respectively

RDE condition: measured at a scan rate of 20 mV s in 0.1 M HCIO, at 23 °C, ambient pressure (90 kPa). the obtained LSV is
corrected to baseline voltammetry in N, saturated condition, iR correction based on the uncompensated ohmic electrolyte
measured via high-frequency ac impedance in N, saturated 0.1M HCIO., and pressure correction to 100 kPa — as described
above in RDE section.

MEA condition: 70°C, 100% RH, 140 kPaaps, H2/O, for activity and ECSA values were determined at 70 °C, 100% RH, 140
kPaabs, H2/N2 (for Had).
“the error represents the deviation from the average value measured for three independent samples.
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Polarization Curve: All polarization curves were determined in potentiostatic mode. The tests were
recorded at desired operating conditions with H> and air or Oz (0.3/0.5 NLPM) at 140 kPaans pressure.
Both cathode and anode reactant gases were maintained at the same pressure during testing. Polarization
plots were obtained from open circuit voltage (OCV) to around 0.1 V (until limiting current)
potentiostatically by holding the voltage constant at each voltage for 3 minutes (steps of approximately
0.1V after 0.9 V), and the resulting equilibrated current values were averaged over the final 30 s. In the
case of pure O, polarization plots were obtained potentiostatically by recoding the I-V plot for Kinetic
parameter determination (as explained above, from OCV to around 0.8 V), followed by recording current
from 0.8 V to around 0.1 V. HFR-corrected cell performance comparison between Pt/cPDA and TKK
10% Pt/C in both pure Oz and Air at 70 °C and 140 kPaaps pressure (0.3/0.5 NLPM flow) was shown in
Fig. S16, and uncorrected performance comparison was shown in the main body. Fig. S17 shows the
uncorrected cell performance comparison and mass loading normalized performance comparison between
Pt/cPDA and TKK10% Pt/C catalyst in H2/O2 Also, the mass loading normalized uncorrected
performance comparison between Pt/cPDA and TKK10% Pt/C catalyst in Air was presented in Figure 5b
of the main body. Fig. S18 shows the HFR-free mass loading normalized performance comparison
between Pt/cPDA and TKK10% Pt/C in H2/O2 and Ha/Air. The HFR values used to perform all the iR
corrections in the polarization curves recorded during the polarization curves are shown in Fig. S19. The
higher HFR values (~ 100 mQ-cm?) of Pt/cPDA CL compared to that of Pt/V CL (~ 60 mQ-cm?) could

be attributed to the higher interfacial contact resistance between the Pt/cPDA CL and MPL.
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Fig. S16. HFR-free performance comparison between Pt/cPDA and TKK10% Pt/C catalyst : (a) in H2/O»,

(b) H2/Air. Condition: 70 °C and 140 kPaaps pressure (0.3/0.5 NLPM flow). Voltage was corrected for iR

(HFR) loss, and current density was corrected for crossover loss. The error bar presented is from the
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Fig. S17. Uncorrected (a) cell performance comparison and (b) mass loading normalized performance

comparison between Pt/cPDA and TKK10% Pt/C catalyst in H2/O,. Condition: 70 °C and 140 kPaans
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pressure in (0.3/0.5 NLPM flow). The error bar presented is from the average of results from three

individual testings.
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Fig. S18. HFR-free mass loading normalized performance comparison between Pt/cPDA and TKK10%
Pt/C catalyst : (a) in H2/O2, (b) Ho/Air. Condition: 70 °C and 140 kPaabs pressure (0.3/0.5 NLPM flow).
Voltage was corrected for iR (HFR) loss and current density was corrected for crossover loss. The error

bar presented is from the average of results from three individual testings.
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Fig. S19. (a) HFR values used to perform the iR corrections recorded during the polarization curves at

different RH for Pt/cPDA and TKK Pt/C catalyst layer (100% RH): (a) in H2/O2, (b) H2/Air. Condition:

70 °C and 140 kPaabs pressure in (0.3/0.5 NLPM flow). The error bar presented is from the average of

results from three individual testings.
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Fig. S20. Mass loading normalized polarization curve and specific power in (a) H2/O2 and (b) Ho/Air

(0.3/0.5 NLPM) at 70 °C, 100% RH and 140 kPaans; Voltage was corrected for iR (HFR) loss and current

density was corrected for crossover loss. The error bar presented is from the average of results from three

individual testings.

