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0.67 Pa, 250 W AC) Ir(O,): 225 nm Ru(O,): 300 nm, oxide prepa-
ration: metal annealed at 600°C for 5 4 in air. All films on 20 nm
Ti adhesion layer, on 1.5 um thermal SiO, on single crystal silicon
wafer. Reprinted from Catalysis Today, 262, Cherevko, S. et al.,
Oxygen and Hydrogen Evolution Reactions on Ru, RuO,, Ir, and
IrO, Thin Film Electrodes in Acidic and Alkaline Electrolytes: A
Comparative Study on Activity and Stability, pg. 170-180, Copy-
right (2016) with permission from Elsevier. (Cherevko et al., 2016¢)

Dissolution of polycrystalline Ru, Ir and Pt caused by potential
sweeps between 0.05 and 1.5 Vgye. Electrolyte: 0.1 M H,SO4
purges with Ar, sweep rate: 2 mV s~'. Reprinted from Chem-
CatChem, 6, S. Cherevko, A. R. Zeradjanin, A. A. Topalov, N. Ku-
lyk, 1. Katsounaros, and K. J. J. Mayrhofer, Dissolution of Noble
Metals During Oxygen Evolution in Acidic Media, pg. 2219-2223,
Copyright (2014) with permission from Elsevier (Cherevko et al.,
2014). .« e

Dissolution response of metallic Ir subjected to potential hold cy-
cles returning to 0.04 Vgyg each cycle and with upper potential in-
creasing from 0.7 to 1.6 Vgye. Anodic dissolution occurs on po-
tential up-step; cathodic dissolution occurs on potential down-step.
(Electrolyte: 0.1 M H,SO,, Ar saturated). Reprinted from Cataly-
sis Today, 773, Cherevko, S., Geiger, S., Kasian, O., Mingers, A.
& Mayrhofer, K. J. J., Oxygen Evolution Activity and Stability of
Iridium in Acidic Media. Part 1. - Metallic iridium, pg. 69-78,
Copyright (2016) with permission from Elsevier (Cherevko et al.,
2016a). . ...

(a): Dissolution rate with time during 100 potential cycles (for the
purpose of anodically oxidizing metallic Ir) with different upper po-
tential limits. Potential cycles were sawtooth, lower potential limit
was 0.04 Vgye, sweep rate: 500 mV s7!, electrolyte: 0.1 M H,SO,).
(b): Total dissolution amounts for the different upper potential lim-
its. Reprinted from Catalysis Today, 774, Cherevko, S., Geiger, S.,
Kasian, O., Mingers, A. & Mayrhofer, K. J. J., Oxygen Evolution
Activity and Stability of Iridium in Acidic Media. Part 2. - Electro-
chemically Grown Hydrous Iridium Oxide, pg. 102-110, Copyright
(2016) with permission from Elsevier (Cherevko et al., 2016b). . . .
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2.39

2.40

2.41

3.1

(a) Dissolution response of a 0.5 mA cm~2 hold for metallic Ir sam-
ples previously anodically oxidized to various extents with a dif-
fering number of potential cycles, indicated in the legend. (Poten-
tial cycles were sawtooth, between 0.04 and 1.5 Vizye, 500 mV s7!,
electrolyte: 0.1 M H,SOy,). (b) The Ir dissolution rate at 1200 sec
plotted against previous oxidation cycles. (¢) Potential response of a
0.5 mA cm™2 hold for the different oxidation cycles. Reprinted from
Catalysis Today, 774, Cherevko, S., Geiger, S., Kasian, O., Mingers,
A. & Mayrhofer, K. J. J., Oxygen Evolution Activity and Stability
of Iridium in Acidic Media. Part 2. - Electrochemically Grown
Hydrous Iridium Oxide, pg. 102-110, Copyright (2016) with per-
mission from Elsevier (Cherevko et al.,2016b). . . . . . . ... ..

Variation of Ru concentration in a flow (263 u Lmin™") of 0.1 M
HCIO, due to potential sweeps (dashed lines, sweep rate: 5 mV s71)
with upper potential limits of 1.3 Vg on the left column (a), ¢), e))
and 1.4 Vgyg on the right column (b), d), f)) for metallic Ru (Red
lines), RuO, (blue lines), and RuO, nanoparticles (green lines).
Reprinted with permission from Hodnik, N. et al. New Insights
into Corrosion of Ruthenium and Ruthenium Oxide Nanoparticles
in Acidic Media. J. Phys. Chem. C 119, 10140-10147 (2015).
Copyright (2015) American Chemical Society (Hodnik et al., 2015).

A conceptual anodic IrO; film formation model. Reprinted from
Journal of Electroanalytical Chemistry and Interfacial Electrochem-
istry, 220, Pickup, P. G. & Birss, V. 1., A Model for Anodic Hydrous
Oxide Growth at Iridium, pg. 83-100, Copyright (1987) with per-
mission from Elsevier (Pickup and Birss, 1987). . . . . . . ... ..

Schematic of a RDE shaft. The basic parts of the rotating electrode
are labelled and the electrolyte streamlines are drawn in blue (lighter
shade). . . . . . . ...
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32

33

34

3.5

3.6

3.7

3.8

3.9

A mass activity Tafel plot of a 47 wt% Pt\C (Vulcan XC72) cata-
lyst tested in an RDE and a fuel cell. RDE: 0.1 HCIO,4, 60°C, 1600
rpm, 14 ugp, cm=2, 0.283 cm™? disk electrode. No corrections ap-
plied, instead electrolyte was kept O, saturated and currents were
recorded after 10 minutes after a potential step from 1.0 Vgyp. Fuel
Cell: fully humidified H,\O, (stoichiometric flows of 2.0\9.5) at
120kPay,, at 60°C, Nafion 112, 0.4 mgp, cm™2. iR-free voltages
were measured after holding 10 minutes at each current density,
corrected for H, crossover current of 0.9 mA cm™2. Republished
with permission of John Wiley and Sons Inc, from Handbook of
Fuel Cells: Fundamentals, Technology, Applications, Gasteiger, H.
A., Gu, W., Makharia, R., Mathias, M. F. & Sompalli, B. Volume
3, 2003; permission conveyed through Copyright Clearance Center,
Inc. (Gasteiger et al.,2003). . . . ... ... ... ... ... ... 99

a) and b): All parts that make up the Pine E6TQ ChangeDisk
RDE Tip (Pine Research Instrumentation, 2016). c¢): Assembly
schematic of the E6TQ ChangeDisk RDE Tip (Pine Research In-
strumentation, 2005). d): Photo of an operating RDE flask with
electrodes and gas diffuser. . . . . ... ... ... .. ... ..., 102

A tool designed in-house to help assembly the RDE tip while ensur-
ing the catalyst surface remains pristine. . . . . .. ... .. .. .. 103

The method of using the tool shown in Figure 3.4 to assemble the
RDE tip. Reprinted with permission from J. Electrochem. Soc.
157, B207 (2010). Copyright 2010, The Electrochemical Society
(Livetal.,2010). . . ... ... 103

Change in MSE potential vs. RHE with H,SO, concentration. Data
from Beck et al. (1960). . . . . . . . . ... ... ... .. ... 105

All the equipment that made the entire Dahn Lab RDE experimental
SEE-UP. « v v e e e e e e e e e e e e e 107

Photo of the five RDE stations. (Not all the equipment labelled in
Figure 3.71sshown.) . . . . .. .. .. ... ... .. ... 107

Some of the equipment used to prepare glassy carbon disks for sput-
ter coating with Pt/Ir/Ru. (a): the low-speed saw (used to cut the
rods into disks), (b): the sanding and polishing machine (holed plate
for securing disks also visible), and (¢) and (d): the ‘disk jockey’
holder for 3M’s NSTF coating step. Other equipment used in the
process, but not shown, is the rod-holding-jig for the low-speed saw,
the drill press and the ultrasonicbath. . . . . . . . .. ... ... .. 110
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3.10

3.11

3.12

3.13

3.14

3.15

A schematic of a target assembly found in one of the multi-target
magnetron sputtering machines in the Dahn Lab at Dalhousie Uni-
versity. The target is circular and the tunnel is cylindrical. Two
magnets behind the target (a ring and a cylinder) are used to confine
plasma electrons in a torus adjacent to the target. In the cross sec-
tional schematic, the ring magnet appears twice. Used with Permis-
sion of copyright holder Vincent L. Chevrier, from Chevrier (2006).

A sputtering machine showing two masked targets (both linear), two
targets covered with copper foil, one sputter cleaner in the chamber.
The door is open with the rotating table still attached. On the ta-
ble can be seen a dark toroid, which is a thin film of the sputtered
material. . . . ...

A close-up of the outer end of disk holder on the sputtering table
after a sputtering run. The 9th and 7th of 9 possible disk positions
are labelled as D9 and D7. Visible in the upper left is the outer
edge of the sputtering table. The camera was positioned such that
a reflective glare was on D9. This brings out the reddish colour of
the NSTF and clearly shows the outer ring left by the ‘disk jockey’
cover plate. The ring is highly reflective because Pt/Ir/Ru deposits
as a flat thin film on the polished glassy carbon in this area due to
the absence of NSTFE. . . . . . ... ... ... .. ... ......

Damage and scratches done to disk 1a after the NSTF coating step,
became highly visible after sputtering run S2L.L036. . . . . ... ..

Electrode potentials of an actual fuel cell undergoing start/stop (sim-
ulated by switching the anode gas flow to air, then back to hy-
drogen). The dynamic hydrogen electrode (DHE) was the name
they gave for their novel reference electrode inside the fuel cell,
but is essentially equivalent to an RHE. Reprinted from Journal
of Power Sources, 192, Kim, J., Lee, J. & Tak, Y., Relationship
Between Carbon Corrosion and Positive Electrode Potential in a
Proton-Exchange Membrane Fuel Cell During Start/Stop Opera-
tion, pg. 674-678, Copyright (2009) with permission from Elsevier
(Kimetal.,2009). . . . . . . . . . . e

An example of a sequence of potentiostatic and galvanostatic holds
designed to simulated the potential on a cathode during fuel cell
start-up, run, idle, and shut-down, performed on a pure Pt RDE sam-
ple. The sequence of five holds constituents one SU/SD cycle.
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3.16

3.17

3.18

3.19

4.1

4.2

An example of one of the many ASTs done for this project. Shown
is the initial set of characterization CVs, followed by 200 SU/SD cy-
cles, followed by the second set of characterization CVs, followed
by a few SU/SD cycles. The AST was generally stopped when the
potential of the constant current holds reached their allowed maxi-
mum, 1.8 Vgyg, or when 4000 SU/SD cycles were completed. Gas
purging of either Aror O, isindicated. . . . . . . ... . ... ...

Start-up potentials of a fuel cell. “Cathode vs. Ref @ Anode Outlet”
shows the maximum potential on the cathode reaches 1.59 Vgyg.
The shape looks like the potential response of a constant current.
Reprinted with permission from ECS Trans. 11, 1059-1068 (2007).
Copyright 2007, The Electrochemical Society (Dross and Maynard,
2007). .« oo

Shut-down potentials of a fuel cell. “Cathode vs. Ref @ An-
ode Inlet” shows the maximum potential on the cathode reaches
1.5 Vrye. The shape looks like a triangular (saw-tooth) potential
wave. Reprinted with permission from ECS Trans. 11, 1059-1068
(2007). Copyright 2007, The Electrochemical Society (Dross and
Maynard,2007). . . . . . . . . e

Full cell voltage (a) and potentials (b) of a fuel cell undergoing a
simulated start-up event (beginning with air in both anode and cath-
ode). Legend in (a) is flow of hydrogen gas in anode. The cath-
ode potential transient (b) shows that the maximum potential on the
cathode reached 1.5 Vgyp for slowest anode flow (80 NmL min™"),
and the shape looks very much like the a triangular (saw-tooth) po-
tential wave. Reprinted with permission from ECS Trans. 41, 775-
784 (2011). Copyright 2011, The Electrochemical Society (Ohma
etal ,2011). . . . . ..

A: The final up-sweep of an Ar and O, CV, their resulting back-
ground corrected up-sweep, and a small segment of the result of
the application of the Koutecky-Levich equation (labelled mass-
transport corrected ). B: A Tafel style plot showing how each cor-
rection improves the goodness-of-fit to the Tafel equation. . . . . .

A simple diagram highlighting the difference between the inter-
mix and overlayer sputter deposition techniques. Less than atomic
monolayer is deposited in each intermixed wedge. . . .. ... ..
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4.3

4.4

4.5

4.6

4.7

4.8

4.9

A: Complete SU/SD RDE experiment of pure Pt (85 ug cm™2). Sets
of 200 SU/SD cycles are separated by sets of ORR characterization
CVs. B: The first set of characterization CVs with commencement
of gas purging indicated. C: The final potential (circled) at the end
of a start-up hold immediately prior to a set of ORR characterization
CVs. This value is used to colour the markers in Figures 4.8 through
1

Start-up end-potentials for all twelve Ru/Ir intermix and overlayer
compositions except pure Pt. Top row: Ir, bottom row: Ru, SU/SD
current: 0.942 mAcm™. . . . . ...

The first 50 start-up end-potentials for all twelve Ru/Ir intermix and
overlayer compositions except pure Pt. Top row: Ir, bottom row:
Ru, SU/SD current: 0.942 mAcem™. . . . . . ... ... ... ...

The final full up-sweep and down-sweep from the CV at 40 minutes
in Figure 4.3 panel B, with shaded Hypp region used for determining
SEF. . .

Shaded Hypp desorption areas (along with their SEFs) of the 4th
full up-sweep from the Ar CV after the CV to 1.55 Vgyr and before
any SU/SDs. These SEFs were used for the A panels in Figures 4.8
through 4.11. (Electrolyte: 0.1 M HCIO4, sweep rate: 50 mV s7!)

The progression of ORR and OER activity for the compositions of
Ir intermixed with Pt. A: normalized to initial SEF and B: geometric

current density. ORR is background and mass transport (Koutecky-
Levich) corrected. The marker colour corresponds to highest poten-
tial reached by SU/SD cycle prior to ORR characterization, there-
fore a more pale/lighter colour represents higher OER activity. Pure
Ptincluded for reference. . . . . . . .. .. ... ...

The progression of ORR and OER activity for the compositions of
Ir sputtered on top of Pt. A: normalized to initial SEF and B: ge-

ometric current density. ORR is background and mass transport
(Koutecky-Levich) corrected. The marker colour corresponds to
highest potential reached by SU/SD cycle prior to ORR characteri-
zation, therefore a more pale/lighter colour represents higher OER
activity. Pure Pt included for reference. . . .. ... ... .. ...
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4.10

4.11

4.12

4.13

4.14

4.15

4.16

The progression of ORR and OER activity for the compositions of
Ru intermixed with Pt. A: normalized to initial SEF and B: ge-

ometric current density. ORR is background and mass transport
(Koutecky-Levich) corrected. The marker colour corresponds to
highest potential reached by SU/SD cycle prior to ORR characteri-
zation, therefore a more pale/lighter colour represents higher OER
activity. Pure Pt included for reference. . . . . . . . . ... ... ..

The progression of ORR and OER activity for the compositions of
Ru sputtered on top of Pt. A: normalized to initial SEF and B: ge-

ometric current density. ORR is background and mass transport
(Koutecky-Levich) corrected. The marker colour corresponds to
highest potential reached by SU/SD cycle prior to ORR characteri-
zation, therefore a more pale/lighter colour represents higher OER
activity. Pure Pt included for reference. . . . . . . . ... ... ...

SEFs from the Ar CVs before and SU/SDs (coloured) and after 200
SU/SDs (uncoloured) for all compositions. Sweep details in the
captionof Figure 4.7. . . . . . . . . .. .. oo

An example of when the SEF of a CV after the first 200 SU/SD
cycles was greater than SEF from the pre-SU/SDCV. . . . ... ..

The difference between the ORR activity before and after the CV
to 1.55 Vgyp for Ir compositions. Currents from the O, and Ar CV
are also included to help discern the primary cause of ORR change.
Data is missing in panels D, E and F at su/sd=0 because of an equip-
ment malfunction with the oxygen gas (previously mentioned on pg.
132) and at su/sd=1400 because the test was stopped before the last
O, CVinthe final setbegan. . . ... ... ... ..........

The difference between the ORR activity before and after the CV to
1.55 Vgye for Ru compositions. Currents from the O, and Ar CV
are also included to help discern the primary cause of ORR change.
Data at su/sd=0 in panels C is missing because the first Ar CV was
unusable, probably due to a large bubble on the RDE tip. . . . . . .

The progression of ORR and OER activity for the compositions of
Ir sputtered on top of Pt intermixed with Ru. A: normalized to ini-

tial SEF and B: geometric current density. ORR is background and
mass transport (Koutecky-Levich) corrected. The marker colour
corresponds to highest potential reached by SU/SD cycle prior to
ORR characterization, therefore a more pale/lighter colour repre-
sents higher OER activity. Pure Pt included for reference. . . . . . .
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4.17

4.18

4.19

4.20

4.21

4.22

4.23

Ar CVs (from the intermix Ru (8.1 ug cm=2)+Pt sample in Figure
4.10) showing the mysterious CV development behaviour seen in
most of the binary composition samples, later determined to be the
result of carbon corrosion. . . . . ... ... L Lo

Photo of the Ru (1.6 ug cm™2) on Pt sample in Figure 4.11. The disk
was submerged in a small pool of water immediately after SUSD
testing. Note the fine carbon particles streaming off the side as indi-
catedbythearrow.. . . . . . . . .. .. Lo oo

Ar CVs from the Ir on Ru (1.6 ug cm™2) intermixed with Pt sam-
ple in Figure 4.16, which had a dimethicone based ‘high vacuum
grease’ (silicone grease) applied to the inside of the u-cup prior to
RDE tip assembly. The double-layer region is relatively stable com-
pared to the sample in Figure 4.17. . . . . . ... ... ... ....

Left Column (Effects of silicone grease): (a): A copious amount of

silicone grease on an untested disk, barely visible around the edge
of the disk. (b): The same disk in panel (a), with a reflective glare
on the disk surface. (¢): A very small amount of silicone grease
(on the left side, at 9 o’clock) on an untested disk. Also visible are
small chips in the Pt flat film ring (an artifact of the disk jockey plate
cover) at 1 and 9 o’clock. The chips probably was incurred when the
tip was pushed into the assembly jig (see pg. 101). Right Column
(Effects of carbon corrosion): (d): A tip immediately after an AST

(still wet) with pieces of the flat Pt ring missing due to corrosion.
(e): Post-AST, soaked in pure water overnight, then allowed to air-
dry. Most of the flat Pt ring is gone. Tiny specks of Pt are on the
shroud. (f): A pure Pt sample after a three day and 9 hour AST with
a low (0.16 mA cm™2) SU/SD current with upper potential starting
at 1.3 and finishing at 1.65 Vgyg. The NSTF film has detached and
shifted partially onto the u-cup and shroud. . . . . . . . . ... ...

ORR activities (background and mass transport (Koutecky-Levich)
corrected.) of two silicone greased and one non-greased pure Pt
samples subjected to the AST protocol with no SU/SD simulations.
A: Current densities corrected with the initial SEF, B: Geometric
current densities. Gas sparging and rotation were maintained as
usual between CV characterizations even though no SU/SD sim-
ulations were applied. “s-grease” in legends means silicone grease. .

Ar CVs of the “no s-grease (but very tight u-cup)” pure Pt sample
inFigure 4.21. . . . . . . ..

Ar CVs of the “s-greased 3 hours before AST” pure Pt sample in
Figure 4.21. . . . . . . . . . o
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4.24

4.25

4.26

4.27

4.28

5.1

5.2

Ar CVs of the “s-greased 48 hours before AST” pure Pt sample in
Figure 4.21. . . . . . . .

The difference between the ORR activity before and after the CV to
1.55 Vgyp for silicone greased (B and C) and non-greased (A) pure
Pt samples. Currents from the O, and Ar CV are also included to
help discern the primary cause of ORR change. Note the abscissa is
time rather than SU/SDs. The experiment in panel A experienced an
accidental pause in measurement, but sparging and rotation were not
interrupted. The ORR change is consistently negative (except points
after hour 00 in panels B and C), which is opposite to the majority
of differences in Figures 4.14 and 4.15. “s-grease” in means panel
captions silicone grease. . . . . . . . . ... ..o

The progression of ORR and OER activity for two identical com-
positions with differing severities of carbon corrosion. A: nor-
malized to initial SEF and B: geometric current density. (ORR is
background and mass transport (Koutecky-Levich) corrected.) The
marker colour represents the OER activity and corresponds to high-
est potential reached by SU/SD cycle prior to ORR characterization.
Figures 4.27 and 4.28 show how the carbon corrosion differed.

