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1. Photos of the vacuum filtration setup for making floating electrodes
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2. Photos of electrochemical experimental apparatus

e
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Figure S1. a) A picture of the whole electrochemical system. b) The electrode holder and the floating electrode before
assembly; c) after assembly
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3. SEM images of the floating electrodes
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Figure S2. SEM images of floating electrodes of IM 50% Pt/C with a loading of a)1.5 b) 10 ¢) 68 1ige: CMige.”.
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4. Vacuum filtration catalyst (VFC) calibration

Figure S3 shows a linear relationship between the mass of Pt on the floating electrode
detected by ICP-MS against the volume of catalyst suspension (0.38 + 0.02 pge mL™
confirmed by both ICP-MS and XRF, number of samples = 17). The best-fitting line (red)
overlaps with the straight line (black) whose slope represents the Pt concentration of the
catalyst suspension, indicating that the amount of catalyst deposited on the substrate is
equivalent to the amount of catalyst put through filtration — i.e. very little of the catalyst
makes its way through the filtration medium — an issue which in the past was thought to
have happened. This finding is inconsistent with the quadratic relation previously
reported,’ and it can be rationalized by the differences in the catalyst ink composition
(including the catalyst type and the solvent used) as well as better filtration time control.
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Figure S3. Scatter plot of Pt loading measured from ICP-MS vs the initial aliquoted volume of the catalyst
suspension for 17 induvial floating electrodes with the best fitting line (red) and 95 % confident band (pink
area). The black line represents the expected loadings assuming no catalyst lost during the deposition process.
The scattering between 400-600 Ll was likely due to the defects in the micropipette used.
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5. Calculation of the Hueo Or COugsorpion Charge
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Figure 54. Representative CO stripping voltammogram and a voltammogram under nitrogen for a floating
electrode with 3.9 gPt cmgeo-2 of 50 % Pt/C (1:1 Carbon: Nafion). The potential was held at 0.2 V' vs RHE
under 1000 ppm CO in nitrogen for 20 min followed by voltammograms under pure nitrogen, 101 kPa, 298
K 1 M HCIO, 20 mV 5. Qe uro = 210 uC cme” and Qe co = 420 uC cme” were used for the calculation,
Assuming polycrystalline Pt structure and a monolayer is formed during adsorption.
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6. Comparison of CO stripping conducted with 1000 ppm CO in N, vs.
pure CO
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Figure S5. a) Cyclic voltammograms of a floating electrode with 44 11gr cMees” of IM 50 % Pt/C (1.1 Carbon:
Nafion) after the potential was held at 0.1 V' vs RHE under 1000 ppm CO in nitrogen for 20 min or under 1
min under pure CO followed by pure nitrogen purge in the headspace for 10 min, at 101 kPa, 298 K, 1 M
HCIO, 20 mV/s. b) comparing the electrochemical RSA obtained from integration areas
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7. ECSA determination using full loading range and the results of linear

fits
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Figure S6 Scatter plot of electrochemically measured real surface area measure with CO.s and Hueo against
ICP-MS measured Pt loading for 19 floating electrodes; linear fits were conducted respectively using all 19
samples (0-70 uge cm“s.) and using 19 samples in the lower loading range (0-70 g €M~ ges)

Table S1. Results of linear fits in Figure 4b and Figure S5

Linear fit for ECSA Slope / Y intercept / | Adjusted | ECSA/ Percentage
cm? ug prt cm? R square | m? gp? error

from  COass  (lower | 0.510 + 0.044 -0.006 + 0.009 | 0.895 51+4 8.6%

loading range)

from Coags (full loading | 0.415 £ 0.010 0.010 £0.006 | 0.991 42+1 2.4%

range)

from  Huro (lower | 0.385 + 0.054 -0.037 £0.008 | 0.755 395 14.0%

loading range)

from Hueo (full loading | 0.256 + 0.017 -0.020 £ 0.004 | 0.923 262 6.6%

range)
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8. Representative change in geometric current density during the
complete ‘break-in" procedure
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Figure S7 HOR and ORR geometric current density at specific potentials (vs RHE) for a floating electrode (JM
50% Pt/C, 5.85 ugncm”se) vs conditioning cycle number. Conditioning cycles were carried out under the
conditions of 1 M HCIO,, 298 K, 101 kPa, 20 m\V//s. All the potentials in the legends are vs. RHE, and the
equations are the best fitting for each set of data.
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9. Change in CVs under oxygen and hydrogen after the heat treatment
on a floating electrode in the presence of Teflon AF
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Figure S8. Cyclic voltammograms of a floating electrode with 4.1 puge cm“seo M 30% Pt/C (rf = 1.3, ECSA = 32
m g’n)at 298 K, 1 atm, 1 M HCIO., 20 m\V//s under hydrogen and under oxygen.
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10. Calculations of the average thickness of Nafion ionomers and the
average thickness of Teflon AF-2400 on the carbon support