34



Limiting current study

The total mass transport resistance (Rg‘;t“l) was determined using the limiting current method
developed by Baker et al. “°. Limiting current (iiim) measurements were performed at 70 °C and 80% RH.
Differential flow conditions (0.3 NLPM of Hz and 0.5 NLPM of O2:N2 mixtures) were used. The dry mole
fraction of oxygen in the cathode is altered from 2 to 6% O in N2 using two external mass flow controllers.
Typical limiting current profiles of Pt/cPDA CL in the potential range between 0.4 and 0.1 V at an O
concentration of 2 — 6% were shown in Fig. S21a (the marked regions indicate the limiting current values).
In order to determine dry (Rg‘;ml), limiting currents with an O mole fraction of 2 — 6% were measured at
four different total pressures (50, 100, 150 and 200 kPay). (Rg‘;t“l) was then plotted against total pressure
and pressure-independent Roz (Rg'zi”d) was estimated from the Y-intercept of that plot. Fig. S21c and S21d
show the (Rg"zt“l) plots as a function of total pressure for Pt/cPDA and TKK 10% Pt/C CL, and at different
RF of Pt/cPDA. Fig. S21c and S21d were used to estimate the (Rg'zi”d) values. Fig. S21e illustrates a

comparison of R5:™® as a function of inverse of RF between the Pt/cPDA and literature obtained Pt/C

based CLs data*!.

Rtotal — 4F(C07,channel_ CO;,Pt) ~ 4F x COy,channel (84)
02 llim ilim
total __ P,dep P,ind
RG = Ry + Ry, (S5)
Pind d local,Pt/1
Ro,m — Rlo(nu sen + 0, (86)
2 2 r.f.
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Fig. S21. (a) Limiting current profiles of Pt/cPDA CL in the potential range between 0.4 and 0.1 V at O>
concentration of 2%, 3%, 4% and 6%, the marked area indicates the limiting current values, (b) Rf)ozml
estimated from different O2 concentrations (2-6 %) as a function of limiting current of Pt/cPDA CL, (c)
Rto"zt“l comparison as a function of total pressure between Pt/cPDA and TKK Pt/C catalyst (TKK10% Pt),
d) Rgoztal comparison as a function of total pressure at different RF of Pt/cPDA, (e) RZ’Zi”d comparison
between Pt/cPDA and literature data of Pt/C form ref ! as a function of inverse of roughness factor (RF).
(e) Ro2Pnd comparison between Pt/cPDA and other Pt based catalysts as a function of RF. (The literature

data is digitized from ref 41). The O transport data at different RF was collected during the AST

degradation (at RF 33, RF 21 and RF 17). Condition: 70 °C and 80% RH in (0.3/0.5 NLPM flow).
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Accelerated Stress Test (AST) protocol

The square-wave catalyst AST protocol*? was used in this work to study the durability of Pt catalyst,
with the only exception that the temperature was 70 °C instead of 80 °C. It consisted of potential cycling
between 0.6 V and 0.95 V by holding the voltage at each potential for 3s for 30,000 cycles. It was
conducted in Hz(anode)/N2(cathode) at 0.2/0.2 NLPM at 70 °C, 100% RH and atmospheric pressure. The
catalytic mass activity and polarization curves were measured at the beginning (BOL) and EOL (after
30000 AST cycles). Electrochemical surface area (ECSA) was measured after every 2000 AST cycles by
Had and CO stripping method. Fig. S22a shows the HFR-free polarization curves comparison at BOL and
after 30000 AST cycles in Ho/Air for Pt/cPDA catalyst at 70 °C, 100% RH and 140 kPaass. Tafel plot

comparison at the BOL and after 30000 AST (EOL) cycles is illustrated in Fig. S22b.
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Fig. S22. HFR-free performance and Tafel plot comparison between BOL and EOL (after 30000 AST
cycles) at 70 °C, 100% RH and 140 kPaaps in (a) Ho/Air and (b) H2/O2; Voltage was corrected for iR (HFR)

loss and current density was corrected for crossover loss.
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Discussion on transport resistance

The total O, transport resistance is a combination of pressure-dependent (Rg'zde”) and pressure-

independent (Rg;'“d) resistances as shown in equation S5. The joep (molecular diffusion) part depends

on the fuel cell hardware, i.e., the flow-field channel geometry, the location of MEA on the flow-field,
and the GDL types. In the serpentine flow-field, under the rib, convection can occur between some
channels where the pressure difference between two channels is large. This effect has shown to be
significant in single-serpentine channel compared to three-parallel channel®. In five parallel channel
configurations, such as that employed in our study, the contribution of under-the-rib convection to
enhancing the overall oxygen transport would be even smaller. If present, the under-the-rib convection
will manifest in lowering the pressure-dependent oxygen transport resistance component of the overall
transport resistance. However, the Knudsen diffusion and R’,j'zi”d will not be affected by the convective

transport. Caution must be exercised in comparing total oxygen transport resistance from different studies

by examining if the configuration employed may lead to under-the-rib convection.