Ar CVs of the “less carbon corrosion” sample in Figure 4.26. . . . .

Ar CVs of the “more carbon corrosion” sample in Figure 4.26.

Composition space of the samples synthesized for this Chapter. All
compositions are Ir on Ru on 85 ugcm™2 on Pt (each element is
overlayered). For the Ru-ramp overlayered by Ir compositions, an
attempt has been made to correspond the number of points on the

marker to the ug cm=2 of Ir for easy recollection, as the marker styles

are used throughout the Chapter. The sputtering run codes are in-

cluded in parenthesis for cross-referencing markers with the figures
imAppendix C. . . ... ...

Data from the up-sweep of the CV to 1.55 Vgyg from the fourth CV
characterization set for a sample of 7.5 ug; cm™2 on 9.2 ugg, cm™>
on Pt (sweep rate: 10 mV s7!'). A: Dots without colour within the
width of the line are points removed to ensure potential monotonic-
ity. B: Tafel style plot without iR compensation. r? is the linear
regression goodness-of-fit parameter. C: derivative method used to
determine resistance. D: Tafel analysis using potential corrected for
ohmic drop based on resistance from panel C. . . . . . .. ... ..
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53

54

5.5

5.6

The O, CV (ip,) up-sweep (orange/light) and down-sweep (green/
dark) in the Hypp region and Faradaic (ip, —i4,) up and down sweeps
(dotted lines) for Q cm? values from 1 to 24. The area between
the Faradaic up and down-sweep is shaded and is called the ‘mis-
match’ area. The quantity for mis-match area and mis-match area
normalized to the potential window over which it occurs are given
foreach Qem?. . . . . . ...

A: The final up-sweep of an Ar and O, CV, their resulting back-
ground corrected up-sweep, and a small segment of the result of
the application of the Koutecky-Levich equation (labelled mass-
transport corrected ). B: A Tafel style plot showing the mass trans-
port corrected data. Panels C and D: Same as panels A and B but
with an ohmic drop correction applied to the Ar and O, CV data in
Panel A. . . . . . ..

The number of SU/SD cycles it takes for the CV OER activity (iR
corrected) to come down to 2.35 mA cm™2 at 1.52 Vgxpe. Each data
point represents one AST experiment. Pure Pt samples do not ap-
pear because they do not exhibit appreciable OER current). A & B:
Various loadings of Ir overlayered on Pt (85 ucm™2) on NSTF C:
Ir overayered on Ru overlayered on Pt (85 ucm™2) on NSTF. The
marker styles indicates the nature of the OER activity (extrapolated
or not) on each side on the interpolated point. Solid fill: between
two points of actual CV data. Thick edge: between one point from
a Tafel analysis extrapolation, and one point from actual CV data.
Thin edge: between two points, both from a Tafel analysis extrapo-
lation. A legend for the symbols can be found in Figure 5.1 . . . . .

The ‘absolute’ OER durability of Ir (various loadings) overlayered
on Pt on NSTF. A: Samples which were very OER durable and did
not climb up to 1.62 Viyg before the end of the experiment (each
point is labelled with the total number of SU/SD cycles reached). B:
The number of SU/SD cycles it takes for the start-up end-potential
(an indicator of OER activity) to increase to 1.62 Vggye. C: The
start-up end-potential of two pure Pt samples and one low-loaded Ir
sample started above 1.62 Vgyr. A legend for the symbols can be
found in Figure 5.1. . . . . . . .. ... ... ... .. ...
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5.7

5.8

5.9

5.10

The ‘absolute” OER durability of Ru (various loadings on abscissa)
overlayered on Ir (various loadings in legend) overlayered on Pt on
NSTF. A: Samples which did not climb up to 1.62 Viyg before the
end of the experiment (each point is labelled with the total number
of SU/SD cycles reached). B: The number of SU/SD cycles it takes
for the start-up end-potential (an indicator of OER activity) to in-
crease to 1.62 Vgyp. C: The start-up end-potential of two pure Pt
samples and one low-loaded Ru sample started above 1.62 Viyp. A
legend for the symbols can be found in Figure 5.1. . . . . ... ..

The ‘relative’ OER durability of Ir (various loadings) overlayered
on Pt on NSTF. A: Samples which were very OER durable and did
not climb 0.12 Vgyg above the initial start-up end-potential before
the end of the experiment (each point is labelled with the total num-
ber of SU/SD cycles reached). B: The number of SU/SD cycles it
takes for the start-up end-potential (an indicator of OER activity)
to increase 0.12 Vzyp above the initial start-up end-potential. C:
The initial start-up end-potential of two pure Pt samples was less
than 0.12 Vgyp below 1.8 Vrzyp (the highest allowable start-up end
potential). A legend for the symbols can be found in Figure 5.1.

The ‘relative’ OER durability of Ru (various loadings on abscissa)
overlayered on Ir (various loadings in legend) overlayered on Pt. A:
Samples which were very OER durable and did not climb 0.12 Vggg
above the initial start-up end-potential before the end of the experi-
ment (each point is labelled with the total number of SU/SD cycles
reached). B: The number of SU/SD cycles it takes for the start-up
end-potential to increase 0.12 Vgygp above the initial start-up end-
potential. C: The initial start-up end-potential of two pure Pt sam-
ples was less than 0.12 Vizyg below 1.8 Vrye (the highest allowable
start-up end potential). A legend for the symbols can be found in
Figure 5.1. . . . . . .. Lo

A: The impact of Ir plus Ru coverage on maximum ORR activ-
ity at 0.96 mA cm™2 (iR corrected). Marker edge/fill styles indicate
when the maximum occurs. Solid fill: maximum is reached after
200 SU/SD cycles (most common), thick edge: maximum occurs
before any SU/SD cycles, thin edge: maximum occurs after 400 or
more SU/SD cycles. B: Change in ORR activity at 0.96 mA cm™>
(iR corrected) between the initial and at the first 200 SU/SD cycles.
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5.11

5.12

5.13

A.l

B.1

B.2

B.3

B.4

B.5

The ‘absolute’ ORR durability of A & B: Ir (various loadings) over-
layered on Pt on NSTF and C & D: Ru (various loadings on ab-
scissa) overlayered on Ir (various loadings in legend) overlayered
on Pt on NSTF. ORR activity is current at 0.96 Vgyg (iR corrected).
A & C: Samples which did not make it down to an ORR activity
of 0.4 mA cm™2. before the end of the experiment (each point is la-
belled with the total number of SU/SD cycles reached). B & D: The
number of SU/SD cycles it takes for the ORR activity to come down
to 0.4 mA cm™2. A legend for the symbols can be found in Figure 5.1. 185

Ar (orange) and O, (red) CVs of an SU/SD experiment done with
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Abstract

One of the remaining challenges driving polymer electrolyte membrane hydrogen fuel cell
research is the durability of the Pt oxygen reduction reaction (ORR) catalyst. Pt is inher-
ently unstable; minute amounts (in the order of ng cm=2) are dissolved every time the fuel
cell is started, goes from idle to load, or shut-down. In addition, corrosion of carbon-based
materials (ubiquitous inside fuel cells) occurs during the start-up and shut-down, and also
contributes to the steady decline of fuel cell performance. Adding oxygen evolution reac-
tion (OER) catalysts, of which only Ru and Ir are stable in the acidic conditions of the fuel
cell, can decrease Pt loss and carbon corrosion by mitigating the degradation mechanism
which occurs during the start-up and shut-down phases. There are two challenges in devel-
oping this materials solution (there are other solutions, based on hardware systems) to the
fuel cell durability problem: 1) finding the right mixture of Ru and Ir, (Ru is cheaper, more
active, but less stable than Ir), and 2) balancing an increase of OER activity with a loss of
ORR activity due to Pt coverage by the Ru and Ir.

A spread of compositions containing various amounts of Ir or Ru on 85 ug cm™2 of Pt
were sputter deposited on a nanostructured thin film state-of-the art catalyst support made
by 3M. The nanostructured thin film was grown by 3M on glassy carbon disks designed for
a rotating disk electrode, which was used to simulate what happens to a fuel cell cathode
during repeated start-up, operation, and shut-down. Experimental difficulties of glassy
carbon disk corrosion were overcome with the application of high vacuum silicone grease
(silicone oil and fumed silica) to the glassy carbon disk. The silicone grease did not affect
the ORR activity. Ir was found to be better at protecting the ORR activity than Ru, and
an Ir on Pt sputter deposition scheme was found to be better than a Ir intermixed with Pt
scheme.

The second study looked for ways to visualize the OER and ORR durability of ~50
ternary (Ir on Ru on Pt) compositions. Increasing Ir loading improved the durability of both
ORR and OER activity. Various Ru loadings provided little benefit except when combined
with 10 pug cm™ Ir. There was a large amount of scatter in the data. In particular some
of the experiments attained a stable ORR activity, something which should not be possible
given the nature of electrochemical Pt dissolution. Further work on identifying the source

of these problems is needed before another catalyst screening study is done.
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Chapter 1

Introduction

This chapter provides a description of the reasons this thesis project was undertaken, and

highlights basic principles of hydrogen fuel cells and electrocatalysis.

1.1 Project Motivation

The research described in this thesis arose from an arrangement between Dalhousie Uni-
versity and 3M to develop a materials based solution to polymer electrolyte hydrogen fuel
cell degradation caused by start-up and/or shut-down (SU/SD) events. Funding was pro-
vided by a grant awarded by the United States Department of Energy (USDOE) to the 3M
Fuel Cell Division in 2009 to improve catalyst durability. This project was initiated by the
discovery that traditional fuel cell catalyst materials are inherently unstable (Stevens and
Dahn (2005) and Ferreira et al. (2005)), and that the degradation mechanism provided a
way to address the problem by hindering and promoting certain catalytic reactions within
the fuel cell (Reiser et al., 2005). An understanding of this mechanism lead to the con-
clusion that adding Ru and/or Ir (oxygen evolution catalysts) to Pt (an oxygen reduction
catalyst) in the fuel cell cathode would enhance its durability (Atanasoski, 2009).
Dalhousie University was subcontracted by 3M to provide high-throughput catalyst
screening. The Dahn lab at Dalhousie was a natural fit for partnering with 3M on fuel
cell research because of preexisting cooperation agreements on Li-ion battery and carbon
respirator materials research. The Dahn Lab also operated two combinatorial sputtering
machines, necessary for the synthesis of fuel cell catalyst materials on nanostructured thin
film (NSTF), a unique electrocatalyst support material patented by 3M. In addition, meth-
ods for high-throughput screening of oxygen reduction electrocatalysts on NSTF had al-
ready been refined in the Dahn Lab for a prior USDOE funded subcontract. (This work
resulted in numerous publications and two thesis works concerned with the effect of vari-
ous alloy compositions (Bonakdarpour, 2007) and de-alloying pretreatment strategies (Liu,

2011).) The work presented in this thesis represents a small but important fraction of the
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work prepared for 3M under the second award, pertaining to catalyst durability.

Pursuing the strategy of including Ru and/or Ir on an ordinary NSTF supported Pt
catalyst follows a sequence of questions: How will Ru and Ir behave on NSTF? Will there
be durability issues for the oxygen evolution reaction (OER) catalysts like there is for P,
and if so what is the nature of the instability? What are the best sputtering conditions for
Ru and Ir on NSTF? What is the best manner of sputtering deposition for Ru and Ir when
combined with Pt on NSTF? Will adding Ru and Ir compromise the catalytic activity of
the Pt? Attempting to answer these questions resulted in the experiments and data analysis

techniques explained in Chapters 2 through 5.

1.2 What is a Fuel Cell?

1.2.1 Fuel Cells vs. Batteries

A fuel cell is an electrochemical galvanic cell where the reductant (i.e. the fuel) is stored
outside the anode, and oxygen in the air is the oxidant on the cathode. This is in contrast
to most other galvanic cells, like a common electrochemical storage battery , where both
electrodes contain, or are primarily composed of, the chemical species which undergo the
oxidation/reduction reactions. Thus a fuel cell has an inherent advantage over batteries, be-
cause the species to be reduced (oxygen) does not contribute to the weight of the cell (with
the exception of metal/air chemistries). This property, and the energy density of the various
liquid and gaseous fuels used by fuel cells, means the energy density of fuel cell systems
surpasses even the most mature rechargeable battery chemistries available, namely Li-ion.
Figure 1.1 shows a chart in the style of Ragone (1968) produced by Srinivasan (2008) from
“product data sheets”, which shows a fuel cell has about three times the energy density of a
Li-ion battery. It is understood that Ragone charts like the one shown in Figure 1.1 should
be viewed with scepticism, as the factors which determine the energy density may be al-
ternatively considered, and the technologies are constantly advancing. But other Ragone
plots like Figure 1.1 consistently show fuel cell systems above all battery chemistries on
the energy axis, and one could easily argue the margin for improvement in fuel cell systems
is much greater than that for batteries. Thus fuel cell systems will likely always have an en-
ergy density advantage over rechargeable battery systems, barring commercial maturation

of one of the metal-air cell chemistries, or the emergence of a ‘beyond-Li-ion’ chemistry
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such as Mg-ion. This energy density advantage however, is influenced more by the fuel
type or storage technology, rather than the fuel cell technology itself. Given the energy
density advantage, it is prudent to list the core disadvantages of fuel cells:
e Forced convection of fuel and/or air streams is often required, introducing additional
equipment requirements and energetic losses.
e The catalytic reduction of di-oxygen on the cathode is not a thermodynamically effi-
cient process.
e High ohmic losses often accompany fuel cells.

In short, fuel cells are generally inefficient and more complicated to operate compared to

batteries.
]000 = T [ R P T L N T gl T B —— |:\:
oF IC Engine R
4r % ]
= - Fuel Cells - . ]
on 100 h -
=< oL » *4/ EVgoa{" i
= Li-ion .
S 100 ¢ PHEV goal 3
& . B Ni-MH_ 1
S Lead-Acid n ]
AS 2 on HEV gogl . |
2 o : -
= 10g “ E
o 6F Capacitors 3
) (=8 C N
N @« i . . .
& 5L 1h 0.1h 36 ee ]
1 - 1 1 1 11 Illl"‘ L 1 L1 llll‘.’ L 1 L1 IIII." 1 1 L |-
0 1 2 3 4
10 10 10 10
> Specific Power (W/kg)

Acceleration Source: Product data sheets

Figure 1.1: The gravimetric energy and power ranges of various energy storage technolo-
gies. Reproduced from Srinivasan, V. Batteries for Vehicular Applications, in AIP Con-
ference Proceedings 1044, 283-296 (AIP Publishing, 2008), with the permission of AIP
Publishing (Srinivasan, 2008).

1.2.2 The Hydrogen Fuel Cell

The distinguishing feature of a fuel cell is its electrolyte, which must take the form of
a membrane which keeps the fuel and air separate. The electrolyte/membrane must be
either:

e a solid matrix, usually a polymer, containing immobilized counter ions,



e a liquid electrolyte wicked into a porous solid matrix, or

e a solid state electrolyte.

Figure 1.2 shows six types of fuel cells with their corresponding fuel(s) and ionic charge
carrier. This thesis project is concerned with polymer electrolyte membrane (PEM) fuel
cells where a perfluorosulfonic acid (PFSA) polymer (an immobilized counter ion elec-
trolyte) comprises the membrane, and hydrogen gas is the fuel. The PEM fuel cell was
selected by the USDOE as the prime candidate for an emissions and petroleum-free tech-
nology to supplant internal combustion engines (ICEs) in the vast number of transport
vehicles. The hope is that wide spread deployment of hydrogen fuel cells in the transport
sector would ease the transition to other energy sources! which have a smaller carbon foot-
print. The PEM fuel cell in particular was selected over other hydrogen fuel cell types
because 1) the low operating temperature would enable quick starts and require no thermal
shielding and 2) PEM fuel cell systems were comparatively volumetrically and gravemet-
rically dense with respect to both energy and power. There was, and still is, much room for
energy and power density improvements. The PEM fuel cell’s volumetric power density is
actually quite impressive. It is a direct result of its geometric current density, which stands
among the highest of any electrochemical cell, achieving up to 2 A cm™2 at 0.6 V (Debe,
2013) and surpassed only by its electrolytic water splitting analog, which has been shown
to achieve up to 4 A cm™2 at 1.9 V (Siracusano et al., 2015). The high current densities are
possible because reactants and products are delivered to and from the catalyst surface in
the gas phase instead of the liquid phase. Only the proton from the hydrogen gas (the ionic
current) is transferred in liquid water (absorbed by the PFSA), and proton mobility in water

is extremely fast due to the de Grotthius (1806) mechanism.

"Hydrogen itself is not an energy source, but better considered as an energy carrier. It can be made via
electrochemical processes (such as electrolysis of water or ammonia), thermal water dissociation, thermo-
chemical processing of coal, hydrocarbons or biomass (i.e. steam reforming, plasma gasification etc), anaer-
obic bio-processes and photocatalytic water splitting. It can be used in many types of fuel cells, and any
combustion process such as internal combustion engines and gas turbines. This great flexibility is in part
what lead to the excitment about a so-called hydrogen economy, prompting popular futuristic books from
Hoffimann (2002) and Rifkin (2003). A more sobering perspective is provided in Romm’s (2005) book “The
Hype About Hydrogen”.
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Figure 1.2: Six types of fuel cells (AFC: alkaline fuel cell, PEMFC: polymer electrolyte
membrane fuel cell, DMFC: direct methanol fuel cell, PAFC: phosphoric acid fuel cell,
MCEFC: molten carbonate fuel cell, SOFC: solid oxide fuel cell) showing their respective
electrolyte charge carriers, fuels (anode), oxidizers (cathode) and operating temperatures.
Reprinted with permission from Winter, M. & Brodd, R. J. What Are Batteries, Fuel Cells,
and Supercapacitors? Chem. Rev. 104, 4245-4270 (2004). Copyright (2004) American
Chemical Society (Winter and Brodd, 2004).
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When a boundary between the catalyst and electrolyte meets a gaseous void, the three
phases which support the current meet, and all mass flows can occur at the maximum rates.
Figure 1.3 shows a transmisison electron microscope (TEM) image of a three phase bound-

ary formed by the catalyst platinum, a solid PFSA electrolyte, and a pore.

Py ~Carbon
= -e' A~

Alnm

Figure 1.3: TEM micrograph of a three phase boundary crucial to fuel cell operation. With
Permission of Springer (Li, 2008).

Also labelled in Figure 1.3 is carbon, or more specifically carbon black, known by the
trade names Ketjenblack (made by AkzoNoble) and Vulcan (made by Cabot Corporation).
High surface area carbon was first used as a catalyst support by alkaline fuel cell pioneers
(Davtyan (1946), in Bacon (1953), Kordesch and Marko (1951) in Chen (2002)) due to
its high surface area, electrical conductivity, electrochemical stability, and cost effective-
ness. For the acidic PEM fuel cell, carbon supported platinum (Pt\C) was augmented by
Raistrick (1986) to include PFSA which reduced the amount of platinum required for a
PEM by an order of magnitude. Wilson and Gottesfeld (1992), working at the same lab,
made further improvements by mixing a PFSA/ethanol solution into Pt\C to make a cat-

alyst ‘ink’. Their technique of casting and drying the ink onto a PFSA sheet to make a
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membrane electrode assembly (MEA), has since been the mainstay of PEM fuel cell cata-
lyst materials because of the high density of three-phase boundary sites. However, work by
Stevens and Dahn (2005), Ferreira et al. (2005), and Reiser et al. (2005), exposed high sur-
face area carbon black as a less-than-ideal candidate material for supporting Pt, resulting in
the increased investigation of alternative, more stable Pt supports such as high surface area
graphitized carbon and electrically conductive porous metal oxides. A particularly unique
alternative catalyst support is an organic material discovered by 3M, originally developed
outside the scope of fuel cell research as “a novel alternative approach to plasma etching
and photo lithography for producing nanostructured surfaces with new properties”(Debe
and Poirier, 1994). This material is the basis of all catalyst materials presented in this

thesis, and is given a detailed description in Section 2.2.