Assuming the Nafion ionomers cover the high surface area Pt/C catalyst uniformly in the
catalyst layer, the approximate average thickness of the ionomer layer §; can be
calculated by’

5 = Vi
Where § is the thickness, V is the volume of the Nafion ionomers or the Teflon AF-2400
calculated by the mass divided density, and A¢ is the surface area of the carbon. Because
platinum has a much higher density than carbon (20 vs. 1.8 g cm™) and the loading of

platinum is relatively low (£50%), we only consider the carbon to simplify the situation.

For Nafion1100 ionomers, the wet density is 1.4 g cm™ and the dry density is 2 g cm™. A¢
can be calculated from the BET measured surface area’ (Sggr = 71.9 m’ g~ excluding the
pores smaller than 6 nm). Note that micropores with a diameter of 6 nm or less are
considered too small for the Nafion ionomers to enter.’ For an electrode with 1:1 Nafion
to carbon weight ratio, the thickness of the ionomer layer will be 7.0-9.9 nm (using both
the dry density and the wet density) calculated by the following equation,

5 = mi/pi _ P

‘' mcSper SpEr

where m; is the mass of Nafion ionomers, p; is the density of the ionomers and m¢ is the
mass of carbon support. When the weight ratio of Nafion to carbon is 1, m; = mc.

For Teflon AF-2400, the way we deposit it is by dropping 0.1 uL of 1 wtl% Teflon AF in
Fluorinert FC-40 solution from the flip side (the uncoated side) of the substrate (0.0314
cm’ee0), SO the solution wets the bare PCTE substrate side, enters the cylindrical pores and
creeps to the gold coating and the catalysts (Figure S9). Assuming the solution covers the
considered area uniformly, we can calculate the thickness of the Teflon AF layer 64 by
the following equation.

VAF

Oar =
Spcre + Spores + Sauspcre + Sc

Var is the volume of Teflon AF-2400 and can be calculated as below, assuming Teflon
AF-2400 accounts for a negligible volume of the solution.

— 1o/ovsoln(lo/O)OAF + pFC)

Par

AF

" Nitrogen sorption characterisation was used on a 3Flex (Micromeritics) with DFT analysis in the
Saieus software package. Provided by Smith, L Johnson Matthey Technology Centre, Sonning
Common, UK, May 2020.
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where Vsoin is the volume of solution used, pyr is the density of Teflon AF-2400 and pge
is the density of the solvent Fluorinert FC-40. Substituting Vsoim = 0.1 uL, par =
1.67 g cm™3 and pre = 1.85 g em™3 can get Vyr = 1.12 X 107¢ cm3,

Spores IS the area of the cylindrical pores wetted by Teflon AF solution.

Spores = Ageo Npore 6PCTE7TDpore

where Age, is the geometric area of the spread of the solution, Nyere is the number of
pores per unit area’ 1.5 X 1078 cm™2; §pcrp is the thickness of the polycarbonate
substrate 12 pym and the Dy oy is the diameter of 400 nm. Spy;es will equal to 0.711 cm?.

Spcre IS the area of the uncoated substrate side wetted Teflon AF solution which can be
calculated by

Spcre = Ageo - AgeoNpore”(O'SDpore)z

Assuming the Teflon AF solution wets the same area on both sides of the substrate

SAu/PCTE = SpcrE -

S¢ = m¢Spgr @S mentioned above, ignoring the effect of the Nafion layer in determining
the SA as the effect is small. Assuming the solution only spreads in the same area of the
catalyst layer which is 0.0314 cm’, the thickness of the Teflon AF layer will change with
the loading of catalyst on the floating electrode as Figure S10. For a floating electrode of
JM 50% Pt/C with a loading of 4.5 pge: cm “4e, the thickness of the Teflon AF layer is 12.9
nm.

|
w@mmw

Figure S9. An illustration of how the Teflon AF solution wets the floating electrode (left); the orange areas
demonstrate the surfaces considered as covered by Teflon AF (right).