On the other hand, RS’Zi"d counterpart is composed of restrictive Knudsen diffusion resistance, which is
mainly governed by the CL and MPL pore structure, and the resistance of O transport through the Pt—
ionomer—water interface, also known as local O.-transport resistance. The local O-transport resistance is
known to be affected by the equivalent weight of the ionomer used***®, 1/C ratio (ionomer thickness)®,
uniformity or distribution of ionomer over the catalyst surface*®*’, types of carbon support*®, size, location
and dispersion of the Pt particles*. On the other hand, the Knudsen diffusion resistance originated from

CL depends on CL microstructure and pore size®.

To the best of our knowledge, our Pt/cPDA CL exhibited the lowest Rg;nd among the reported values in

literature, as shown in Fig. 4e in the main body of the manuscript. The comparison is not so straightforward
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but rather complex, as the aforementioned factors affect the RZ’Zmd. For example, the closest reported RZ’Zi”d

was reported by Ott et al. around 0.23 s cm™ at a higher loading of 0.1 mge: cm™. However, they have
used a low EW 3M™ Dyneon™ PFSA ionomer with an I/C ratio of 0.65, 15% Pt/C catalyst and KB-
based carbon support. Ono et al. reported a R(’;'zi"d of around 0.32 s cm™ at a loading of 0.12 mge: cm™?,
where they have employed Nafion EW 1000 with an I/C ratio of 0.9, 15% Pt/C catalyst on KB carbon
support. Among the compared values, only Owejan et al.*® have used similar catalyst loading (0.025 mget
cm2) with similar Pt content of 10% Pt/V and ionomer (Nafion EW 1100); the I/C ratio was, however, a

bit different (0.95) from this work. That exhibited a R’;';”d of around 0.5 s cm™, almost 2 times higher than

the Pt/cPDA catalyst layer.

Recent findings**® suggest that the low EW ionomers exhibit higher local O2 transport resistance owing
to higher amounts of adsorbed and/or absorbed water. On the contrary, some studies suggested that higher
water content resulted in higher permeability of oxygen proton exchange membranes®*~2, In addition to
ionomer EW, the effective ionomer thickness, which is often dictated by the I/C ratio, also substantially
affect the local O2 transport resistance. The recent findings from Gasteiger’s group suggested that
homogenous ionomer distribution and/or low I/C ratio, which eventually leads to low effective ionomer
thickness, reduces the local transport resistance significantly®°. Furthermore, location, distribution and
dispersion of Pt particles, and even the Pt deposition method are also known to impact the local transport
resistance*”*°. Harzer and colleagues*’ postulated that the Pt particles located on the external surface of
the carbon support, either controlled by the synthetic method or by the type of carbon support, exhibited

lower oxygen transport resistance.
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Table S7. Cathode and its subcomponents properties for the literature works used in this study to compare

the pressure independent transport resistance (Rg'zmd).

Ref” lonomer Catalyst | 1/C Pt/C GDL Condition
Orfanidi | Asahi Pt/V- | 0.65 20% Not mentioned 80 °C, 70% RH,
(0.078)*° | Kasei,EW700 NHx 170 KPaabs

Harzer | Asahi Pt/KB- | 0.65 20% Not mentioned 80 °C, 70% RH,
(0.063) #' | Kasei,EW700 (NHx)po 170 KPaabs
Owejan | Nafion EW1100 PU/V 095 | 10% +C Mitsubishi 80 °C, 80% RH,
(0.025) 4° (dilution) | Rayon Co. U- 150 kPaaps
105 with MPL

Ono Nafion EW1000 | Pt/V 0.9 50% TGP-H060 80 °C, 90% RH,
(0.12)* TKK 101 kPaaps

Oott 3M™ Pt/KB | 0.65 15% SGL 29BC 80 °C, 100% RH,

(0.1)% Dyneon™ 170 kPaaps
PFSA (low
EW)

“Values inside the bracket indicate Pt loadings in mget cm™
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