A typical PEM fuel cell is made by sandwiching the MEA between carbon fibre mats
and electrically conductive flow field plates. Figure 1.4 shows all the basic components
and reactions in a PEM fuel cell. Not shown in Figure 1.4, is a carbon micro-porous
layer that goes between the catalyst layer and the carbon fibre mat, or gas diffusion layer
(GDL) and acts to improve the mass transport (i.e. water management) properties (Gostick
et al., 2009). For a practical application, multiple cells are connected in series to create
a stack with higher voltage, introducing engineering challenges which make the field of
fuel cells very multidisciplinary. The low operating temperature, stack architecture, and
high areal current density of a PEM fuel cell stack creates engineering challenges pertain-
ing to cooling, reactant/product gas conveyance, and ohmic loss respectively. The biggest
operational challenge of PEM systems is managing the humidity to prevent dry-out (main-
tain liquid water) in the membrane and prevent condensation (flooding) on the cathode
catalyst. This operational challenge is referred to as water management and has proved a
formidable, though not insurmountable challenge in the field of PEM fuel cell development.
The complexity of the water management challenge is apparent in the first isothermal, one-
dimensional, steady-state (i.e. probably the simplest) model for a PEM fuel cell by Springer
(1991), which required twelve parameters to define fuel cell operation. This ‘simple’ model
requires the humidity, pressure, and stoichiometric ratio (relating inlet mass flow to elec-
trical current) of the fuel and air stream. These parameters, in addition to cell operating
temperature and five materials properties (catalyst and membrane), determine the steady

state current voltage (/-V) curve, and at what voltage the current will severely attenuate
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due to flooding or dry-out Anyone who uses this simplest of PEM fuel cell models soon
realizes that keeping the fuel cell operation optimized is no easy task. Humidifiers, blow-
ers, heat exchangers, and pumps are required to maintain conditions conducive to neither
dry-out nor flooding, and these balance-of-plant components impose mandatory electrical

loads which decrease efficiency beyond inherent ohmic and catalytic losses.

electrical load

H, gasme..

ir (0o |
(humidified) 00 & air (0,) in

(humidified)

flow-field plate ——
(current collector)

heat (~80°C)

&

H, gas out
(humidified) €

9 air out

(fully humidified)

carbon fiber
gas diffusion
layer

_ \
Pt\C catalyst layer PFSA membrane

Figure 1.4: The various components and mass flows of a typical PEM fuel cell. Not shown
is a carbon micro-porous layer that goes between the catalyst layer and the carbon fibre
layer.

The I-V curve of a single cell can be used to visually highlight the non-balance-of-
plant losses. Figure 1.5 shows a fictitious fuel cell power curve, along with the three types
of losses that are incurred. These losses are:

1. activation polarization, or kinetic loss, which is principally due to the electro-

reduction of di-oxygen to water on the cathode (Ngrskov et al., 2004),
2. ohmic losses, which are due to electrical and ionic resistance, governed by Ohm’s
law, and

3. concentration polarization, or mass transport loss, due to a less-than-maximum rate
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of reactants arriving and/or products leaving the catalytic sites. Electric current is
limited by a mass transport resistance, but energy is not dissipated as heat as in the
previous two types of losses.

Figure 1.5 will be referred to in the next section which explores the sources of these losses.

1.4 1 : :
theoretical potential (1.23 V) e
12 ———— T A
equilibrium potential at actual T, P,C ”
>
=
IS :
2 i ' Ohmic losses
8064 SR U TS
= concentration :
8 04 polarization losses _—<
02 4 oo actual polarjzatid,n,cur,ve, / ,,,,,,,,,,,,,,,,,,,
0 i i ‘ ‘
0 500 1000 1500 2000

current density (mA/cm?)

Figure 1.5: A fictitious /-V curve illustrating how the three types of electrical potential
losses (activation polarization, ohmic, and concentration polarization) change with the cur-
rent drawn from the cell. “T”, “P”, and “C” stand for temperature, pressure, and concen-
tration respectively. (Including concentration could be seen as redundant since it can be
expressed at a partial pressure.) “theoretical potential” is the equilibrium potential at stan-
dard conditions (with H, and O, pressures both at 1 atm). Reprinted from PEM Fuel Cells,
Barbir, F., Chapter 3 Fuel Cell Electrochemistry, pg. 50, Copyright (2005) with permission
from Elsevier (Barbir, 2005).

Other aspects of PEM fuel cells are worth mentioning. Hydrogen fuel is highly explo-
sive so tanks and refuelling systems must be designed to ensure public safety. Hydrogen gas
storage tanks pressurized to 700 bar, or cryo-compressed to 350 bar will be used to achieve
driving ranges on-par with ICE technology, according to Boeriu (2015) at BMW. Hydro-
gen storage materials offer an alternative to ultra high pressure systems, but suffer from
worse gravimetric energy density. PEM fuel cells are also very sensitive to contaminants in

the hydrogen supply, and often require additional purification for hydrogen produced from
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hydrocarbons. In addition to the carbon support susceptibility already mentioned (pg. 7),
another serious problem affecting PEM fuel cell durability is PFSA membrane degradation
which is mostly due to hydrogen peroxide, a by-product of the oxygen reduction on the
cathode. All these aspects are areas of active hydrogen fuel cell research.

The platinum requirement is also problematic because of its scarcity and cost, but great
strides have been made in this regard. The least disruptive approach would be to achieve a

Pt requirement described by researchers at GM:

“The future prices of platinum group metals (PGMs) cannot be accurately pre-
dicted; therefore, to ensure that the fuel cell garners a nontrivial place in the
automotive market, it seems advisable to target total PGM costs no higher
than those needed for catalytic converters for advanced internal combustion
engines meeting ever-tighter efficiency and emissions standards.” —Wagner
etal. (2010)

The total PGM cost referred to in the above quotation works out to about $212 USD per
vehicle, and this translates to a cap of about 4.4 g Pt per vehicle, based on 2013 data.> A
cost analysis by Spendelow and Marcinkoski (2014) for USDOE, which is based on actual
state-of-the-art data, assumes 16.8 g Pt will be required for a modest (80 kW,,,) vehicle
system. Even though this is about four times higher than the non-disruptive target, it may
be acceptable to auto manufacturers, provided Pt prices do not skyrocket. For instance,
the latest fuel cell vehicle from Toyota contains about 30 g Pt in the stack, which is down
from 100 g for initial prototypes (Shirouzu et al., 2014). So what is this state-of-the-art
technology used in USDOE’s financial model? It is the previously mentioned (pg. 1 and
7) organic catalyst support invented and manufactured by 3M Inc. This unique catalyst
support material is described in Section 2.2. It is now prudent to re-examine Figure 1.5

which will provide starting points to cover the basics of fuel cell electrochemistry.

ZFrom Cowley (2013), global autocatalyst consumption was 24.6Mgg, + 97.2Mgp, + 217TMgp; =
339Mgropcum, and to find the weighted price for autocatalyst PGM: 24.6 M gy, /339M g7 oipom * $3-28g1_e}1, +
97.2Mgp:/339MgroipGM * $4823g;,tl + 217Mgpa/339MgrotpGm * $2347g;,; = $29'lg;’(l)fPGM' From Lofer-
ski (2015), USA autocatalyst demand/consumption for 2013 was: 5, 650kgg;, + 19, 800kgp, + 55,200kgps =
80, 650kg7opcr (Rh estimated by assuming USA accounts for 23% of global autocatalyst consumption,
which is based on USA Pt/Pd consumption divided by global consumption data from Cowley (2013).)
From OICA (2013), there were 11,066,432 car and commercial vehicles produced in the USA. Therefore:
80, 650,000g7,:pGp /11,066,432 s $29.1g;3},PGM = $212/vehicle, divided by the price of Pt ($48.23g;}) is
4.4gp,[vehicle.
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1.3 Fuel Cell Electrochemistry

1.3.1 Equilibrium Potential

A good starting point for any research concerning energy efficiency is the theoretical max-
imum, indicated in Figure 1.5 as the theoretical potential of 1.23 V. Figure 1.5 shows the
maximum cell voltage is slightly lowered to ~1.2 V by practical operating temperature and
reactant pressures. Where do these numbers come from? The overall reaction of hydrogen

gas and oxygen gas at standard conditions is:
150,(g) + Hy(g) — H,O()  Apng® = —237.2 kJ mol™ (1.1)
where A,,2° is the molar specific Gibbs reaction energy at standard conditions.® The elec-

trical potential difference corresponding to a Gibbs energy is given by:

_-A8

E = e (1.2)

where Ag is the molar specific Gibbs energy, E is the electrical potential difference, # is
the number of electrons transferred in the electrochemical half-reaction considered for the
electrode, and F is Faraday’s constant (96485 C mol™!). De-constructing reaction 1.1 into

the electrochemical half reactions on a PEM fuel cell anode and cathode gives:

anode: H,(g) — 2H"(aq) + 2¢~ (1.3)

cathode: 1%0,(g) + 2H'(aq) + 2 — H,0 (1.4)

It is clear that two electrons are transferred, hence the maximum voltage a hydrogen fuel

cell should provide at standard conditions can be calculated:

—(=237,200 J mol™")
2 % 96485 C mol!

=1229V (1.5)

3 A method for determining the A,g° should be found in most physical chemistry textbooks. The steps
specific to reaction 1.1 can be found in Appendix 1 of Larminie and Dicks (2003).
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A fuel cell does not operate at standard conditions. For instance, a PEM fuel cell typi-
cally operates at 80°C. The reactant concentrations (or partial pressures) also affect the
maximum voltage of a fuel cell. The effects of temperature and pressures on the maxi-
mum, or equilibrium, potential of a fuel cell can be quantitatively determined according to

a modified form of Nernst equation (O’Hayre et al., 2009), which for reaction 1.1, is:

Apn5° RT Py, P
E. = E, + 222 (7~ 298) + - ln( o 02) (1.6)

“ nF

where E,,; is the fuel cell equilibrium potential, E;, is the fuel cell equilibrium potential
at standard conditions, A,5° is the molar specific reaction entropy at standard conditions
(44.34 Jmol™' K1)*, R is the universal gas constant, T is the temperature (in Kelvin), F
is Faraday’s constant (96485 C mol™"), and P is the partial pressure’ in atm of hydrogen,
oxygen, and water vapour. If liquid water is produced, as would be the case for a fuel
cell operating at 80°C, Pp,o is 1. The exponents in the logarithm argument are taken
from the stoichiometric factors in reaction 1.1. Note that the equilibrium potential is based
only on thermodynamics and calorimetric data of hydrogen, oxygen, and water. Dissolved
hydrogen gas in the PFSA membrane migrates over to the cathode; this effect is called
hydrogen crossover. Therefore, a fuel cell’s practical operating voltage at zero load is
also affected (lowered) due to the presence of a small amount of hydrogen gas on the
cathode. Further lowering of the voltage is due to activation polarization and mass transport

limitations.
1.3.2 Activation Polarization

1.3.2.1 Electrochemical Kinetics: Theoretical Background

Electrochemical kinetics involving a single step reaction is described by:

-, U=pny —pnkn
l:lo(e RT  — ¢ RT ) (1.7)

where i is the areal current density, 8 is the symmetry parameter between 0 and 1 (almost

always 0.5), n is the over-potential (deviation away from E.,), and i, is the exchange current

“Calculating A, 5° is a preliminary step for determining A, 2°. See footnote 3
3The Nernst equation is defined in terms of ‘activities’, but concentrations or partial pressures often suf-
fice.
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density, which represents the forward (reduction or cathodic) or backward (oxidation or
anodic) current of the half reaction at the equilibrium potential. Electrochemical kinetics
involving multi-step reactions, where one of the steps is significantly slower than the rest,

is described by the Butler-Volmer® Equation:

a.Fn —acFn

i:io(e RT —e RT ) (1.8)

where «, is the anodic transfer coefficient, and «, is the cathodic transfer coefficient. The

transfer coefficients are determined by:

n[—S

anodic (oxidaiton): a, =

-6 (1.9

cathodic (recution): a, = 3 +rB (1.10)
v

where s is the total number of electrons transferred before the rate determining step (in
the cathodic direction), n; is the total number of electrons transferred in the overall elec-
trode reaction, r is the number of electrons transferred in the rate determining step, v is the
stoichiometric number for the rate determining step (i.e. the number of times the rate deter-
mining step has to occur to make the whole mechanism occur once). For more explanation

of the transfer coefficient formulae (Equations 1.9 and 1.10), see Bockris and Nagy (1973).

When only considering one reaction direction, as is the case for work in this thesis,

Equation 1.8 can be simplified to the Tafel equation:

n=blog(.i) (1.11)

lo

where b is known as the Tafel slope. Accordingly, theoretical Tafel slopes for multi-step

reactions can calculated:

RT
anodic: b= —— (1.12)
log(e)a, F
RT
cathodic: bp=———— (1.13)
log(e)a . F

®Despite being named as such in in English language electrochemistry texts, British electrochemist John
A. V. Butler did not directly contribute to the development of the equation (de Levie (2000) and Inzelt (2011)).
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where b, is the anodic Tafel slope, and b, is the cathodic Tafel slope. Cathodic Tafel slopes
are negative by IUPAC convention for electrochemical current, but are commonly reported
as positive. Commonly observed theoretical Tafel slopes at room temperature, with their
respective approximate namesakes, are 118.3 (120) mV decade™, 59.1 (60) mV decade™,

39.4 (40) mV decade™", and 29.6 (30) mV decade™".

Exchange current density (i,) should not be regarded as an intrinsic materials property
which could be determined from first principles. It is a property of the temperature, the
electrode and the concentrations’ of products and reactants in solution. For gas electrodes
like the hydrogen or oxygen electrode, if the dissolved gas is always held at saturation con-
centration with purging, i, is a property of the temperature, catalyst material, and catalytic
surface area. There is an intrinsic materials property that describes catalytic activity, known
as turn-over frequency, which would be proportional to i, (at defined reactant and product
concentrations and temperature) divided by the number of ‘active sites’ (i.e. atoms, or
groups of atoms which catalyse the reaction). Therefore i,’s can be reported normalized to
some parameter which estimates the number of active sites, which is often the catalytically

active surface area.

The only two parameters which relate to material properties appear in the Tafel equation
and the Butler-Volmer equation, are the Tafel slope and the exchange current density. These
two key parameters describe the properties of a catalyst material for a given electrocatalytic
reaction. The Tafel slope relates to the reaction mechanism, and the exchange current
density can be viewed as a potential independent descriptor of activity. In light of catalysis,
what is desirable with regards to these two parameters? Primarily a high exchange current
density and low Tafel slope, but it depends on the application considerations such as a
maximum allowable potential or current. Figure 1.6 is a Tafel style plot (current on log-
scale abscissa) which shows two catalysts: (a) has a higher i, and Tafel slope than (b). It is
plain to see that at a current or potential higher than the intersection of the two lines, the (b)
catalyst with the lower i,, actually becomes more energy efficient. Therefore, at a current
and potential above the intersection point, (b) is the more active catalyst, but for values of

current and potential below the intersection point, (a) is the more active catalyst.

7As per footnote 5 (pg. 12), it should read activity instead of concentration, but this terminology, is
avoided so as to not clash with activity used in the catalytic context, which is widely used throughout this
report
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overpotential

log j

Figure 1.6: Tafel style plot of two catalysts with different exchange current densities and
Tafel slopes. With Permission of John Wiley and Sons (Guerrini and Trasatti, 2009).

1.3.2.2 Electrochemical Kinetics for Hydrogen Fuel Cells and Electrolyzers

The H, and O, Gas Electrodes

The gas electrode reactions that pertain to fuel cells and electrolyzers are:

HER
hydrogen electrode: 2H'(g) +2¢e H\:OR* Hs(aq) Ezq =0 Vsur (1.14)

OR

R
oxygen electrode: O,(g) + 4H"(aq) + 4¢e~ ﬁ 2H,0 E:q =1229 Vgyr  (1.15)

where E7_ is the equilibrium potential at standard conditions, which is always vs. the stan-
dard hydrogen electrode (SHE)?. The forward reaction for the hydrogen electrode is the
hydrogen evolution reaction (HER) and the backward reaction is the hydrogen oxidation
reaction (HOR). Likewise for the oxygen electrode, the forward reaction is the oxygen re-
duction reaction (ORR) and the backwards reaction is the oxygen evolution reaction (OER).

The i, for the cathodic and anodic (or forward and backward) hydrogen reactions are
generally the same, but the i, for the oxygen reactions are different. The generalized theory

of electrochemical kinetics, the Butler-Volmer Equation (1.8), implies that i, should be

8The SHE is a platinum electrode immersed in 1 [H"] electrolyte at 25°C saturated with hydrogen gas at
1 atm.
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the same for both forward and reverse reactions, but this is only if the mechanisms are
symmetric. This is not the case for an oxygen gas electrode in acid, even on the same
catalyst. In fact, these two reactions are extremely complicated and continue to attract
careers devoted to their elucidation.

Since the invention of the PEM fuel cell by Grove (1842), Pt has been used as a catalyst
for both the HOR on the anode and the ORR on the cathode. No other pure element has
proven active or stable enough in acidic electrolyte to take the place of Pt. Pt is also an
excellent catalyst for the HER in acid, but not for the OER in acid. A detailed background
on OER catalysis in acid is given in Section 2.3.1.

The HOR and HER on Pt in acid is extremely fast. So fast in fact, that there are es-
sentially no HOR activation losses from a Pt anode in a fuel cell Sheng et al. (2010). All
the activation loss illustrated in Figure 1.5 is due to the ORR on the cathode. The ORR
mechanism is complicated and was the subject of a great deal of research before significant
attention was devoted to it via funding for PEM fuel cells. For instance, Kinoshita (1992)

lists sixteen proposed ORR reaction mechanisms.

Tafel Slopes for the OER

The assignment of a specific reaction mechanism based on Tafel slope is not so simple
when:
1. more than one step is rate determining (i.e. all reactions but one are NOT in quasi-
equilibrium), and
2. reactions are catalytic because the coverage of catalytically active sites by interme-
diate species changes with the reaction rate (i.e. electrode potential).
Determining theoretical Tafel slopes for multi-step catalytic reactions (such as the ORR or
OER) requires a full kinetic model, based on a particular mechanism, which uses a mod-
ified form of Equation 1.7 for each step. Exchange current density and S are missing, but
the equation contains the more intrinsic standard rate constants (k°, akin to the previously
mentioned turn-over frequency, pg. 14) for the reduction (forward) and oxidation (back-
ward) reaction. Other additional and necessary constants are oxygen concentration, pH,
the number of catalytic sites, and the surface coverage percentages of intermediate species.
A full kinetic model avoids the so-called quasi-equilibrium assumption, which states that

all but one of the reactions composing a multi-step mechanism are in equilibrium. (The
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quasi-equilibrium assumption leads to Equations 1.8, 1.9 and 1.10). Marshall and Vaisson-
Béthune (2015) have implemented a full kinetic model for a commonly proposed OER
mechanism (Bockris, 1956) with some interesting results.” Figure 1.7, taken from their
study, shows that five Tafel slopes are attainable by exploring values for the second and
third equilibrium constants (used to determine surface coverages of adsorbed participating

species) of a three step reaction.

10

10
5
10
0
KN 10 no Tafel
behaviour
step 3 limits

Figure 1.7: Tafel slopes (A) and rate-determining-step (B) for a full kinetic model, with
coverage of active sites considered for the OER electrochemical oxide mechanism (Bock-
ris, 1956) within a space of values for the second and third equilibrium constants (K, and

o _ -1 -1 o _ -1
K3). Other parameters are kg o s opsprye- = 10 LST mol™, kg oy g orprpe- = 1057,

kS o 10, = 100 s7', T = 298.15K, Co, = 1 bar, and pH = 0 (where k°’s are standard rate
constants, and Cy, is O, partial pressure. Reprinted from Electrochemistry Communica-
tions, 61, Marshall, A. T. & Vaisson-Bethune, L., Avoid the Quasi-equilibrium Assumption
When Evaluating the Electrocatalytic Oxygen Evolution Reaction Mechanism by Tafel
Slope Analysis, pg. 25, Copyright (2015) with permission from Elsevier (Marshall and
Vaisson-Béthune, 2015).

The model predicts some interesting things, clearly visible in Figure 1.7:

1. non-Tafel behaviour, particularly when none of the reaction steps are rate limiting
(Tafel behaviour is defined as a slope remaining the same (within = 1 mV) for ap-
proximately 1 decade in current density.)

2. multiple Tafel slopes for a quasi-equilibrium scenario (there are three possible Tafel
slopes (120, 40, and 60 mV dec™!) when reaction (step) 1 is limiting,

3. Tafel behaviour when only one step is in quasi-equilibrium (e.g. 60 mV dec™" strad-

dles the space where both step 1 and step 3 are rate limiting).