" Provided by Sterlitech; Polycarbonate (PCTE) Membrane Filters, PVP-Free, 0.1 Micron, 47mm
https://www.sterlitech.com/hydrophobic-polycarbonate-pcte-membrane-filters-0-1-micron-
47-mm.html (accessed May 20, 2020).
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Figure 510 The estimated thickness of Teflon AF-2400 and the thickness of Nafion ionomers on the catalyst
surface plotted against the catalyst loading of IM 50% Pt/C.
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11.The extracted values of HOR and ORR specific activity and the
polarisation curves normalised by the Nafion equivalent weight
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Figure S11. a) The anodic scans under oxygen; b) The CVs of under hydrogen of a floating electrode with a
1:1 weight ratio of Nafion 1100:Carbon mixed in the catalyst layer (black) and a floating electrode with 1:1
weight ratio of Nafion 900:Carbon mixed in the catalyst layer (blue). The voltammetry was conducted in 1 M
HCIO., at 298 K, 101 kPa, 10 mV s for each electrode.

Table S2. Extracted values from Figure 7.

FE OCP vs. | Specific Acitivity | Specific Acitivity

RHE/V | at0.9V (vs.RHE)/ | at 0.6 V (vs. RHE)
mA cm / mA cm

Nafion free (rf~2.3) 0.977 0.302 56.4

11 0.933 0.387 57.6

Nafion1100:Carbon (rf~1.2)

71:1  Nafion1100(capped):Carbon | 0.943 0.331 36.2

(rf~2.2)

1:1 Nafion900:Carbon (rf~0.6) 0.934 0.293 49.4
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12. Electrochemical oscillations during ORR leading to current spikes

The conditions under which electrochemical systems become unstable and are prone to
oscillation are well known and have been studied for a number of years." Although the
majority of systems are studied under galvanostatic (constant current) conditions, it is
possible to have non-linear phenomena giving rise to instability during potentiostatic
experiments, especially under those conditions when there is a relatively large
uncompensated potential drop in the solution and the system shows a real-valued
negative impedance. It turns out that during the ORR on well-performing catalysts, both
of these factors can be realized. Figure S12a shows the modelled steady-state ORR curve
under the conditions in which the uncompensated solution resistance is zero with the
region associated with a negative differential resistance highlighted. It is important to
note that the plot shown in S12a represents the steady-state current and that the
decrease in current as potential decreases is due to the ORR reaction shutting down due
to Hass covering the surface i.e. it is not due to reactant starvation. Figure S12b shows the
case where we include an external solution resistance (in this case 8 Q) on the ORR curve.
The region previously shown in (a) to show a negative differential resistance becomes a
region within which multiple currents can satisfy the applied electrochemical potential. In
the highlighted case (E=-0.13 V), there are three possible values of current which would
satisfy the applied potential and the system has the possibility to become unstable and
jump between the different possible states. Hence the spikes seen during ORR are
associated with the uncompensated solution resistance interacting with the negative
differential resistance fo the electrochemical response.

a) b)

T T
Negative
differential
resistance

-0.01 4

iIA
S
S
T
1
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-0.03 \ B

-0.04 4

-0.05 1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8

E, N E/V

iR-free’

Figure S12. a) Steady-state ORR curve showing the green region of negative differential resistance; b) Effect
of uncompensated solution resistance on electrochemical response.
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13. Water transport through the perfluoropolymer and gas phase in the FE
The situation for water transport is shown in Figure S13. Liquid water produced at the
catalyst particle permeates through the ionomer to the Teflon AF layer where it enters
the gas phase diffusing through the free space within the polymer. At the Teflon AF/gas
interface the water vapour enters the interstitial gas space between the catalyst particles
and diffuses through the gas until it reaches the liquid electrolyte into which it
condenses. As the liquid electrolyte volume is very large, water produced during
operation of the FE does not appreciably dilute the liquid electrolyte. Using the
permeability of Teflon AF, the binary diffusion coefficient of water in oxygen (lit.” 0.25
cm’s™) and the geometry of the electrode configuration (Teflon AF thickness = 14 nm,
distance from Teflon AF to the liquid electrolyte ~600 nm), we can calculate the
pressure induced flux coefficients for water transport as 9.63 x 10 and 1.55 x 10 mol
m*s" Pa™in the Teflon AF and Gas phases respectively. From the difference in these
two parameters we see that water transport in the interstitial gas phase is about 160-
fold faster than through the Teflon AF. Hence the Teflon AF represents the majority of
the diffusion barrier.

Carbon I Liquid water
particle I lonomer

Teflon AF

0 Pt Catalyst particle

Liquid water “Twater \/apour’I Water vapour

transport Transport ! Transport (gas phase)
{Teflon AB oo ——- e 107

r .
I I
p/p*
] 1 p/p*
I I
| T
"""" : .:"""":.:"""" == i - 0.977
~10nm I ~14nm 1 ~600 nm

I I
| .
I P/ox= P/8x=1.55 x 102 mol m2 s Pa'!