9Shinagawa et al. (2015) have written a very similar, but less concise study.
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Furthermore, many model scenarios (not shown in Figure 1.7) predict two Tafel slopes, one
for low current densities and one for high, with non-Tafel behaviour in between. Figure 1.7
shows only the Tafel slopes at low current densities. Thus the emergence of Tafel be-
haviour for electrocatalytic multi-step reactions where changing coverage is considered, is
not straightforward. Therefore, Marshall and Vaisson-Béthune (2015) criticize those who
use experimental Tafel slopes to justify inventing new multi-step reaction mechanisms'®
based on the quasi-equilibrium assumption. The lesson from their work is any discussion
on how an experimental Tafel slope relates to a proposed catalytic multi-step mechanism
should consider a full kinetic model (i.e. one that considers changing coverage) of the pro-
posed mechanism. For this reason, consideration and discussion of reaction mechanisms
for the ORR and OER are beyond the scope of this thesis due to the time and effort required

in implementing and analyzing full kinetic models.

Exchange Current Density and the ORR

The exchange current density (i,) for a fuel cell catalyst of interest is vary rarely reported
in the fuel cell literature. Instead, catalysts are compared with /-V curves, Tafel style plots
(Figure 1.6), and current at a specified potential (or vice-versa). Given the exponential
relationship of over-potential to current, small (< 10%) experimental errors in the Tafel
slope could lead to large (order of magnitude) scale variation in i, because the extrapolation
must extend ~300mV beyond the measured data. It is probably better to base a comparative

performance metric on actual data, rather than an extrapolated parameter.

1.3.3 Electrochemical Surface Reactions on Pt

Determining the two fundamental electrochemical properties (Tafel Slope and exchange
current density) of a Pt-based fuel cell catalyst is a numerically intensive multistep pro-
cess which is explained in Chapter 3. Some of the knowledge relevant to that process, the
surface reactions on Pt, is presented here because it is also relevant to certain sections in
Chapter 2. Figure 1.8 shows a cyclic voltammogram (CV) of polycrystalline Pt measured

with the rotating disk electrode (RDE) (explained in Section 3.1.2).

1For a summary of commonly proposed OER mechanisms based on the quasi-equilibrium assumption,
see Tables 2-1 and 2-2 in Thuv (2015)
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Figure 1.8: CV of polycrystalline Pt in acid, with important features labelled.

It is well known that surface reactions on Pt in either acid or alkaline electrolyte are respon-
sible for the voltammetric features, or ‘waves’ seen in the CV. There is a potential range,
~0.35t0 0.5 V vs. the reversible hydrogen electrode (RHE)!!, in which no surface reactions
occur. The current in this range is due only to charging/discharging of the electrochemical
double-layer'?. In the lower potential range (0 to 0.4 Vizyr), the cathodic (negative) cur-
rent comes from the underpotential deposition of hydrogen on the metallic Pt surface. It is

widely accepted that each surface metal atom can adsorb one hydrogen atom. For example

"'"The RHE is a reference electrode that is similar to the SHE, except it is immersed in the same electrolyte
as the cell. Therefore the potential vs. RHE deviates from that vs. SHE according to the Nerstian response
due to pH, i.e. increasing it by R;ff;fl;) (e = 2.71828...) at room temperature for every integer increase in pH
(Vrue = Vsue + 0.059 = pH). Reporting vs. the RHE, even when a different reference electrode is actually
used, is very common because with the RHE, the thermodynamic limits of water stability will always be 0 and
1.23 Vgyg regardless of the electrolyte pH. For this reason, the RHE is sometimes called “pH independent”
(for example, by van der Vliet et al. (2012)), though others have called the SHE “pH independent” (Burke
and Lyons, 1986). It depends on one’s perspective.

12The term “double-layer” was given by Helmholtz (1879) for the hypothetical arrangement of ions and
polar solvent molecules adjacent to an electrode surface. The polarization of the double-layer results in
a current and enables change transfer into or out of an electrode without chemical oxidation or reduction
reactions, known as “Faradaic current” An IUPAC document (Meites et al., 1985) contains definitions of
these and other types of current in electrochemistry.
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Bett et al. (1973) verified a unity ratio for underpotential deposited hydrogen (Hypp) des-
orption atoms to surface Pt atoms. This Hypp could be thought of as a precursor step to
the evolution of hydrogen. Hypp adsorbs on the negative-going sweep (cathodic/negative
current) and desorbs on the positive-going (anodic/positive current) sweep. For a detailed
discussion on the physical interpretation of the peaks within the Hypp region, see Solla-

Gullon et al. (2013).

The positive area under the Hypp feature or negative area above the Hypp feature has
units of charge when divided by the sweep rate and is proportional to the atomically rough
Pt surface area if the charge due to the double-layer capacitance is subtracted. The Hypp
adsorption area (negative) is usually avoided because as the potential nears 0 Vzypg, it ap-
pears as though hydrogen evolution starts earlier than O Vgyg. This extra current leads
to a higher charge than that determined by the Hypp desorption area. To obtain a value
for the Pt surface area, first the charge due to double-layer charging must be excluded. A
horizontal line corresponding to the minimum anodic (positive) current in the double-layer
region serves as the bottom delimitation for determining the area. Then the Pt surface area
can be obtained by dividing the Hypp desorption charge by the widely accepted constant
for polycrystalline Pt, 210 uC cm~? (originally determined by Frumkin in Delahay and To-
bias (1963)). This is called the electrochemical surface area (ECSA). In some studies, the
method is refined to also include a left vertical delimitation on the area, corresponding to
the potential at the maximum cathodic (negative) current on the saddle shape in the Hypp
adsorption region, which forms just before the potential scan reverses direction (Fournier
et al. (1997) and Binninger et al. (2014)). With this method, the area formed within the
bounds of the Hypp desorption area agrees better with the area formed within the bounds of
the Hypp adsorption area. An area ratio called the surface enhancement factor (SEF) is also
determined with the ECSA, which relates the atomic Pt surface area to the geometric sur-
face area of the disk electrode. An equation expressing this relation (3.3) is presented later
in Chapter 3 (pg. 96). Figure 1.8 shows the charges and SEFs for both Hypp adsorption
and desorption. The other surface reaction is Pt oxide formation and reduction. The review
by Conway (1995) presents the details and intricacies of the oxidation and reduction of Pt
by oxygen species in great detail. Figure 1.8 shows where Hypp is adsorbed and desorbed,

and where Pt oxide is formed and reduced.
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1.4 Structure of this Thesis

This chapter provided only the basics of PEM fuel cells and the basic theory for fuel cell
electrochemistry. An outline of the remaining chapters is provided below.

Chapter 2 contains three main sections of knowledge relevant to this project: 1) the
properties and degradation mechanisms of fuel cell materials, 2) a detailed description of
3M’s nanostructured thin film (NSTF) catalyst support, and 3) the properties of OER-in-
acid catalysts Ru and Ir. This third section contains original data and attempts to answer a
question from the Project Motivation section: “How will Ru and Ir behave on NSTF?” A
fourth, smaller, section adresses the uniqueness of this project, and clarifies a characteriza-
tion related consequence of using the RDE to test catalysts supported on NSTF.

Chapter 3 explains how catalyst samples were synthesized, measured, and numerically
analyzed. In addition to the normal descriptions of the instrumentation and data processing
methods used, rationale is given for the use of the RDE instead of the fuel cell, and for the
design of the durability testing protocol. Not all numerical data processing methods are
covered in this chapter; methods specific to Chapter 4 and 5 are described in the respective
chapters.

Chapter 4 shows the results of a study which was published in The Journal of the
Electrochemical Society (Crowtz et al., 2014). This study followed previous Dahn Lab
fuel cell durability studies (Stevens et al. (2010) and Hatchard et al. (2011)) and used a
novel constant current pulse durability testing protocol developed at the Dahn Lab (Stevens
et al., 2013). Part of the dataset in Chapter 4 (the OER portion, no ORR analysis) appeared
earlier in Harlow et al. (2013). Despite it’s position as the fifth published study from the
USDOE/3M durability contract, it should still be viewed as a learning experience, because
there were problems: there was a known issue with glassy carbon disk corrosion, and some
data analysis shortcomings were found after its publication. It should be seen as a first
attempt at getting the USDOE/3M durability project done properly. Many aspects of the
study not included in Crowtz et al. (2014) are also discussed in this chapter.

Chapter 5 is the principle result of the project; a screening study of over 50 different
compositions of Ir and Ru on Pt.

Chapter 6 (the conclusion) lists the important lessons (what should be done differently)

and makes recommendations for the continuation of the work.



Chapter 2

Fuel Cell Durability, 3M’s Nanostructured Thin Film and

Electrochemistry of Ir and Ru

This chapter provides relevant background information on the chemical and electrochemi-
cal mechanisms which determine the lifetime of a fuel cell, 3M’s catalyst support material,
and some relevant electrochemical properties of Pt, Ir and Ru in acid electrolyte. There are
three important causes of fuel cell degradation which are beyond the scope of this report

and will not be discussed:

1. The PFSA membrane can be degraded due to attack by free radicals probably origi-
nating from electrochemically generated hydrogen peroxide (Healy et al., 2005).

2. Fuel impurities can ‘poison’ Pt (i.e., absorb and block catalysis) in the anode (Wood
et al., 2007).

3. Air contaminants can poison, and in the case of chloride or other complexing agents,

promote corrosion of, Pt-based catalysts in the cathode (Wood et al., 2007).

2.1 The Principle Causes of Fuel Cell Catalyst Degradation

As mentioned earlier (pg. 6), the combination of PFSA and Pt\C was first developed by
Raistrick (1986) and improved by Wilson and Gottesfeld (1992), who are generally credited
for ushering in the age of the PEM fuel cell with their MEA made by casting a catalyst ink.
The Nafion imbibed Pt\C catalyst material was synonymous with PEM fuel cells for over
a decade, with much research devoted to improving the Pt utilization efficiency. Much of
this progress is summarized in the highly cited review paper by Gasteiger et al. (2005).
As it turned out, 2005 was an important year for PEM fuel cell research, because of the
publication of three other highly cited studies that changed perspectives on the de-facto
Nafion plus Pt\C catalyst layer material. The three studies, along with prior and follow-up

research supporting their conclusions, are respectively presented in the next three sections.
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2.1.1 Pt Instability

Ferreira et al. (2005) showed unambiguously that Pt in a fuel cell is subject to dissolution
and precipitation via two mechanisms: Ostwald ripening and reduction of soluble Pt species
with H, in the ionomer. Ostwald ripening occurs on the nanometer scale and leads to the
coarsening of Pt particles in the catalyst layer. Migration of soluble Pt species also occurs
on the micrometer scale and results in the precipitation of metallic Pt in both the cathode
ionomer phase and the membrane, depending on H, crossover flux. Pt precipitated in this

way is electrically disconnected from the electrode and therefore lost.

2.1.1.1 Thermodynamic Considerations of Pt Stability

Pt is considered to be a noble metal, completely resistant to corrosion. Pt was known to
be only soluble in a solution composed of both a strong complexing agent and oxidizing
agent. Aqua regia, a 3:1 mixture of concentrated hydrochloric acid (complexing agent) and
concentrated nitric acid (oxidizing agent), is probably the best example of a reagent known
for dissolving noble metals such as Pt. Pt was also considered to be electrochemically stable
except in a narrow range of high potential (~1.0 Vgyg) and low pH (0 to 1), where Pt may be
susceptible to electrochemical dissolution (Pourbaix, 1966). Figure 2.1 shows a Pourbaix
(1945) diagram for Pt. Figure 2.1a) shows all the substances considered for the Pt-water
system and their regions of predominance. Figure 2.1b) shows a small region around 1.0 V
and pH = —1 in which Pt will corrode because Pt** (> 10™° M) is thermodynamically
favourable. Pourbaix diagrams are predictors of thermodynamic stability only. They gives
no indication of kinetics, i.e. how fast a substance will become predominant given a change
in pH or potential. Pourbaix et al. (1959b) constructed Figure 2.1 using calorimetrically
determined Gibbs energies, and an estimation of the Gibbs energy for Pt** provided by
Latimer (1952). Also seen in Figure 2.1 are lots of question marks. Pourbaix expresses a

lot of uncertainty about:

1. The existence of soluble Pt ions: Pt(OH)3+, PtO**, PtO,>~ and PtO;%~. These species
were not considered in the calculations but were “shown in the diagram in their ap-
proximate positions” —Pourbaix et al. (1959b). It is not clear how these positions
were deduced.

2. The positions of the lines for enclosing PtO, - xH,O because “the exact amount of
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hydration is unknown and thus their thermodynamic properties are known very ap-
proximately.” —Pourbaix et al. (1959b)
He also doubts the existence of Pt**, (citing Marie in Pourbaix (1966)), hence his la-
bel “CORROSION ?” in Figure 2.1b). He also emphasized that the nature of dissolved
Pt is to be in a complexed form (Charlot in Pourbaix (1966)), and furthermore, the dis-
solved species can be more complexed than the ionic species of the salt (Pascal in Pourbaix
(1966)).

a) b)
EWV) e(v)
2 PtO,.xH,0 2 PASSIVATION
6 gfﬂ);“? gl 16 CORROSION 7

-6 -1é

-2 0 2 4 & a 10 12 14 16 -2 0 2 4 L) 8 0oR M4 s
pH pH

Figure 2.1: The potential-pH, or Pourbaix, diagram for Pt. Lines enclosing the shaded
region marked “CORROSION ?” delineate the predominance of > 10 M Pt**. Dot-
ted lines labelled “x” and “y” enclose the stability region for water. Potentials are vs.
SHE. Published by Johnson Matthey, reproduced under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (Pourbaix et al., 1959b).

Figure 2.2 shows a Pourbaix diagram by Lee (1981) calculated with a Gibbs formation
energy for Pt*" from Wagman et al. (1969). The region of instability (Pt** > 107°M) is
larger than for Pourbaix’s original plot. Pourbaix suggested Pt will corrode, but cast plenty
of doubt. Lee’s diagram suggested Pt may be more susceptible to corrosion than previously
thought. Other studies, some of which are cited by Ferreira et al. (2005), experimentally

demonstrated mild electrochemical instability of Pt within the region noted in the Pourbaix
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diagram. For instance, Figure 2.3 shows how the equilibrium concentrations of Pt vary

with potential from several studies.
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Figure 2.2: Pourbaix diagram for Pt. Lines enclosing Pt** delineate the predominance of
> 10~® M Pt**. Reproduced with permission from NACE International, Houston, TX. All
rights reserved, ©NACE International 1981. Lee, J. B., Elevated Temperature Potential-pH

Diagrams for the Cr-H,O, Ti-H,0, Mo-H;0, and Pt-H,O Systems, Corrosion 37, 8, 1981
(Lee, 1981).

Given all the prior art on Pt, what Ferreira et al. (2005) showed should come as no
surprise. However, they conclusively demonstrated the mobility of Pt in an operating fuel
cell, and the seriousness of the problem to the fuel cell community. But what Ferreira et al.
(2005) did not show is the mechanism by which the dissolution occurs. It would take the
work of Topalov et al. (2012) working under Karl Mayrhofer at the Max Planck Institute
for Iron Research to fully elucidate the nature of electrochemical Pt corrosion. Details of

Topalov’s studies are subsequently presented.
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Figure 2.3: The equilibrium Pt concentration dependence on potential in acidic electrolyte
in contact with Pt nano particles of various sizes (lines ‘a’ though ‘k’) and bulk polycrys-
talline Pt (line ‘0’) at various temperatures in various electrolytes. Reprinted from Nano
Energy, 29, Cherevko, S., Kulyk, N. & Mayrhofer, K. J. J., Durability of Platinum-Based
Fuel Cell Electrocatalysts: Dissolution of Bulk and Nanoscale Platinum, pgs. 275-298,
Copyright (2016) with permission from Elsevier (Cherevko et al., 2016d).
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2.1.1.2 The Nature of Electrochemical Pt Dissolution

Many studies on electrochemical Pt dissolution revealed that a changing potential, as op-
posed to a static potential, accelerated the dissolution process. The most extreme example is
from Benke and Gnot (2002) who obtained a considerable 11 g L~! of Pt via electrochem-
ical dissolution and proposed it as a viable and faster method of Pt salt production from
solid Pt metal. Most studies probed minute concentrations of electrochemically dissolved
Pt. The exact nature of this dissolution was speculated upon but remained a mystery. There
was also disagreement among the early studies as to the effect of potential scan direction,
and the resulting oxidation state of the solvated Pt. The mystery of dynamic dissolution
was only recently shown by Angel Topalov (2014) in his PhD research. His lab’s innova-
tion of a flow-through electrochemical cell coupled to an inductively coupled plasma mass
spectrometer (ICP-MS) (Klemm et al., 2011) revealed in real time how dissolving Pt re-
sponds to changes in potential. The profound importance of this new technique to the fuel
cell community was emphasized by Schmickler (2013) in an article devoted entirely to the
implications of Topalov’s first publication (Topalov et al., 2012). Although Topalov did
not speculate on the nature of dissolved Pt species (e.g. oxidation state, complexed or not),
his work is of tremendous importance to PEM fuel cell research and therefore is briefly
described here.

Figure 2.4 shows an ICP-MS response to an applied potential cycling regime, where the
lower potential is 0.1 Vgyg and the upper potential increases by 50 mV every second cycle
from 1.0 to 1.8 Vgype. This figure shows a complete lack of dissolution when the upper
potential is below 1.1 Vzye. Each potential cycle corresponds to two spikes in dissolved
Pt, the first much smaller than the second. These two dissolution events correspond to the
anodic up-sweep and cathodic down-sweep, respectively. Therefore Topalov described
the Pt loss in the first peak as “anodic dissolution” and in the second peak as “cathodic
dissolution”.

Figure 2.5 shows an ICP-MS response to an applied potential cycling regime, where the
upper potential was constantly 1.55 Vgye and the lower potential steadily increases from
0.05 Vgyg to 1.05 Viyye and back. Figure 2.5 shows a complete lack of dissolution when
the lower potential reaches 1.05 Vgyg. Figures 2.4 and 2.5 show that platinum dissolution
is a dynamic process, i.e. it is due to a changing potential. More specifically, when taken

in the context of knowledge about Pt surface electrochemistry (which can be garnered by
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Figure 2.4: An in-situ, real-time ICP-MS response to electrochemical control of a Pt work-
ing electrode in a three-electrode flow-through cell with a carbon counter electrode: a)
the potential of the Pt electrode (10 mV s7'), and b) the Pt concentration in the electrolyte
stream which is fed directly into the ICP-MS. Electrolyte: 0.1 M HCIO4. With Permission
of John Wiley and Sons (Topalov et al., 2012).

reviewing a Pt CV (see Figure 1.8, pg. 19)), Figures 2.4 and 2.5 show the dissolution occurs
only in conjunction with oxidation and reduction of Pt. For instance, Figure 1.8 shows
on the down (negative going) sweep of a Pt CV, oxide reduction starts at ~1 Vgyg. This
potential corroborates well with the lower potentials and dissolution amounts in Figure 2.5;
the obvious conclusion is that there is no Pt dissolution if there is no reduction of Pt oxide

to metallic Pt.

The onset potential for Pt oxide formation (~0.8 Vgyg in Figure 1.8) does not corre-
spond well with the upper potential for the dissolution amounts (~1 Vgyg) in Figure 2.4.
Why? Also, why is there a far greater amount of Pt dissolved on the negative going po-

tential sweep, during the a reduction of electrochemically formed Pt oxide? The most
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Figure 2.5: An experiment with conditions the same as Figure 2.4, with upper potential
limit fixed at 1.55 Vzye. Published by The Royal Society of Chemistry, reproduced under
the Creative Commons Attribution 3.0 Unported Licence (Topalov et al., 2013).

likely explanation for both observations lies in the repulsive interaction of chemisorbed
oxygenated species (presumably OH and O) which at some critical coverage, energetically
favours the oxygen in subsurface sites, a process known as place-exchange. Topalov et al.
(2013) claims place-exchanged Pt atoms are intimately connected to the dynamic nature of

Pt dissolution. Concerning the greater amount of cathodic dissolution,

“...the amount of dissolved Pt scales ... with the amount of oxidized, but pas-
sivated (place-exchanged Pt) atoms in the initial state before a negative going
scan. During the reduction of the surface those sites become exposed to the
electrolyte and can then potentially be dissolved. Due to the large amount of
formed place-exchanged atoms at high potentials, the cathodic dissolution rate

is generally higher than the anodic one.” —Topalov et al. (2013)
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Concerning the anodic dissolution onset occurring at a higher potential than the oxide for-
mation onset, place-exchanged Pt atoms also likely play a key role because the place-
exchange process also starts at some point after the oxide formation onset, when that crit-
ical coverage of surface adsorbed oxygen species is reached. When a Pt atom exchanges
sites with an oxygen species, that Pt atom is no longer protected by a passivation layer and
dissolution becomes thermodynamically favourable if the potential is high enough.

Figure 2.6 shows a schematic of the anodic and cathodic dissolution mechanisms which
illustrates some proportion of place-exchanged Pt atoms dissolving, and how more place-
exchanged Pt atoms appear during the negative going sweep. This basic mechanism trans-
lates to practically observable correlations between dissolution amounts and electrochemi-
cal controls or observations of the Pt electrode. For instance Topalov et al. (2013) showed
that the amount of dissolution depends on the potential sweep rate and also confirmed that
the amount of cathodic dissolution corresponds directly to the reduction charge. Figure 2.7
shows both of these expected and important correlations.

Other research groups have adopted a similar approach to studying electrochemical Pt
stability, developing their own versions of the ICP-MS flow cell technique. Jovanovive
et al. (2014) have studied Pt nano particles, namely Pt black and Pt\C, and found Pt\C to
be much less stable for similar mass loadings. Lopes et al. (2016) studied Pt single crystals

and found the (110) facet to be significantly more susceptible to cathodic dissolution.
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Figure 2.6: A dynamic Pt dissolution mechanism mediated by place-exchange of Pt atoms
(large grey balls) and oxygen species (medium blue balls = oxygen atoms, tiny red balls
= hydrogen atoms). Time-step dissolution processes are envisaged for both the a) anodic,
oxide forming sweep, and the b) cathodic, oxide reducing sweep. Published by The Royal
Society of Chemistry, reproduced under the Creative Commons Attribution 3.0 Unported
Licence (Topalov et al., 2013).

-4

l'IH -
E J E] -___._,d_-_"u
L] Lt
o ¢ g
= TS o
= R o 0.01vis
c 5 et e
S e o 0,2Vis
g ] g 4 0.5Vis
5 e 7 1Vis
g —
o o
° 34 S0
73} - S
£ 7 -
= 2dfe o
o ] i
g=1 e g
B A
_-E 14 S STSSEERNR L
0 T T T T T T T
04 0,8 0,8 1,0 1,2 14 1,6 1,8

reduction charge / mC cm™

Figure 2.7: The effect of sweep rate and extent of Pt oxidation (quantified as reduction
charge) on the amount of Pt lost to the electrolyte (0.1 M HClO,4) during the cathodic
(negative going) scan of a 0.05 to 1.5 Vgyg CV. Though not indicated in the original work,
solid lines are assumed to be the linear regression of the data points (squares) which are
connected with dotted lines. Published by The Royal Society of Chemistry, reproduced
under the Creative Commons Attribution 3.0 Unported Licence (Topalov et al., 2013).
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2.1.1.3 The Effect of Alloying/Decoration on Pt Loss

Very little research has been done regarding the effect of alloying on Pt loss. The study
by Burke and O’Sullivan (1980) is one notable exception, especially given its age. From
that study, Figure 2.8 shows that 10 wt% Rh in Pt has a large impact on reducing the
amount of Pt loss. This result somewhat contradicts ICP-MS flow cell work from (Cherevko
et al., 2014) which shows Rh is less stable than Pt (see Figure 2.9). However, Burke and
O’Sullivan (1980) used base, while (Cherevko et al., 2014) used acid.

Cherevko et al. (2016c¢) is perhaps the only other study devoted to assessing the effect of
a bi-metallic material on Pt loss. They analyzed the Pt loss from sub-monolayer Pt on Gold
foil using the ICP-MS flow cell technique in an effort to investigate the reputed enhanced
stability of carbon dispersed Au-Pt core-shell catalysts (for example Xing et al. (2010) and
Wang et al. (2011)). The equilibrium concentration, or “quasi-steady-state” dissolution of
Pt was lower for Pt-on-Au than for pure polycrystalline Pt. But Pt surface area normalized
Pt loss was much higher for Pt-on-Au for the transient-potential type of dissolution (like

Figures 2.4 and 2.5), making the verdict on Au-enhanced Pt stability inconclusive.



33

:

Platinum loss / ug cm-2
g

o
100 0
D/
n/
fe t 1 1 1
0 15 30 45 60

No of cycies x10-4

Figure 2.8: The effect of 10 wt% Rh in Pt (squares) compared to pure Pt (circles) on the
amount of Pt lost to the electrolyte (0.1 M NaOH) with number of cycles (10~ should be
10%) during potential cycling (0.0 to 1.5 Vgyg, 6 V s~'. With Permission of Elsevier (Burke
and O’Sullivan, 1980).
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Figure 2.9: Dissolution of polycrystalline Rh and Pt in 0.1 M H,SO,4 caused by poten-
tial sweeps (2 mV s~1) between 0.05 and 1.5 Vigyg. Reprinted from ChemCatChem, 6,
S. Cherevko, A. R. Zeradjanin, A. A. Topalov, N. Kulyk, I. Katsounaros, and K. J. J.
Mayrhofer, Dissolution of Noble Metals during Oxygen Evolution in Acidic Media, pg.
2219-2223, Copyright (2014) with permission from Elsevier (Cherevko et al., 2014).
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2.1.2 Carbon Instability

Stevens and Dahn (2005) showed that commercially available Pt\C made from high sur-
face area carbon is unstable in a fuel cell cathode. At temperatures and humidity common
in PEM fuel cells, Pt\C loses mass with increasing carbon surface area, temperature and Pt
loading, most likely due to catalytic combustion. A follow up study (Stevens et al., 2005)
showed the mass loss is also exacerbated by humidity. Roen et al. (2004) also demonstrated
carbon corrosion occurs in a fuel cell under normal operating conditions and increases with
Pt mass fraction. The corrosion of carbon in a fuel cell should come as no surprise because
of the equilibrium potential of the electrochemical reactions involving water and carbon.
Figure 2.10 shows the standard reduction potentials of three electrochemical reactions in-
volving carbon and water: 1) the carbon oxidation reaction (COR), 2) the electrochemical
analogue of the water gas shift reaction (CO + H,O —= CO, + H;) and 3) the electro-

chemical oxidation of carbon to carbon monoxide.

standard reduction potential / mV vs. SHE

-100 0 100 200 300 400 500 600
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CO,+2H"+2e” «—— CO +H,0 CO+2H"+2e” «—— C+H,0
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CO, +4H" +4e~ <X C+2H,0

Figure 2.10: The standard reduction potentials of electrochemical half reactions involving
carbon and water at standard conditions (data from Bratsch (1989)).

All these standard reduction potentials are lower than typical fuel cell cathode potentials
(0.6 to 0.9 VgyE), so the oxidation reaction (i.e. the direction of the arrows in Figure 2.10)
should proceed during normal fuel cell operation. This should raise alarm, given that car-
bon is ubiquitous in fuel cells. However, the kinetics of electrochemical carbon oxidation
were thought to be too slow for these reactions to be of any concern. Carbon is often viewed
as an electrochemically stable material, pursuant to its use in many other electrochemical
devices. The carbon corrosion rate in a fuel cell is very small, at or below a typical fuel cell
open circuit voltage (~0.9 V). However gaseous carbon species are detectable and, over
time, can amount to a sizable loss of carbon. On-line mass spectrometry studies of oper-
ating fuel cells have revealed that CO yield is approximately an order of magnitude lower

than for CO, (Maass et al. (2008) Kim et al. (2009)). The much lower concentration of
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CO is in agreement with the relative position of the standard reduction potentials involving
water, carbon, CO,, and CO. The oxidation of CO to to CO, is more thermodynamically
favourable than the creation of CO from carbon. Therefore CO in the cathode should be
readily oxidized to CO, (assuming the kinetics for these reactions, do not wildly differ). In
addition, CO strongly adsorbs to Pt and poisons the catalyst by blocking the activity of the
ORR. Copious amounts of CO in either the anode or cathode would preclude a viable Pt\C
based fuel cell.

In light of the aforementioned studies and that by Reiser et al. (2005) (discussed in the
next section) it suddenly became apparent that having carbon in a PEM fuel cell is a bad
idea, which was a shock considering that all the electric current collecting materials in a
PEM fuel cell (the catalyst support, the micro-porous layer, and gas diffusion layer, and
the bi-polar flow-fields) were traditionally made of carbon. This spurred interest in non-
carbon supports and and other non-carbon, corrosion-resistant current collectors. However
it should be stated that carbon, per-se, is not the problem. Highly graphitized forms of
carbon can be used without significant corrosion or performance losses, as shown by Yu
et al. (2006) and others listed in the reviews by Yu and Ye (2007), Shao et al. (2007),
Antolini (2009), and Cao et al. (2014). The problem is that on graphite powders, Pt does
not form small, well dispersed particles as it does on high surface area carbon blacks.
Figure 2.11 shows this effect with TEM images. Thus Pt on graphite powders requires a
higher Pt loading to achieve an ORR activity comparable to the more common Pt\C made
with carbon black. The review on Pt\C by Antolini (2009) provides an excellent synopsis
on different types of Pt\C and how important properties, such as surface area, and electrical

conductivity compare.
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Figure 2.11: TEM images showing Pt\C made using (a) carbon black, and (b) graphite
powder. Reprinted with permission from ECS Meeting Abstracts MA2012-02, 1313-1313
(2012). Copyright 2012, The Electrochemical Society (More et al., 2012).

2.1.3 Localized Fuel Starvation

Reiser et al. (2005) showed that the performance of a fuel cell declines with time due to
the presence of both air and hydrogen in the anode which happens during start-up and/or
shut-down (SU/SD) of the cell. During a shut-down event, air diffuses back into the anode
after the flow of hydrogen is stopped. During a start-up event, air is already in the anode
flow field, and is pushed out by the hydrogen gas. During either event, the current through
the membrane in the region where hydrogen is absent is reversed. This is driven by the
spontaneous/galvanic action of the available hydrogen on the fuel cell anode and oxygen on
the cathode. The electrochemical corrosion of carbon, also known as the carbon oxidation
reaction (COR) satisfies this current, which is completely internal to the cell. Figure 2.12
shows these four reactions (along with a fifth reaction, addressed in the next section) and
their locations within the fuel cell. Reiser et al. (2005) called this phenomenon the reverse
current decay mechanism (RCDM). They modelled it with a charge conserving differential
equation (which was incorrect according to Sidik (2009)) and verified it with an experiment
which showed significant shrinkage of the Pt\C layer adjacent to the hydrogen starved
region in the anode. Though not directly stated, the obvious conclusion was that fuel cell
performance degradation was due to the collapse of the porous structure of the carbon

black. Figure 2.13 shows a TEM image from their study.
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Figure 2.12: The electrochemical reactions involved in the RCDM, their respective
ionic/electronic current paths, and their locations within a cell during SU/SD. Reproduced
with permission from J. Electrochem. Soc., 161, FO61-F968 (2014). Copyright 2014, The
Electrochemical Society (Crowtz et al., 2014).
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Figure 2.13: Cross-sectional images of a PEM fuel cell MEA post-RCDM taken with an
electron microprobe. BS-1 and BS-2 show a thinned catalyst layer from the fuel starved
region and c)) due to the RCDM. TS-1/2/3 show the catalyst layer in the fuel-rich region is
unaffected by the RCDM. Reprinted with permission from Electrochem. Solid-State Lett.
8, A273-A276 (2005). Copyright 2005, The Electrochemical Society (Reiser et al., 2005).
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2.1.3.1 A Materials Solution to the RCDM

Reiser et al. (2005) listed three strategies to mitigate the RCDM, citing three patents they
applied for five years earlier. These patents are mechanical engineering approaches to the
problem as they involve either gas conveyance modifications or carefully timed electrical
loads. Indeed, most stack manufacturers responded to the RCDM problem with similar
types of systems engineering fixes. Yu et al. (2012) lists 100 patents of this nature for
mitigating damage due to the RCDM. The other major response was modifications to the
carbon support in the Pt\C, namely graphitization, and incorporation of other elements like
S (Higgins et al., 2014) and N (Sidik et al., 2006) into the carbon structure. However,
an understanding of Figure 2.12 reveals two possible materials science approaches of an
electrocatalytic nature to fix the RCDM problem.

@ Promote the OER in the cathode. Figure 2.12d) shows the COR and OER as compet-
ing reactions in the fuel cell cathode fuel starved region (these are anodic reactions
so the term “fuel cell cathode” is used). Both reactions can supply the necessary
oxidative current necessary to complete the RCDM.

® Hinder the ORR in the anode. In this way, the RCDM will proceed more slowly.

Figure 2.14 shows hypothetical Tafel models for all five reactions of the RCDM on a Tafel-
style plot (i.e. current on a log-scale abscissa), and it is clear that for either strategies
@ or B, or for both @ and B, the potential on the fuel cell cathode is lowered. This
is very important to mitigating the damage done to a fuel cell during these events. Both
strategies were the crux of 3M’s proposal that secured the USDOE funding (Atanasoski,
2009) for most of the original research shown in this thesis project. 3M’s publications on
this materials approach developed the tagline “always on” to set it apart from the plethora

of other systems engineering approaches.
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Figure 2.14: Tafel equation models of four different catalyst scenarios for the RCDM: 1)
the benchmark case, 2) increase the cathode OER activity (®), 3) decrease the anode ORR
activity (B) and 4) both @ and ®. The RCDM current is determined when the voltage of
the fuel starved region is the same as the voltage of the fuel rich region (see Figure 2.12).
According to Sheng et al. (2010), there is virtually no activation loss from the anode in a
PEM fuel cell, therefore the HOR line is flat.
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3M’s NSTF is a non-carbon support, so will not corrode due to the RCDM. NSTF
was actually in development prior to the carbon susceptibility or localized fuel starvation
revelations so was well positioned as a state-of-the-art non-carbon support to be part of
the solution to the carbon instability/RCDM problem. However, even with non-carbon
supported catalysts, other carbon parts comprise the current collector components, these
being the carbon-based microporous layer and gas diffusion layer. These carbon parts,
especially the micro-porous layer, are susceptible. The following quote is taken from an

ageing study of NSTF fuel cells by researchers at GM:

“NSTF-based fuel cells are not entirely immune to high potentials. It should
be noted that in our unpublished work it has been shown that an extensive high
cell potential (> 1.5 V, (1 mA cm™?), for several hours) led to corrosion of the
micro-porous layer adjacent to the cathode catalyst layer and hence higher gas
transport resistances. Therefore, unintentional high voltage excursion should

be avoided as possible.” —Kongkanand et al. (2011)

More details later emerged from the same research group at GM which showed significant
loss in the /-V curve after a 1.5 V hold for only 10 min (Kongkanand et al., 2014). Therefore
even for non-carbon black catalyst supports like NSTF, it seems advisable to implement a
strategy to mitigate against the RCDM, and the materials strategy could be a unique, simple
and cost effective cure to the problem. NSTF deserves a special description, as all original

research presented in this thesis report is based on this special material.
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2.2 Nanostructured Thin Film

The common organic dye N,N-di(3,5,xylyl)perylene-3,4:9,10bis(dicarboximide), known
commonly as perylene red, pigment red 149 or PR149, can be annealed to form vertically
oriented, crystalline, nanoscale whiskers after thermal deposition as a thin film. This ma-
terial was patented by 3M (Debe, 1989) prior to the first publications of the material by
Debe and Poirier (1994) and Debe and Drube (1995). The electrochemical application of
this material as an electrode support in fuel cells and sensors was also patented by Parson-
age and Debe (1994) almost a decade before it was published as a state-of-the-art catalyst
support in the scientific PEM fuel cell literature (Debe, 2003).

Figure 2.15 shows a collage of micrographs with panel (c) highlighting the important
physical characteristics of NSTF whiskers. NSTF whiskers are dimensionally similar
to a multi-walled carbon nanotube, but faceted and flat like a lath, and are packed with
a density of about 3 to 5x10° cm™2 (Debe, 2003). The substrate NSTF is grown on is a
polyimide (Kapton®) film with a saw toothed surface which is coated with one or more
layers of sputtered transition metals, presumably to enhance adhesion or growth properties
of the NSTF whiskers. Figure 2.15(b) shows a cross section of the substrate with NSTF
whiskers grown on the saw-toothed side. The saw-toothed surface increases surface area
by a factor of V2 and enables the film to be stored as a roll, which facilitates roll-to-roll
manufacturing of an MEA, also called catalyst coated membrane (CCM) by 3M. The NSTF
whiskers are sputter coated with catalyst metal(s) to any desired loading. The number of
different elements comprising the catalyst film is limited only by the number of targets the
sputtering machine can accommodate. More on sputtering can be found in Section 3.2.3.
The sputter coated NSTF whiskers are hot pressed, or laminated onto both sides of a PESA
sheet to make an MEA or CCM. Figure 2.16 shows how higher lamination pressure flattens
the whiskers into the membrane, as would be expected. Figure 2.17 shows a CCM cross
section where NSTF is laminated into both sides. NSTF catalyst layer thicknesses are
low (< 0.5 um) compared to conventional Pt\C (< 10 um). This dry, rapid manufacturing
technique is one of the significant advantages NSTF has over Pt\C. Figure 2.18 shows
the flow charts for manufacturing a CCM with either Pt\C or NSTF. The significant cost
savings and high volume manufacturing capacity of NSTF based CCMs are explained in
Debe (2012). Debe argues no other competing technology has the ability to easily adapt to

a future where all transport vehicles are PEM fuel cell electric vehicles.
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Figure 2.15: The physical features of NSTF: (a) top-down view of whiskers on growth
substrate (b) cross-section view of whiskers on growth substrate (c) physical dimensions of
whiskers and growth mechanisms. Reprinted with permission from J. Electrochem. Soc.
160, F522-F534 (2013). Copyright 2013, The Electrochemical Society (Debe, 2013).
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Figure 2.16: Scanning electron microscopy images of sputter coated NSTF whiskers hot
pressed into a PFSA membrane showing how whisker orientation with respect to the mem-
brane surface depends on the mass applied to the lamination press: (a) 1.5 tons, (b) 5
tons. Republished with permission of John Wiley and Sons Inc, from Handbook of Fuel
Cells: Fundamentals, Technology, and Applications, M. K. Debe, vol. 3, 2003; permission
conveyed through Copyright Clearance Center, Inc. (Debe, 2003)
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Figure 2.17: Various cross-sections of sputter coated NSTF whiskers laminated into a
PFSA membrane to form a CCM. Reprinted with permission from J. Electrochem. Soc.
160, F522-F534 (2013). Copyright 2013, The Electrochemical Society (Debe, 2013).
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Figure 2.18: The process for manufacturing a CCM with either Pt\C or NSTF. Reprinted
with permission from J. Electrochem. Soc. 160, F522-F534 (2013). Copyright 2013, The
Electrochemical Society (Debe, 2013).
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2.2.1 Electrocatalytic Properties of NSTF

3M has invested heavily in NSTF fuel cells because they need less Pt to achieve the same
current density. Figures 2.19(b) and (c) show state-of-the-art /-V curves with near identical
performance for Pt\C (panel (b)) with a cathode loading of 0.4 mg cm™ and NSTF (panel
(c)), with a cathode loading of 0.15 mg cm™.

NSTF and Pt supported on NSTF have many other interesting and surprising electro-

catalytic properties.

e An ionomer is not needed in the catalyst layer, in contrast to Pt\C.

e Mass specific Pt surface areas (based on Hypp (see Electrochemical Surface Reac-
tions on Pt on pg. 18)) are 10 to 25 m? g=! (Debe, 2013), which is comparable to
a typical high surface area Pt black powder (20 to 28 m? g~! (Choi et al., 2003))
but lower than conventional Pt\C which can range from 50 m? g~! (Gasteiger et al.,
2003) to 100 m? g~ (Yu and Ye, 2007) when pristine.

e ORR Pt-area-specific activity (geometric current density divided by the surface en-
hancement factor (Equation 3.3)) is comparable to bulk Pt, which is 5 to 10 times
that of Pt\C (Debe, 2013).

e NSTF is electrochemically stable up to 2 Vryg (Debe, 2003). It does not corrode like
carbon.

e Testing by 3M has shown NSTF fuel cells to be much more durable than Pt\C (for
example, Debe et al. (2006)). They claim this is because of the absence of carbon
in the catalyst layer, and the larger radii of curvature of the metal-coated whiskers

compared to Pt\C (Debe, 2013).