9.63 x 10°
mol m2s1pal

Figure S13. An illustration of the change in water activity through the suggested water transport path.

The relative percentage transport loses in the Teflon AF and gas phases will scale with
these flux coefficients such that Teflon AF loss = 99.4% and gas phase mass transport
loss=0.6%.

At the convex curved surface of a primary catalyst particle (30 nm in diameter+2x10 nm
ionomer layer = 50 nm), assuming the gas phase is saturated with water vapor (100%
RH), p(H.0)/p'(Hz0) can be calculated by the Kelvin equation.

p 2yVn
ln( ) =
Psat rRT
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where p is the actual vapor pressure, Psqt IS the saturated vapor pressure when the surface
is flat, v is the liquid/vapor surface tension, V;, is the molar volume of the liquid, R is
the universal gas constant, 7 is the radius of the droplet, T is temperature.

In our case, y = 0.07197 I m™° V,, = 1.81x10° m’ mol™, Tearbontionomer = 25 NM
assumed the same as the radius of a ionomer coated primary catalyst particle, R =
8.314 J K" mol™ and T= 298 K.

2yV,

p* Dsat TRT

) —1.04

This means that the water vapour pressure is 4% higher than might be expected above a
flat pure water gas-water interface. At the flat bulk electrolyte (1 M HCIO.)/gas
interface, the water activity is reduced to 0.977 due to the presence of the dissolved
acid’ and hence p(H:0)/p*(H.0) is reduced by the same amount. At 298 K, the saturated
water vapor pressure is 3.17 kPa.’ hence we can calculate the difference in saturated
vapour pressure of water between the ionomer/Teflon AF interface, and the
gas/electrolyte interface. The difference in the water activity at the two interfaces will
give rise to a difference of saturated water vapour partial pressure of

Ap = pu,0, sat(1.04—0.977) = 209 Pa

and this is also the driving force to remove water quickly from the catalyst surface to
the condensed bulk electrolyte.

As we have seen above, the major barrier to the transport of the water vapour is the
Teflon AF barrier, leading to 99.4% of the loses and thus 99.4% of the vapour pressure
difference occurs across the Teflon AF meaning that there is a 208 Pa difference in
water vapour pressure across the Teflon-AF layer.

The maximum water flux normal to the surface of the carbon through a 14 nm thick
Teflon AF-2400 coating will at this vapour pressure difference

] carbon —

PypxAp  1.35x 107" x 209

— -2 2o
5r T4 X 10 =2.01%x10"2molm=2s71

where Py is the permeability of water vapor through Teflon AF-2400 which can be
found in the main article, and &,r is the estimated average thickness of the Teflon AF-
2400 calculated in Section 10.

The equivalent current per unit surface area of carbon will be

Jearbon = Jearbon™F = 2.01 X 1072mol m™2s™1 x 2 x 96485 Cmol™! x 10™* m?cm™2
= 0.388 A cm_ 2 pon

where n is the equivalent number of electrons per water molecule passing through and F is
the Faraday constant.
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Note also that as the difference in water activities are fairly temperature independent, this
current increases proportionately with py,o,sata. And so at 80°C, the value will be much
greater at 5.2 A cm™ as shown in the graph below. This value will be even larger once
converted to the current per unit surface area of Pt, jspecific, and much larger than the
maximum current density we have seen in the FE. Therefore, the interesting upshot is that
water vapour transport is efficient due to the difference of saturated water activities at
the catalyst particle and liquid electrolyte, i.e. there is easily enough driving force to
transport water across the Teflon AF membrane.
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010 L
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Figure S14. Variation of limiting water transport current densities (at surface of carbon) due to water transport
from the ionomer to the electrolyte..
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14.The relationship of the mass transport limiting current ji» with the
permeability of the perfluoropolymer used for the hydrophobic layer—
the derivation of Equation 2

The flux of the mass of the permeate through a solid can be approximated by Fick’s first
law.
ac C, —C;

—-D—=-D
dx o)

] =

Where

e Jis the diffusion flux in mol m™2s~!

e Dis the diffusion coefficient in m*s™*
e Cis the concentration of the permeate in mol m™3

e § is the thickness of the solid in m

The concentration of the permeate in the solid is proportional to the pressure p by a
constant, the sorption equilibrium parameter S in mol m~*Pa™".