The markedly different properties and behaviour of NSTF from that of Pt\C is intriguing to
theoretical electrochemists. Zenyuk and Litster (2014) have published a model, the latest
of their versions, which seems to successfully model the behaviour of NSTF by making
some interesting assumptions: 1) a thin film (20 nm) of liquid water on the Pt surface, 2)
an alkaline ORR mechanism acting in conjunction with the acidic one, and 3) lifting the
electro-neutrality requirement. In other words, according to their model, the interstices of
the NSTF whiskers are always flooded (1% assumption), and the ORR mechanism changes
along the length of the whisker, with the end farthest from the membrane operating under

alkaline conditions (2" and 3" assumptions).
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2.2.2 The Uncertain Future of NSTF for Fuel Cell Vehicles

The disadvantage for NSTF fuel cells is that the water management is more difficult. Fig-
ure 2.19(a) shows a comparison of the water management strategies for both Pt\C and
NSTF fuel cells. Even though water is produced at the cathode, 3M recommends moving
the water through the membrane against the natural electro-osmotic mass flow, and out
the anode. This is because an NSTF cathode is sensitive to flooding. When NSTF was
introduced, many researchers viewed it as a breakthrough which would come to dominate
the automotive fuel cell industry. However, as manufacturers gained experience testing the
new material, the operational difficulties became apparent. NSTF fuel cells have yet to be
adopted for use in vehicle fuel cell stacks because of operational problems related to wa-
ter management. Groger et al. (2015) states poor performance during temperatures below
50°C and poor freeze start capability have prevented their commercialization. NSTF fuel
cells also suffer from poor performance under dry conditions (Sinha et al., 2011).
Recently an inkjet printing process to deposit Pt\C directly onto the PFSA membrane
has shown very promising results (Breitwieser et al., 2015). The performance roughly
matches the Pt usage efficiency of NSTF fuel cells. As mentioned in Section 1.2.1 (Fuel
Cells vs. Batteries), the margin for improvement is large. It is too early to tell how this
new development will play out in the industry. Developments can occur so quickly that the
systems are obsolete before they can get to market. For instance, Charlie Freese, executive
director of global fuel-cell activities at GM says “It’s not that we couldn’t, we could have
one in production, but if we did it would be with an antiquated (propulsion) unit.” (Amend,

2016).
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Figure 2.19: Pt\C fuel cells vs. NSTF fuel cells: (a) a comparison of the water management
strategies and (b) -V curves for state-of-the art Pt\C and (¢) NSTF fuel cells. Reprinted
with permission from J. Electrochem. Soc. 160, F522-F534 (2013). Copyright 2013, The
Electrochemical Society (Debe, 2013).
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2.2.3 Developing the Materials Solution to the RCDM on NSTF

NSTF, introduced in 2003, was touted not only for its Pt usage superiority, but also for
its robustness compared with the current state-of-art Pt\C catalysts. It is somewhat ironic
that the materials solution would be implemented with a support that is already inherently
resilient. Nevertheless, 3M (and Dalhousie) researchers were the first to propose and re-
ceive funding to develop a catalytic solution to the RCDM. Further pragmatism still could
question the timing or necessity of such research due to unpublished, and presumably non-
existent experience with the real-world performance and durability of NSTF fuel cell stacks
in vehicle applications.! For instance, one may ponder “is there actually a RCDM problem
with NSTF fuel cell stacks, or is their lifespan tolerable as i1s?” This sentiment is reflected

in the USDOE’s first review on 3M’s program when they said:

“The philosophy here is obtuse. The question now should be ‘what is necessary
to assure contemporary fuel cells survive with acceptable durability,” rather
than ‘what is necessary to make contemporary fuel cells “bullet proof”, no
matter how they are abused.” It is probably worth thinking along these lines.
However, the early markets are being established now, and other developers

have solid, durable products.” —Satyapal (2010)

Therefore, as a preemptive acknowledgement of such criticisms, the research can be justi-
fied for two reasons which were already explained in this chapter:

1. Even for NSTF, carbon parts inside the fuel cell, like the micro-porous layer are still
vulnerable to damage due to high potentials caused by the RCDM. The micro-porous
layer is often treated for hydrophobicity and loss of this property (via high potentials)
will deleteriously affect fuel cell performance.

2. Even if the COR is completely replaced with the OER, Pt is vulnerable to changing
potentials; the more oxidation and reduction the Pt undergoes, the greater the disso-
lution. The extent of the surface oxidation of Pt depends on several factors, including
potential. A lower potential during SU/SD will lessen the extent of oxidation and so

lessen Pt dissolution.

IPrototype vehicle data is generally not published in the open literature, as the performance and durabil-
ity data is considered sensitive and confidential. The USDOE’s National Fuel Cell Technology Evaluation
Centre exists to securely collect, analyze, compare this data while protecting the identity of the participating
companies.
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The second point was not always appreciated because this project began (Atanasoski, 2009)
several years before the first publication on the true nature of electrochemical Pt instability
(Topalov et al., 2012). Despite the “obtuse philosophy”, the research received continued
support until 2014, likely due to the uniqueness of the approach, the solid track record of
the participating researchers, and the hope that knowledge gained would be transferable to
other supports (Satyapal, 2010) (though testing of other supports never occurred within the
project as USDOE had wished).

As mentioned in Section Localized Fuel Starvation (pg. 36), the catalytic solution to
the RCDM involves two strategies, which could be implemented independently or simul-
taneously. Research on the two strategies can be conducted independently because each
strategy is confined to one electrode. The only non-3M/Dalhousie affiliated studies for
option @ are those conducted by South Korea’s Yonsei University (Oh et al., 2012), and
Samsung SDI (Min et al., 2014). More details about these studies are provided in Section
2.4. For option B, the only studies are from Argonne National Laboratory (Genorio et al.,
2010) and Solvicor (started by Umicore and Solvay, but now owned by Toray) (Durst et al.,
2015). The industry has probably gone with a systems engineering strategy, but it seems
there is room for more research on the catalytic answer to the RCDM, given the sparsity
of the published research (excluding 3M’s and Dalhousie’s published studies, which are

numerous). This PhD project exclusively focused on strategy @, i.e. modifying the fuel

cell cathode catalyst to enhance its OER activity.

2.3 Materials Properties of Ru and Ir

Enhanced OER activity in the fuel cell cathode should accomplish two things: 1) carbon
will be preserved because the oxidative current demand of the RCDM will come from
the oxidation of water not carbon, and 2) the potential seen by the cathode during the
RCDM will be lower, and this should reduce Pt dissolution by reducing the amount of
electrochemical Pt oxide formation. The OER activity of Pt is poor, which is obvious
because of the occurrence of the corrosion of carbon (due to the RCDM) in a Pt only
fuel cell. Adding a good OER catalyst is the simplest way to enhance the OER activity.
So what are the best catalysts for the OER? Furthermore, echoing some questions raised
at the very beginning in Section Project Motivation (pg. 1), How will these best OER
catalyst materials behave on NSTF? Will there be durability issues for the OER catalysts
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like there is for Pt, and if so what is the nature of the instability? This section explores
the answers. The question, “what are the best catalysts for the OER?” ought to be first
sufficiently addressed.

2.3.1 Origins of the OER in Acid

Exploration of electrocatalysts for the OER began just before the turn of the twentieth
century with the development of industrial electrolyzers A historically noteworthy mono-
graph, rich with details about this burgeoning industry, was recorded by Hale (1919). The
document shows alkaline electrolyzers®> were already an industry standard for the large-
scale production of hydrogen and oxygen. Hale states that by 1916, some companies had
developed nickel-plated electrodes, which remain to this day a common anode material
for industrial alkaline electrolyzers The scientific development of OER catalyst materials
lagged behind significantly, not surprisingly, because the electrocatalytic processes were
not well understood. This understanding culminated in the 1950’s with the widespread ac-
ceptance of the theories of electrochemical kinetics (Bockris, 1991). Scientific research on
applied electrocatalysts then experienced a case of tunnel vision, focused exclusively on
Pt (Hadzi Jordanov et al., 2004), until a materials innovation from within the chlor-alkali?
industry gradually became known: the Ru containing anode, which was first patented in
1965 by Beer (1980). Increasing knowledge and understanding of these catalyst materials,
which produced oxygen as a by-product, probably helped lead to another electrocatalytic
first from industry, the PFSA based electrolyzer by General Electric Corporation, invented
by Russell et al. (1973). Recall that the PFSA membrane is an acidic electrolyte, in which
transition metal anodes would quickly corrode. The electrocatalytic materials for this de-
vice were kept a trade secret, but suspected to include various combinations of Pt, Ir, Ru

and Ta (Tilak et al., 1981). In addition to Beer’s material, General Electric’s invention could

2Some of the devices profiled by Hale, particularly the earlier ones, were based on sulphuric acid and
electrodes of either carbon or lead. This seems like a bad idea according to present knowledge; carbon and
lead are very poor OER catalysts, much worse than nickel in base. However, the higher activation losses of
acidic electrolyzers were compensated by their lower ohmic loses due to the much greater ionic conductivity
of sulphuric acid. As design improvements (i.e. a closer electrode spacing) reduced ohmic losses, the alkaline
electrolyzers performed better than the acidic ones, and became the dominant technology.

3The chlor-alkali process produces two commodity chemicals, lye (NaOH) and chlorine gas by passing
an electric current through brine. The cathode compartment becomes enriched with lye and Cl, evolves on
the anode. Prior to Beer’s invention, the electrodes were carbon and shrunk with time (like the carbon anodes
used for electrowinning aluminum). This is why Beer’s catalyst material and its derivatives are commonly
known in the literature as “Dimensionally Stable Anodes” (e.g. Trasatti (2000)).
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have also been inspired by Damjanovic et al. (1966), which seems to be the first published
demonstration of high OER activity for Ir in acid.

Mixtures of Ir and Ru, have since become the standard catalyst materials for the OER
in acidic media. It seems this was first established by Miles et al. (1978), and later by
numerous studies, many of which are listed in the review by Park et al. (2012) and in
the introduction of Cherevko et al. (2016e). Additional elements, other than Pt, are also
predicted by Pourbaix (1966) to be stable in the low pH, high potential regions relevant to
this study. Pourbaix diagrams for these elements (Rh, W, Pd, Ti, Sn, Ta, and Nb) and some
citations on additional elements used for OER-in-acid catalysis are given in Appendix A as
starting points for the reader interested in pursuing non-conventional research on the OER
in acid. Consideration of these elements is beyond the scope of this project. Therefore Ir
and Ru are exclusively chosen for study in this project to implement a materials solution to

the problems arising from the RCDM.

2.3.2 Thermodynamic Considerations
2.3.2.1 Pourbaix Diagrams of Ru and Ir

Figures 2.20 and 2.21 show the Pourbaix Diagrams of Ru and Ir, which confirm their sta-
bility in acid at water oxidizing potentials. Figure 2.20 shows a large region of corrosion
for Ru. Ru forms the volatile and soluble RuQy at potentials above 1.383 Vg (Pourbaix,
1966). Ru is the most active element for OER catalysis in acid but keeping the poten-
tial below the dissolution limit does not yield practical rates of oxygen evolution. Ir is
generally considered to be the second most active element for OER catalysis in acid, and
does not suffer from instability. Pourbaix states “iridium appears to be a very noble metal”
and “when used as a anode, iridium is not usually attacked, even in the presence of any
chlorine liberated by electrolysis.” (The corrosion of IrO, to IrO4*~, shown in 2.21, was
considered because Latimer in Pourbaix (1966) gave information on the reaction IrO, +
40H  — Ir0,*” + H,0 + 2¢” at pH=14.)

The Pourbaix Diagram for Ir (Figure 2.21) shows only iridic oxide (IrO,)* and no
sesquioxide phase like for Ru. This is because the Gibbs energy of iridium sesquiox-
ide was assumed such that the equilibrium potential for both the iridium sesquioxide and

iridium dioxide half reactions are the same. Pourbaix justifies this assumption by stating

IrO, is a typo in Pourbaix (1966), it should show IrO, - 2 H,O or Ir(OH)4
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“Ir, O3 - XxH,O (yellow green to blue black) is readily soluble in acids and alkalis, and is
easily oxidized to IrO, - 2 H,O by the common oxidizing agents, including air”. But this
contradicts his approach when constructing the diagram for Pt, where he claims the ther-
modynamic properties of hydrated platinic oxide are known “very approximately” when
the amount of hydration is unknown (full quote in Thermodynamic Considerations of Pt
Stability on pg. 23). Thus the Pourbaix diagram for Ir is a bit misleading, as it gives the
perception that electrochemically passivated Ir exists only in the 4+ oxidation state (iridic
oxide) when, by extension of Pourbaix’s comments on Pt, it could be thermodynamically
stable in the 3+ oxidation state if the state of hydration permits. In reality, Ir’* does exist
in anodically grown iridium oxide. The study by Pfeifer et al. (2016) is the latest of many
studies which provide evidence for the existence of Ir’* in anodically grown Ir oxide. Thus
not only are Ir and Ru thermodynamically stable as oxides at potentials lower than oxygen

evolution, but they can exist in both the 3+ and 4+ oxidation states.
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2.3.2.2 Phase Diagrams of Ru, Ir, and Pt

Could Ru and Ir be alloyed to obtain a catalyst with the activity of ruthenium and the
stability of Ir? Figure 2.22 shows the Ir-Ru binary phase diagram where Ir and Ru are
miscible over most of the binary composition range and a two phase region exists in the
middle. Since Pt will also be an essential part of the catalyst material, Figure 2.23 shows
a ternary phase diagram for the Pt-Ir-Ru system. Figure 2.24 shows a Pt-Ru binary phase
diagram. Both figures show Ru and Pt are miscible over most of the composition range
except for a two phase region between 65 and 80 at% Ru. Figure 2.23 also shows Ir and Pt
are miscible over the entire composition range. However Figure 2.25 shows a binary phase
diagram for Pt-Ir which indicates phase separation occurs over most of the composition
range below 900°C. Ir and Pt will likely phase separate while Ru and Pt can form a solid
solution below about 60 at% Ru, which is above the upper limit of this project will explore
due to loading constraints. It is unknown how anodic oxidation of Ru and Ir (explained in

the next section) affects phase separation.
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Figure 2.24: Binary phase diagram for the Pt-Ru system. Published by Johnson Matthey,
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2.3.3 A Brief Note on Experience with Ru-Ir Mixtures

It is easy to tell when the Ru stability threshold is crossed as the loss of Ru, seen as OER
activity loss, is quite rapid. Figure 2.26 shows this behaviour. Ir is the most active OER
catalyst after Ru (also apparent in Figure 2.26) and unlike Ru, is generally regarded as
very stable (Section 2.3.5 will describe the nature of Ir stability in detail.) However, Ir is
significantly more expensive (almost an order of magnitude) than Ru. The relative costs
and activities of Ru and Ir, along with their expected thermodynamic miscibility, present
an opportunity to develop an alloy catalyst material with unrivalled stability and activity.
Kotz and Stucki (1986) were probably the first to attempt and verify this rule-of-mixtures
type approach. They showed 20 at% Ir could stabilize Ru. Other studies followed, with
varying degrees of success, but mostly confirming the concept to some extent. Figure 2.27,
shows an example of how adding (20 at%) of Ir to Ru can improve the stability without
losing activity. Balancing activity and stability of Ru-Ir mixtures remains an area of active
research. For example Danilovic et al. (2014) demonstrated an optimal Ru:Ir ratio of 1:1 if

the nanoparticles are pretreated to achieve an Ir enriched surface.
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Figure 2.26: OER behaviour of PGM nanoaggregates (20 to 25 nm, obtained after cal-
cination/reduction of the PGM salt solutions absorbed in Toray carbon paper) in 0.5 M
NaNOj; (pH = 5.6) during a positive going potential scan (5 mV s~!). Potential is measured
vs. the saturated calomel electrode (SCE) (Vsyr = Vsce + 0.241 V). Reprinted with per-
mission from Dokoutchaev, A. G. et al. Multicomponent Electrodes for Water Oxidation:
From Combinatorial to Individual Electrode Study. Chemistry of Materials 14, 3343-3348
(2002). Copyright (2002) American Chemical Society (Dokoutchaev et al., 2002).
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Figure 2.27: Chronopotentiometry experiments of RuO, and Iry,Ruy30, in 0.5 M H,SO,.
Current density: 50 mA cm™2. Reprinted from Electrochimica Acta, vol. 54, no. 26, J.
Cheng, H. Zhang, G. Chen, and Y. Zhang, Study of Ir,Ru;_,0, Oxides as Anodic Elec-

trocatalysts for Solid Polymer Electrolyte Water Electrolysis, pp. 6250-6256, Copyright
(2009), with permission from Elsevier (Cheng et al., 2009).
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2.3.4 Electrochemical Oxides of Ir and Ru

Ru and Ir catalyse the OER as oxides, and are frequently synthesized as oxides (note the
legend in Figure 2.27 lists oxides). If they are not synthesized as oxides prior to OER
catalysis, the surface of the metallic phase becomes anodically oxidized by reaction with

water. For instance the anodic oxidation of metallic Ru proceeds according to the reaction:

Ru’ to Ru’** : 2Ru+3H,0 — Ru,O5 + 6H" + 6¢~ (2.1)

and can oxidize further according to the reaction:
Ru** toRu**:  Ru,0; + HLO — 2RuO, + 2H" + 2e” (2.2)

The next anodic oxidation reaction does not continue to build oxide layer, but destroys it

producing the volatile ruthenium tetraoxide:
Ru* toRu*:  RuO, +2H,0 — RuO4 +4H" +4e” (2.3)
and RuQy is a mildly acidic according to:
RuO, + 2H,0 — H,Ru0s — HRuOs™ + H* 2.4)

The anodic oxidation of Ir is completely analogous to Reactions 2.1 and 2.2. The next

anodic oxidation step for Ir is not analogous to Reaction 2.3, but is suspected to be:
Ir** to Ir* : IrO, + H,O — IrO; + 2H* + 2e” (2.5)

More on IrO; is provided in Section 2.3.5.

The thermodynamic oxidation of Ru and Ir to the +3 or +4 oxidation state (reaction 2.1
or 2.2) takes place at potentials lower than the thermodynamic oxidation of water (i.e. the
OER). Figure 2.28 shows all the relevant thermodynamic potentials for Ru and Ir on one

scale.
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standard reduction potential / mV vs. SHE
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Rll203 +6H" + 6 — 2Ru + 3H,0O

| I
2Ru0O, + 2H " +2e” = RU203 + H,0

‘ RuOy4(g) + 4H" + 4¢~ == RuO, + 2H,0

(Iro2 +4H +de” — Ir+2H20)

| |
(I0s(c) + 6 H" + 6~ == 2Ir + 3H,0)
l

Ir,03 + 6H" + 6 —= 2Ir + 3H,0
[

ZII'OZ +2H " +2e¢” = II'QO} + HQO

(IrO3(c) +2HY +2e” = IrO,(c) + HZO)

Figure 2.28: The standard reduction potentials® of acidic electrochemical half reactions
with water for Ru and Ir. Oxides are hydrated unless indicated as crystalline with (c).
RuOy is volatile so is indicated as gaseous (g). Large parenthesis indicate the potential is
“estimated” according to Bratsch (1989). Other potentials are taken from Pourbaix (1966).

The ability of Ru and Ir to exist in both the 3+ and 4+ oxidation states gives Ir and
Ru an electrochemical property known as pseudocapacitance®. Shifting of equilibrium
potential with the extent of hydration would also play a role in broadening the potential
range over which the redox reaction occurs, which would better simulate a true capacitor.
The electrochemically formed oxides of Pt are always electrochemically reducible back to
the metallic phase, which is not the case for Ir (Buckley and Burke, 1975) and Ru (Hadzi-
Jordanov et al., 1978).

Note that Figure 2.21 shows the potential vs. RHE and SHE are equivalent under acidic conditions (pH
<6) for reactions 2.1 through 2.3 (including analogous Ir reactions).

The prefix ‘pseudo’ is used to distinguish the phenomena from electrical double-layer capacitance. Met-
als other than Ru and Ir also display this behaviour, e.g. W, Co, (Conway et al., 1997) and Mn (Subramanian
et al., 2005).
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2.3.4.1 Noteworthy Review Literature on Ru and Ir Electrodes

The electrochemical formation and pseudocapacitive behaviour of anodically grown Ir and
Ru oxide is complicated. The behaviour of preoxidized Ir and Ru is also not simple. Re-
search on Ru and/or Ir electrocatalyst materials started in the late 1960’s with the goal of
understanding Beer’s Ru anode invention which revolutionized the chlor-alkali industry.
Summarizing the research conducted during the 70’s and 80’s is challenging, because 1)
the jargon is inconsistent, 2) the explanations are highly speculative; few hypotheses were
confirmed conclusively according to the rigour expected by present scientific enquiry, 3)
there were many contradictory results and disagreements between research groups. For
example the nature of the OER mechanism discussed in Electrochemical Kinetics for Hy-
drogen Fuel Cells and Electrolyzers on pg. 15, continues to be a topic of debate. In
addition to these challenges, most of the Ir and Ru materials subject to research in this era
were thermally prepared oxides; the Ir and Ru catalysts materials herein are synthesized in
the metallic phase via magnetron sputtering. Therefore a comprehensive summary of work

on the OER catalysed by Ir and/or Ru in acid is beyond the scope of this report.

Nevertheless, as starting points for the aspiring OER-in-acid researcher, the important
review publications are listed. A two volume monograph titled “Electrodes of Conductive
Metallic Oxides” contains chapters which summarize much of the early (1970’s) work on
Ir and Ru; these chapters are Burke (1980), Trasatti and Lodi (1980), Nidola (1981), and
Trasatti and Lodi (1981). A six volume series titled “The Anodic Behaviour of Metals
and Semiconductors” also contains chapters by Gabe (1981) and Belanger and Vijh (1977)
which summarize early work on Ru and Ir. Additional important reviews on early litera-
ture are “Properties and applications of RuO;-based electrodes” by Trasatti and O’Grady
(1981) and “Electrochemistry of Hydrous Oxide Films” by Burke and Lyons (1986). Much
of this early work focused on fundamental physical properties like crystallography, band
structure, and conductivity, as well as electrochemical properties like how the thermal
synthesis parameters affected pseudocapacitive charge characteristics, chlorine evolution
activity, and oxygen evolution activity (particularly the Tafel slope). Reviews on work
completed post 1980’s are difficult to find, though Fabbri et al. (2014) provides a concise
presentation of the hypotheses proposed, and Cherevko et al. (2016e) cites a substantial

number of studies from this period in his introduction.
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It is nevertheless prudent to plainly state the most basic nature of these materials; elec-
trochemically produced oxides of Ru and Ir are pseudocapacitive, amorphous, hydrated,
and have a porous quality. The acceptance of these qualities are widespread throughout the
literature but their origins are difficult to ascertain. For instance, regarding the hydrated
nature, Pourbaix (1966) favoured using thermodynamic values for hydrated substances,
and some early studies used the word “probably” with respect to the hydrated nature of Ir
(Buckley and Burke, 1975) and Ru (Burke and Mulcahy, 1976). Regarding the pseudoca-
pacitive, amorphous, and porous qualities of anodically grown Ir and Ru oxide electrodes,
the review by Burke and Lyons (1986) is probably the best source of studies which show,
or speculate on these qualities for Ru and Ir. A glimpse into the complexity of the Ir/Ru

electrode is presented in the following section.

2.3.4.2 The Anodic Oxidation of Ru and Ir Supported on NSTF and Flat Glassy

Carbon

Rather than delve into the literature to explain what happens when Ru and Ir become an-
odically oxidized, this section shows original data collected at the start of this project.’

As previously stated (pg. 59), metallic Ru or Ir are irreversibly electrochemically oxi-
dized. The progress of these changes can be monitored if the upper potential starts below
the thermodynamic oxidation potential and is gradually increased. Figures 2.29 through
2.32 show this process for Ru and Ir thin film on flat glassy carbon and on NSTF. (Figure
2.32 (Ir on flat glassy carbon) did not have the upper potential gradually increased). Several
questions drove the planning of experiments shown in this section.

1) Can the loss of Ru or Ir metallic phase and gain of Ru or Ir oxide phase be assessed
with electrochemical data?

2) When does the metallic Ru or Ir begin transformation into an anodic oxide? (i.e. How
far away form the equilibrium potentials in Figure 2.28 does the transition begin?)

3) When is the metallic phase of Ru or Ir completely converted to the oxide phase?

"The data was never considered for publication because it contains unattractive aspects, such as current
outside the measurement range, unknown loadings, and inconsistent testing protocols. Furthermore, the
electrochemical testing protocols used could have been refined to better highlight the salient features of the
conversion from the metallic phase into the anodic oxide film, because some of the changes which differen-
tiate the development stages are minute. The tests were not repeated with more ideal parameters because the
nature of the pseudo capacitive properties of Ir and Ru was not the focus of this research project. Neverthe-
less, the data is useful and shown here because it comprehensively shows the differences between Ir and Ru
and between a flat film and NSTF.
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4) Drawing from the behaviour of Ru in Figure 2.27, at what upper potential does Ru
OER current peak?
5) Is the OER required for Ru or Ir anodic oxidation?
6) Can the amorphous, hydrated, and porous nature of anodically oxidized Ru or Ir be
discerned from electrochemical data only?

The testing protocol for each experiment is shown as a potential vs. time graph split left-to-
right, top-to-bottom over panels A, B, and C. Panels D and E show selected CVs which are
cross-referenced to the testing protocol (panels A, B and C) by colour. Panel D shows the
CVs when the material is mostly metallic, and panel E shows the CVs when the material is
mostly oxide. Panel F shows an attempt to track various species with well defined points
on the CV (this is an attempt to answer to question 1) ). Labelled CVs in panels A, B,
C and F CVs that demarcate key transition points in the anodic oxide transformation are
based on maxima and minima of these quantitative phase/species indicators in panel F.
These phases/species are Hypp, reversible oxide and irreversible oxide. The Hypp species
quantifier is the Hypp desorption region (0 to ~0.2 Vgzyg) maximum current minus the
double-layer region8 (~0.2 to ~0.4 Vgyr) minimum current. A distinction will be made
between the two types of electrochemical Ru or Ir oxide (reversible and irreversible) in the
following sub-sections. Three CV labels (and colours) are common to all Figures (2.29
through 2.32). One of these key transition points is a yellow CV with different labels for
Ru (“Min. cap. in non-Hypp region”, (where cap. = capacitance)) and Ir (“Start of irrev.
oxide growth” (where irrev. = irreversible)). This yellow CV could be thought of like a
mid-way point between the metal and oxide phase, and so is always shown in both panel D
and E. Two additional CV labels are used for Ru.

The basic form of the testing protocol for the Ru samples was alternating CVs and
holds. The upper potential gradually increased from 0.76 to ~ 1.7 Vgyg to observe the
expected instability after ~1.383 Vzyp (i.e. to answer question 4)). Ir does not have an
expected instability threshold (the conversion to IrO; is not well documented and not ob-
served with electrochemical data only, see Section 2.3.5), so a different type of protocol

was developed. The upper limit of all CVs (Ru and Ir) was capped at 1.2 Vgyg.

8Throughout this report, the phrase “double-layer region” should be taken to mean the potential range
between the Hypp desorption/adsorption and the reversible oxide formation/reduction. For Pt, the current in
this range is due to double-layer charging. For Ir and Ru, the current in the “double-layer region” contains
Faradaic contributions because there is some overlap between Hypp desorption/adsorption and reversible
oxide formation/reduction.
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What drove the design of the testing protocol for Ir? Two things about Ir on flat glassy
carbon and on NSTF were known from prior unpublished work: 1) significant pseudoca-
pacitance growth on Ir occurs in conjunction with the OER, and 2) the potential at which
noticeable OER current starts, the onset potential, was known. Therefore, the question
arose: is O, evolution necessary for Ir pseudocapacitance growth? (i.e. question 5)). The
upper hold potentials in Figures 2.31 and 2.32 were chosen to be just before the OER onset
potential (the anodic hold current was always < 0.005 mA cm~2). Figure 2.31 (Ir on NSTF)
panels A, B and C show the potential holds were always at 1.35 Vgy g and Figure 2.32 (Ir on
glassy carbon) panels A, B and C show that the potential holds were always at 1.4 Vgyg.

Before the questions on the conversion of metals to oxides are specifically answered,
two other phenomena, observable in Figures 2.29 through 2.32 are addressed in the two
following sections: Electrochemical Cleaning and Reversible Oxides. One should be fa-
miliar with the knowledge and terminology associated with the Pt CV in Figure 1.8 (pg.

19) before proceeding with this section.
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Figure 2.29: The anodic oxidation of Ru sputtered (see Section 3.2.3) on NSTF grown by
3M on pyrolytically coated compressed graphite (see Sections 3.2.1 and 3.2.2). Potential
was measured vs. a mercury/mercurous sulfate electrode (MSE) then converted to RHE
(Vrue = Vuse + 0.638 V). Abbreviations: cap.= capacitance, rev.= reversible, irrev.=
irreversible, desp.= desorption, d.l.= double-layer.



65

1 I I I I I V. Py,
1.5 A 4
10 B | 11 T IO HOHW I I I[VHH1] ‘ I o
05p P A A A
00 ;_‘i\‘\‘ [ L ‘\I\ n IR ; IR | RIRI wlw 11 e |‘ | | | I \Iw e e Iuw I (A
o 15:12 15:42 16:12 16:42 17:12 17:42 18:12
) T T T T T v T - T H T T
= 15|8 OER onset current: 1.34 V Min. cap.In non HUP.D reglon °_
g 1.0 B0 IMaX! HukolBefsrelirrev. oxidps || 1] Max Hypo with)jrrey. oxidesxi
€ 05} —>panel E T
8 00 N R | | il I panel D<_ 11 1 | i1 11 | 1 I 11 I
8. : ] 1 ] ] 1 ] 1 ] 1
18:58 19:28 19:58 20:28 20:58 21:28 21:58 22:28 22:58
C T ] MaxT OER current: 1.64 V ! !
1.5} wMax. cap.in‘non-Hypp region -
Ll || (i || || | || || | | Tt | || (Il ||
(1)(5) A A\HUPD completely absent h
00 i 1 HI i | 1 \I\ Il ‘I\ "l i i IH 1 I I‘\ |
00:00 01:00
0.4
~ 0.2 |
|
g
g O00F
2
2 —0.2
g 7l
©
= Ru on glassy carbon
o —04F} Argon purge u i
é 0.1M HCIO4, 30 mV s~!
-0.6 | ]
1 1 1 1 l l 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 06 0.8 1.0 1.2
potential / Vrygp potential / Vzyr
0.07 | ' ' ' ~ Max. cap. in ngn-Hypp regior| 0.40 40.35
‘E 0.06 L Max. Hypp before irrev. oxidessk . do3s I§ 1030 ,g
QO
< ] < <
£ 0.05F species indicator: 0.30 g 4025 ¢
> 0.04F _ Hypp (Hypp desp. peak 1925 3 Jo20 >
g 003 minus d.l. region min?) d40.20 @ {o1s g
g 0.02 Lk — rev. ox. (anog'i.c/current at Jdo1s 3 g
w2 UPer up-sweep_e‘nV ______ 2 Jlo10 &
£ 001 _g—irfév. ox. (anGdic current .. .. 1010 g g
2 A0 TAN . et Joos 5 40.05 5
Y 0.00 | -ﬂA—r""* | , Huep completelly absent | o o

0.8 1.6

1.0 1.2, 1.4
highest hold potential reached / Vzue

Figure 2.30: The anodic oxidation of Ru sputtered (see Section 3.2.3) on flat glassy carbon

(final polish with 5 micron alumina suspension). Potential was measured vs. MSE then
converted to RHE (Vryr = Viyse + 0.638 V). Abbreviations: cap.= capacitance, rev.=

reversible, irrev.= irreversible, desp.= desorption, d.l.= double-layer.
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Figure 2.31: The anodic oxidation without OER of Ir sputtered (see Section 3.2.3) on
NSTF grown by 3M on on pyrolytically coated compressed graphite (see Sections 3.2.1 and
3.2.2). Potential was measured vs. MSE and converted in real time to RHE via electronics
hardware (see Section 3.1.5). Abbreviations: cap.= capacitance, rev.= reversible, irrev.=
irreversible, desp.= desorption, d.l.= double-layer.
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Figure 2.32: The anodic oxidation without OER of Ir sputtered (see Section 3.2.3) on flat
glassy carbon (final polish with 5 micron alumina suspension). Potential was measured
vs. MSE and converted in real time to RHE via electronics hardware (see Section 3.1.5).
Abbreviations: cap.= capacitance, rev.= reversible, irrev.= irreversible, desp.= desorption,
d.l.= double-layer.
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Electrochemical Cleaning

It is widely accepted the voltammetric waves in the lower potential region (0 to 0.4 Vryg)
of PGMs correspond to Hypp desorption (positive/anodic current) and adsorption (nega-
tive/cathodic current); for example, Woods (1974) studied the Hypp features of Pt, Ir and
Rh. Therefore an Hypp desorption charge on Ru or Ir should correspond directly to the
metallic surface area as for Pt. Since Hypp is directly adsorbed on (and desorped off) metal
atoms, contaminants which adsorb to PGMs may inhibit this surface reaction and thus de-
crease the charge/area of the CV features associated with this reaction (Solla-Gullon et al.,
2000). PGM adsorbing contaminants like volatile organic molecules, NO,, SO,, H,S, CO
and NH; may be present in ambient air. Electrochemical cleaning removes these substances
through desorption or electrochemical oxidation with a rapidly alternating potential. Often,
CVs with a rapid sweep rate of 500 mV s~! are used. The most familiar use of electrochem-
ical cleaning is for Pt, where the peaks become sharper with each consecutive CV cycle,
culminating in a stable CV shape. The cleaning CVs are generally not shown in published
CVs of Pt or Pt-alloy materials. For more details on electrochemical cleaning of Pt, see
Solla-Gullon et al. (2000). The following are remarks about the electrochemical cleaning

observed for each of the figures:

e Figure 2.32 (Ir on flat glassy carbon): panel D (0 to 0.4 Vgyg, anodic/positive current)
shows the Hypp desorption wave grows with time and stabilizes at ~83 CV cycles
(14:53 panel A/F). This is good evidence of electrochemical cleaning. However, Pt
does not take this long to reach a stable CV. Why does the cleaning process take
much longer for a flat film of metallic Ir than it would for Pt? This question has no
obvious answer in the literature. Perhaps it is simply the nature of Ir, that it does not
catalyse the oxidation of organics well, or perhaps the sample was exposed to some
air particularly laden with difficult to oxidize organic compounds.

e Figure 2.31 (Ir on NSTF): Panel F shows the Hypp species indicator is reached very
quickly (within eight cycles), after which the CV shape uniformly shrinks for many
cycles (light to dark copper colour, most of panel A and B). This was quite mysterious
upon initial analysis. An explanation is offered on pg. 76.

e Figure 2.29 (Ru on NSTF): panel D shows a couple of cleaning CVs. These are
mostly hidden behind all the other CVs, but the effect can be see in panel F:

the Hypp species indicator takes ~ 10 CV sets to reach a relatively stable value
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(~0.65 mA cm™2).
e Figure 2.30 (Ru on flat glassy carbon) does not show definitive electrochemical clean-
ing behaviour.
Figures 2.29 though 2.32 show features which appear similar to platinum’s oxidation
reduction behaviour. These features are discussed before addressing the questions on the
anodic oxide conversion process, because they appear while the electrode is metallic, i.e.

in conjunction with the Hypp peaks.

Reversible Oxides

In addition to the Hypp adsorption and desorption waves, Ru and Ir can display CV fea-
tures highly reminiscent of reversible’ oxide formation and reduction displayed by Pt. The
widely accepted understanding for Pt, goes as follows: as the potential is swept up from
the double-layer region toward more positive potentials, 2-D phases of adsorbed hydroxide
groups (from an electrochemical reaction with water) form on the metallic surface. As the
potential increases, the hydroxide groups are electrochemically reduced to adsorbed oxy-
gen atoms. In each step, protons are added to the electrolyte and electrons to the electrode.
Further complexity is added to the Pt oxidation process by place-exchange (discussed in
The Nature of Electrochemical Pt Dissolution on pg. 27) which enables the formation of
an oxide phase beyond the thickness of a monolayer, i.e. the 2-D phase. The process has
been well characterized with electrochemical data along with other techniques, and sum-
marized in the review by Conway (1995). A similar process probably happens on Ir and
Ru. For example, a distinction between thin (monolayer) oxygen species and thicker oxide
layers has also been presumedfor Ir (Peuckert (1985) and Woods (1979)) and Ru (Hadzi-
Jordanov et al., 1978) based on electrochemical data only. Therefore, it can assumed that
the presence of a metallic phase can be inferred from both Hypp CV features, and CV fea-
tures that correspond to the formation (and reduction) of the reversible oxide. Both are

electrochemical reactions which form a 2-D phase on a metallic surface.

9The words reversible and irreversible can have different meanings within the field of electrochemistry.
Sometimes even within the same context, their usage can be inconsistent For example, a reversible oxide
in this report is taken to mean an electrochemically formed oxide which can be electrochemically reduced
back to metal. This usage is consistent with reports by L. D. Burke in his reports on Ru and Ir. In studies
on Pt by B.E. Conway, the meanings are different. The reversible oxide is taken to mean that portion of
the electrochemically formed oxide which shows no hysteresis in reduction after formation, and that portion
which does show hysteresis is called an irreversible oxide.
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The reversible oxide on Ru is tracked in panel F with the positive/anodic current at
the end of each up-sweep. The reversible oxide is not tracked for Ir because on Ir, the
reversible oxide peaks grow into the irreversible oxide peaks, with no prior diminishing, as
for Ru. The following observations are on the voltammogram features that correspond to
the reversible oxide.
1. Figure 2.29 (Ru on NSTF): panel D (0.75 to 0.82 Vgyg, anodic/positive current)
shows the oxide formation peaks are initially absent or very small. The peaks reach
a maximum when the upper CV potential reaches 1.14 Vgyg (panel D/F).

2. Figure 2.30 (Ru on flat glassy carbon): panel D, 0.7 to ~0.9 Vgyg, anodic/negative
current shows the formation peaks are initially absent or very small. The peaks reach
a maximum when the upper CV potential reaches 1.2 Vgyg (panel D/F).

e Ru in general: panel D shows a double-layer region is impossible to discern,
in stark contrast to Pt. The D panels, 0.1 to 0.4 Vgyg, cathodic/negative cur-
rent show there is strong overlap of the oxide reduction peak with the Hypp
adsorption peak. This was also observed by Hadzi-Jordanov et al. (1978)).

3. Figure 2.31 (Ir on NSTF): See general comments below.

4. Figure 2.32 (Ir on flat glassy carbon): See general comments below.

e Ir in general: The D panels show the oxide waves (0.4 to 1.2 Vgyg, positive
current) and their corresponding reduction peaks (0.4 to 0.8 Vgyg, negative cur-
rent) are more similar to Pt then Ru, but there is still some overlap with the
Hypp regions. For this reason, the double-layer region (~0.35 to 0.45 Vgyg) is
less clear than for Pt (see Figure 1.8, 0.37 to 0.55 Vgyg) and does not reflect the

true double-layer current.

The Conversion to Anodic Oxide

The six questions on the conversion of metals to oxides listed on pg. 61 are now specifically

answered, using Figures 2.29 through 2.32.

1) Can the loss of Ru or Ir metallic phase and gain of Ru or Ir oxide phase be assessed
with electrochemical data? In general yes, and the answer is the F panels. Oxides will
be addressed first.

e Oxide Gain: Two types of oxide can be electrochemically quantified, one of

which, the 2-D reversible oxide, is actually an indicator of the underlying metallic
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phase. The gain of the other type of oxide, the irreversible type, can be estimated

with CV data for both Ru and Ir.

— Ru: panel F shows the irreversible oxide was estimated with the posi-
tive/anodic current at 0.7 Vgye. This potential was chosen because, by visual
assessment, its current was most closely in proportion to the area bound by
the entire CV (excluding the Hypp waves).

— Ir: panel F shows the irreversible oxide for Ir on NSTF was estimated with the
positive/anodic current at 0.8 Vgyg. The current at any potential > 0.45 Viyp
could have been used. For Ir on flat glassy carbon, the irreversible oxide was
estimated with the negative/cathodic current at 1.1 Vgyg, because the current
for most other potentials within the irreversible oxide range (> 0.45 Vgyg)

surpasses the limits of measurement.

e Metallic Loss: The metallic phase loss (due to irreversible oxidation) can be esti-

mated with an Hypp or reversible oxide wave.