C=Sp

P2 —P1
=-DS—
J o)

The constant parameters D and S can be combined into P by P = DS, where P is the
permeability of the solid in mol m~'Pa™*s™*,

_ _pP2— P
J=-P—

In the case of the FE, the thickness of the hydrophobic layer can be calculated with the
loading mpgp in g m~? and the density g m~2 of the perfluoropolymer (similar
calculation shown in S10).

m
5 = TPEP
p

Also, the difference in partial pressure p, — p1 can be written as A with a unit Pa.

PAp

Mppp

Thus, the mass transport limiting current j;;;, can be expressed as

PAp

Mprp

Jum =nF] = —nF
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15. Comparison of the FE with other similar techniques

Table S3. Comparison of similar techniques for ORR behavior under dynamic scanning condition. Performances at around room temperature are selected where

available for a fair comparison.
ORR specific ORR mass

Electrode Temberature LoaPc:in activity activity
Electrode composition Gas feed Electrolyte thickness and :umi dit / cmg_ (Potential) (Potential) Reference
/ um v p.gz /mAcm2(V | /Amg*(Vvs
vs RHE) RHE)
TEC10V30E 30% Pt/C deposited
on gold sputtered . . 57 (0.65 V) 34 (0.65 V)
polycarbonate track etch Sliflaleles 12 25°C 2 90 (0.6 V) 52 (0.6 V)
(PCTE) membrane Gas circulating at the This work
back of the porous
0, i |
JM 50% Pt/C deposited on gold electrode ) 42 (0.65 V) 16 (0.65V)
sputtered polycarbonate track 1 M HCIO4 ~12 25°C 3 50 (0.6 V) 24(0.6 V)
etch (PCTE) membrane ’ ’
1 0,
H'SZECigggc;gf I\P/Itéf /za;i'y‘“‘t Pass behind the electrode | 230 101 kPa, o | "A0(065V) | ~20(065V) o
P in a half-cell N 20°C ~70 (0.6) ~30 (0.6 V)

TEC10ES50E 46.5 wt% Pt/C
~325+25

catalyst deposited on MPL/GDL ) .
substrate (Sigracet 39 BC) in a half-cell M HCIO4 /100% RH

substrate (Freudenberg H23C8)
Pass behind the electrode | Nafion 117 +4 101 kPa rt 5 25.9 (0.65 V) 24.1(0.65 V)

Nafion 117 + 4

~ 0,
Pt sputter coated onto _ M HCIOs 438 rt /0% RH 16 144 (0.65V) | 17 (0.65V)
Pass behind the electrode

MPL/GDL substrate .

(Freudenberg H23 C2) ina half-cell
g 4 M HCIO,4 ~255 rt /0% RH 16 67.5(0.65V) | 13.5(0.65V)
JM 20 wt% Pt/C deposited on Gas circulating at the

MPL/GDL substrate back of the porous 14.8 M H3POq4 ~285 28 °C 35 n/a ~0.1(0.65V)

(Freudenberg H23 C2) electrode

11

12

13
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Table S4. Comparison of similar techniques for HOR behavior under dynamic scanning condition. Performances at around room temperature are selected where

available for a fair comparison.

Electrode . HOR specific HOR mass activity
. . Temperature Loading .. . R Refere
Electrode composition Gas feed Electrolyte | thickness and Humidity | / cm? activity (Potential) (Potential) nce
/ um y HEPe / mA cm? / Amg?
0,
dep-cl-)ii(iig\fno;o?;gfpliltt/tired 174 (0.05 V vs. RHE) (53 (0l Vs, [T313)
1 M HCIO ~12 25°C . ’ 202 (0.2 V vs. RHE
polycarbonate track etch Gas circulating at ¢ 478 (0.2 V vs. RHE) ( v )
(PCTE) membrane the back of the This
JM 50% Pt/C catalyst porous electrode 102 (0.05 V vs. work
deposited on gold sputtered . 60 (0.05 V vs. RHE)
1 M HCIO4 ~12 25°C 3 RHE )
polycarbonate track etch 265 (0.2 V vs. RHE ) 150 (0.2 V vs. RHE)
(PCTE) membrane ’ :
6.5 (0.05 V cell
TEC10ESOE 46.5 wt% Pt/C Pass behind the potential)
catalyst + SGL Carbon Sigracet | electrode in afuel | Nafion 212 ~250 35°C /75% RH 170 n/a 14
28BC™ gas diffusion substrate cell 11 (0.2 V cell
potential)
Sputtered Pt on gold Gas circulating at ~1.07 (0.05 V vs.
~1.1 (0. V vs. RHE
sputtered Nanoporous the back of the 1 M HCIO4 100 rt 190 RHE ) (0.05 Vs ) 15

alumina membranes

porous electrode

5.0(0.2 Vvs. RHE)

~4.0 (0.2 V vs. RHE)
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