— Reversible Oxide: The gain and loss of the reversible oxide can be estimated
for Ru only. The gain and loss of reversible oxide for Ir cannot be tracked
because the reversible oxide peaks grow into the irreversible peaks. The Ru
F panels show the reversible oxide was estimated with the positive/anodic
current at the end of the up-sweep. The cathodic/negative reversible oxide
reduction wave cannot be used because it overlaps with the Hypp adsorption
wave. The Ru F panels show two maxima and one minimum. The data after
the minimum (dotted line) is not indicative of reversible oxide because of
influence from the irreversible oxide. The increase in the reversible oxide
species indicator (i.e. before the first maximum) should not be interpreted as
an increase in metallic phase.

— Hypp: The Hypp species can be quantified with the difference between an
Hypp wave peak current and the corresponding anodic or cathodic minimum
current in the double-layer region. This was easier than determining a wave
area/charge. For Ru, the Hypp desorption wave must be used to assess metallic
phase loss because of the aforementioned Hypp adsorption wave overlap with

the reversible oxide reduction wave.

2) When does the metallic Ru or Ir begin transformation into an anodic oxide? (i.e. How
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far away form the equilibrium potentials in Figure 2.28 does the transition begin?) It is
safe to assume the transformation begins at the first sign of decrease of metallic surface

area.

e Ru The F panels show the first maximum (or beginning of decrease) of the Hypp
species indicator and reversible oxide species indicator are at different upper hold
potentials. Furthermore, F panels show the order of maxima are switched for the
two types of Ru. What species indicator is best for predicting when the metallic
phase truly starts decreasing? Probably the reversible oxide indicator, because the
double-layer region minimum does not represent the true double-layer current, and
this is because oxide reactions (reversible and irreversible) occur over the entire
CV potential range. This is probably the source of the odd behaviour seen in the
Hypp indicator, like two maxima for both samples, and a very slow initial increase
to the first maximum for the flat film sample. Furthermore, the reversible oxide
maxima (1.14 Vgyg for NSTF and 1.2 Vgyg flat film on glassy carbon) are closer
together than the maxima for the Hypp indicators. These potentials are well above
the equilibrium potential for the first anodic oxidation of Ru (0.738 Vryg).

e Ir There is no reversible oxide indicator, so the beginning of metallic phase loss
should be estimated with the Hypp indicator, but this is not possible for both Ir
samples. For the Ir flat film, the Hypp reaches its maximum after the first 1.4 Viyg
hold. However, the irreversible oxide indicator also jumps up after this potential
hold. Therefore the exact beginning of metallic phase loss is difficult to discern
using only electrochemical data. For Ir on NSTF, the Hypp indicator starts to
shrink after ~4 CVs. This may be loss of metallic Ir, but not because of conver-
sion to irreversible oxide (details in the next Section), therefore the irreversible
oxide indicator must be used to determine when the transformation to anodic ox-
ide begins, which is after the first two 1.35 Vggyg holds. It is impossible to tell how
‘far away’ from the equilibrium potential the conversion starts because of the Ir

testing protocol.

3) When is the metallic phase of Ru or Ir completely converted to the oxide phase? The
completion of the conversion from metal to irreversible oxide can be easily discerned

by the disappearance of the Hypp wave.

e The point at which this occurs, is the CV labelled “Hypp completely absent” in
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all Ru and Ir Figures. This point was algorithmically determined when either the
Hypp desorption maximum, became less than the double-layer region minimum, or
in the case of overlapping potential ranges, when the potential of the double-layer
region minimum became less than the potential of the Hypp desorption maximum.

Table 2.1 shows the potential ranges for searching for the these values.

Table 2.1: Potential ranges (in Vgyg) for searching for the Hypp desorption maximum and
the double-layer region minimum.

NSTF Flat Film
Hypp region | double-layer region | Hypp region | double-layer region
Ru | 0.02 to 0.35 0.19 t0 0.39 0.02 t0 0.17 0.17 t0 0.6
Ir| 0to0.19 0.185t0 0.5 0t00.20 0.22t0 0.4

— Ru It is interesting to note the Hypp desorption wave lasts many CV cycles
after there are no traces of reversible oxide waves, and even after the Ru has
started to corrode (after the green CV label “Max. cap. in non-Hypp region”).
Perhaps the Hypp can form on metallic Ru covered by an irreversible oxide,
and the reversible oxide reaction can only happen on metallic Ru in contact
with the electrolyte.

— Ir It should be noted that using the Hypp wave shrinkage to track the con-
version of the Ir metallic phase to oxide is possible only because the amount
of Ir is practically finite. Experiments with bulk Ir show no change in Hypp
features with the growth of pseudocapacitance (Buckley and Burke (1975) and
Peuckert (1985)).

4) Drawing from the behaviour of Ru in Figure 2.27, at what upper potential does Ru OER
current peak? These potentials are labelled in the C panels of the Ru Figures.

e The potential at which the OER current reaches a maximum for Ru on NSTF is
1.56 Vryr and for the flat Ru film, is 1.64 Vyyr. However, the CVs show the Ru
loss starts earlier than this. The irreversible oxide reaches a maximum (the green
CV and label “Max. cap. in non-Hypp region”) at 1.495 Vgy g for the NSTF sample
and 1.53 Vgyp for the flat film sample. It is safe to assume that this maximum is
caused by Ru corrosion at subsequently higher hold potentials. For both samples,
the equilibrium potential for Ru corrosion (1.383 Viy) is passed even before the

anodic oxide pseudocapacitance (irreversible oxide indicator) starts to grow (the
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yellow CV labelled “Min. cap. in non-Hypp region”, occurring at 1.39 Viyp for
flat film, and 1.44 Vgyp for NSTF). More careful experiments would be required
to ascertain the practicable tipping point potential for Ru stability.
5) Is the OER required for Ru or Ir anodic oxidation? Presumably yes for Ru, definitely
no for Ir.

e Ru The protocols were not designed to answer this question, but in each Ru Fig-
ure’s panel B, the potential at which OER current begins is noted as 1.34 Vigyg
(labelled “OER onset current”). This is a subjective threshold that was determined
by visual assessment of the chronoamperometry data for each potential hold. Nev-
ertheless, it points to the fact that the OER starts while there is still some reversible
oxide activity. It would be interesting have question #5) answered, i.e. find out if
some irreversible oxidation could be started if the alternating cycle-hold protocol
was prolonged with the upper potential kept below 1.34 Viyg.

e Ir The test protocols were designed to answer this question, and indeed, it has
been shown than the OER is not required for irreversible oxidation and pseudoca-
pacitance growth.

6) Can the amorphous, hydrated, and porous nature of anodically oxidized Ru or Ir be
discerned from electrochemical data only? No.

e For Ir, the pseudocapacitance continues to increase after the electrochemical ev-
idence for the presence of a metallic phase (the Hypp peaks) disappears. This is
particularly noticeable for the NSTF sample. There are two possible explanations
for this: Either the material becomes more porous, which could increase the num-
ber of Ir sites that participate in the oxidation/reduction reaction, or some metallic
Ir, which cannot be observed electrochemically, remains. Regarding the latter, if
the resistance of electrical pathway to the metallic Ir is significantly higher than
normal, the adsorption/desorption of Hypp could be stopped. It is conceivable this
happens on NSTF supported Ir because there is always more material deposited
on the tip of the NSTF whisker. Figure 2.33 shows a TEM image on an NSTF
whisker coated with Pt, and a schematic showing the location of the hypothetical

remaining metallic Ir which cannot be observed via the Hypp reactions.
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Figure 2.33: (a): A TEM image from Cullen et al. (2014) of a single NSTF whisker sputter
coated with 85 ugcm™ of Pt. (b): A hypothetical schematic, draw to the scale of the
whisker in panel (a), of an Ir coated NSTF whisker with some unconverted metallic Ir
remaining. The panel (b) schematic is offered as a possible explanation for the continued
growth in pseudocapacitance despite the disappearance of the Hypp peaks (seen in Figure
2.31E). Recall, NSTF is an organic material and not an electric conductor.
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The Hypp Shrinkage of Ir on NSTF

Up to this point, explanations have been provided for the development of the CVs in Figures
2.29 through 2.32 with one major omission: the shrinkage of the CVs in Figure 2.31D (Ir
on NSTF). The shrinking behaviour of Ir on NSTF was very mysterious. It was thought
perhaps with cycling, Ir crystallites on the NSTF were converted to an amorphous phase
with less activity for Hypp or reversible oxide reactions. Based on the literature reviewed
at the time of these experiments (~2010 to 2012) Ir corrosion was not even considered as
an explanation, as Ir has a reputation for excellent physical and chemical stability in the
field of materials engineering. Based on very recent knowledge from the ICP-MS flow
cell technique (Cherevko et al., 2014), the mysterious shrinking behaviour of Ir on NSTF
is probably due to Ir dissolution, or more specifically, “cathodic” dissolution, explained in
the Section 2.3.5.

Summary

The anodic oxidation of Ru or Ir results in the conversion of the metallic phase to an oxide
phase though electrochemical half reaction with water. This oxide phase, called an anodic
oxide, or irreversible oxide in this report is hydrated, amorphous, and cannot be electro-
chemically reduced back to a metal (in contrast to a thickened Pt anodic oxide, which
can always be electrochemically reduced back to Pt metal with sufficiently low potential).
This oxide phase provides additional capacitance over and above the electrolyte capac-
itance from the electric double-layer, and the capacitance provided by surface reactions
involving the adsorption and desorption of a monolayer of some chemical species from
the electrolyte (i.e. the Hypp and reversible oxides ). This additional capacitance, called
pseudocapacitance, arises from the facile switching between oxidation states +3 and +4;
The pseudocapacitance growth is probably encouraged by potential cycling, though this
hypothesis was not directly tested by the experiments presented in this section.

For all the respects discussed in the preceding paragraph, Ru and Ir behave the same, but
there are some specific differences. Table 2.2 shows a summary of the differences between

Ir and Ru.
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Table 2.2: The differences between Ir and Ru regarding the development of reversible and

irreversible oxides.

observable character-
istic in CV

Ru

Ir

extent of hysteresis of
reversible oxides

there is overlap between the
reduction of reversible oxide
and Hypp adsorption (Ru has
more hysteresis than Pt, and
more than Ir)

no clear double-layer region
as with Pt, small overlap be-
tween reversible oxide and
Hypp adsorption (hysteresis is
less than Ru, more than Pt)

pseudocapacitance fea-
tures

almost featureless pseudo-
capacitance, broad peaks in
middle (0.6 Vzyg) and end
(1.2 Vgug) of CV

pseudocapacitance shows
clearly discernible peaks

potential range of pseu-

increased capacitance over

no increased capacitance in

docapacitance entire water stability range Hypp region
concurrence of re- | reversible oxide starts to dis- | fate of reversible oxide un-
versible and  irre- | appear when upper potential | clear from electrochemical

versible oxides

reaches ~1.2 V and seems to
completely disappear before
irreversible oxide growth be-

data, but the waves seem to
morph into irreversible oxide
waves, suggesting both types

of oxides can co-exist

gins

It is hoped that this rather lengthy section has provided the reader with a appreciation
of the complexity of Ir and Ru electrodes. The most important takeaway message is that
these materials are dynamic, always changing, even under steady state conditions, making
them difficult to consistently characterize across disparate research efforts. Though not
explicitly demonstrated in this Section, the OER activity of an anodically oxidized Ru/Ir
electrode is highly dependant on its electrochemical history. Similarly, if the electrodes
are synthesized as oxides, the OER properties are also highly dependant on the synthesis
parameters (this was the conclusion of much of the early literature listed in the Section
Noteworthy Review Literature on Ru and Ir Electrodes, pg. 60). Being precious metals, Ru
and Ir are always prepared on some kind of catalyst support or substrate, which also has a
significant influence on OER properties. Optimizing the factors that affect stability (Ir to
Ru ratio) and activity (synthesis parameters, electrochemical pretreatment, and substrate)
could be considered an art, perhaps reminiscent of the early days of metallurgy. Should
a hydrogen economy ever be realized, and water electrolysis play an important role in

hydrogen production, research on these materials will certainly intensify.
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2.3.5 Stability of Ir and Ru

Iridium is arguably the most corrosion resistant of all the noble metals, inert to the dissolv-
ing action of molten metals and aqua regia, (Hunt, 1987) except the finely divided state
(i.e. Ir “black™) which is soluble in hot concentrated aqua regia (Pourbaix, 1966). Iridium
dioxide, even in the finely divided state, is insoluble in acids (including aqua regia) and
bases. Only hydrated IrO, (prepared by boiling alkali metal iridochloride with lye in air)
is soluble in acid (hydrochloric, nitric, and sulphuric) and slightly soluble in alkalis (Pour-
baix, 1966). Is the electrochemical stability of Ir congruent with its reputation for physical
and chemical resilience? Not quite... Rand and Woods (1974) were probably the first to
report electrochemical Ir dissolution from a Ir electrode cycled between 0.06 to 1.54 Viyg.
Buckley and Burke (1976) were probably the first to report the dissolution of Ir for pro-
longed (0 to 200 min) holds between 1.85 to 1.95 Vsye. Interestingly, each these early
studies unknowingly triggered only one of the two mechanisms of Ir dissolution; the dy-
namic mechanism is probably exclusively active in Rand and Woods (1974), and the anodic
mechanism is almost certainly the only mechanism at work in Buckley and Burke (1976).
These two mechanisms have, like for Pt, been clarified only very recently by researchers
working under Karl Mayrhofer’s electrocatalysis group at the Max Planck Institute for Iron

Research using their ICP-MS flow cell method (Klemm et al., 2011).

2.3.5.1 Anodic Dissolution of Ir and Ru

The suspected culprit of anodic Ir dissolution is IrO; formation, but it is difficult to find
rigorous evidence which proves this compound is electrochemically formed, and leads to
Ir migration to the electrolyte. Kotz et al. (1984a) proposed an OER mechanism which

includes an Ir dissolution reaction:
IrO; + H,0 — Ir0,*” + 2H* (2.6)

Kotz et al. (1984a) credits this to Burke (1980), but there is nothing in Burke (1980) even
suggestive of such a reaction. Regarding IrO;, this compound does exist as a gas at high
(> 800°C) temperatures due to equilibria between Ir, IrO, and O, (Cordfunke and Meyer,
1962). Also, Figure 2.28 (pg. 59) shows crystalline IrO;3 as an electrochemical oxida-

tion product of crystalline IrO,, with a estimated standard reduction potential of 1.5 Vsyg
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(Bratsch, 1989). Regarding IrO,*~, the existence of this ion is confirmed by Pourbaix
(1966) who states: “on fusion with alkaline oxidizing substances (hydrated IrO,) forms iri-
date IrO,~~”. However, there seems to be no evidence of IrO,>~ existing in acidic solution,
casting some doubt on the mechanism of Kotz et al. (1984a) (Reaction 2.6).

Figure 2.34B shows the mechanism of Kotz et al. (1984a) from which Reaction 2.6 is
obtained. It corresponds nicely to a more believable OER mechanism for Ru (Kotz et al.
(1983), Figure 2.34A), which links oxygen evolution to the well known Ru anodic corro-
sion reaction. Both mechanisms require the evolution of O, be preceded by the formation
of an unstable oxide. Kotz et al. (1984b) provide experimental support for the Ru OER
dissolution mechanism with data on dissolved Ru amounts, in proportion with OER rate.
Kotz et al. (1984a) do not provide experimental evidence of concurrent Ir dissolution and
oxygen evolution, but showed X-ray photoelectron spectroscopy (XPS) evidence for Ir®*
existence during the OER, and cite Wohler and Witzmann (1908) regarding the instabil-
ity of IrOs. Wohler and Witzmann (1908) “reported that by fusing iridium with sodium
per-oxide, a compound of approximate composition IrOz could be obtained, and that this

liberates oxygen on treatment with sulphuric acid solution.”—Buckley and Burke (1976)
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Figure 2.34: Mechanisms for oxygen evolution and corrosion on A) Ru/RuQO, and B)
Ir/IrO, electrodes. A): Reprinted with permission from J. Electrochem. Soc. 130, 825-829
(1983). Copyright 1983, The Electrochemical Society (Kotz et al., 1983). B): Reprinted
with permission from J. Electrochem. Soc. 131, 72-77 (1984). Copyright 1984, The Elec-
trochemical Society (Kotz et al., 1984a).

Despite the questionable Ir corrosion mechanism, the mechanisms in Figure 2.34 agree

with the latest data on Ru and Ir dissolution, which show a good correspondence between
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corrosion and oxygen evolution. Cherevko et al. (2016e) essentially confirms the hypothe-
sis that anodic dissolution of Ru or Ir necessarily occurs along with the OER. Figure 2.35
shows increasing metal dissolution rates with potential up-sweep current for Ru, Ir, RuO,,
and IrO,. Though not obviously apparent in Figure 2.35, there is a strong similarity be-
tween the onset potentials of OER current and metal dissolution for Ru, Ir, RuO, and IrO,
in acid (see Table 1 in Cherevko et al. (2016¢)), providing further evidence for a concurrent
OER corrosion mechanism. Figure 2.35 also shows the dissolution from metallic Ru and Ir
are about two orders of magnitude greater than that from their respective oxides. Cherevko
et al. (2016e) does not suggest an explanation for Ru, but states that for Ir, it may be due
to poor passivation of the electrochemically formed oxide; anodic Ir oxide formed without

cycling is only one to two monolayers thick (Peuckert, 1984).
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Figure 2.35: Anodic ramp (blue curve and left axis) and dissolution (red curve and right
axis) data for Ru, Ir, RuO, and IrO,. Current density axes scales have a maximum of 5
mA cm™? Scan rate: 1 mV s7!. Electrolyte: 0.1 M H,SO4. Sample synthesis: sputter depo-
sition (Ar, 0.67 Pa, 250 W AC) Ir(O,): 225 nm Ru(O;): 300 nm, oxide preparation: metal
annealed at 600°C for 5 4 in air. All films on 20 nm Ti adhesion layer, on 1.5 pum thermal
Si0O, on single crystal silicon wafer. Reprinted from Catalysis Today, 262, Cherevko, S. et
al., Oxygen and Hydrogen Evolution Reactions on Ru, RuO,, Ir, and IrO, Thin Film Elec-
trodes in Acidic and Alkaline Electrolytes: A Comparative Study on Activity and Stability,
pg. 170-180, Copyright (2016) with permission from Elsevier. (Cherevko et al., 2016¢)

2.3.5.2 A Brief Note on the Emergence of New Knowledge Relevant to this Project

As previously mentioned, (pg. 48) the dynamic nature of electrochemical Pt instability was

not known when this project began. Neither was the knowledge presented in the next two
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sections, which is analogous to the dynamic Pt dissolution mechanism. The experimental
work presented in this thesis was planned and carried out before this collection of very
relevant and surprising knowledge was published. Had this knowledge been known at the
outset, experiments may have been planned differently. These sections are included because

they are very relevant for those interested in carrying on the work of this thesis project.

2.3.5.3 Cathodic (Dynamic) Dissolution of Ir

Cherevko et al. (2014) revealed a new Ir dissolution process, believed to be similar to
the dynamic dissolution proposed for Pt explained in The Nature of Electrochemical Pt
Dissolution (pg. 27). Figure 2.36 shows simple potential and dissolution profiles for Ru,
Ir and Pt. Ir looks similar to Pt but with two important differences: 1) the Ir cathodic
dissolution peak occurs much later. This corroborates with the larger hysteresis in the Ir
reversible oxide formation/reduction peaks (discussed in Reversible Oxides, point 3 pg.
70). Figure 2.36 shows the anodic dissolution peaks (the smaller ones) for Ir and Pt look
the same but different mechanisms are at work. The anodic dissolution for Ir is part of the
oxygen evolution process, while the for Pt, the anodic dissolution is due to the dynamic
process shown in Figure 2.6 (pg. 31). A review of Figure 2.4 (pg. 28) will confirm
the anodic dissolution of Pt does not correspond with the OER. Unfortunately, the jargon
‘anodic dissolution’, initiated by Mayrhofer’s group members, is used for both Pt and Ir
and does not indicate which mechanism is at work.

The nature of Ir electrochemical dissolution actually has many intricacies, explained in
two papers devoted to metallic Ir (Cherevko et al., 2016a), and anodically grown Ir oxide
(Cherevko et al., 2016b). For example, Figure 2.37 shows the interplay between anodic
and cathodic dissolution as metallic Ir is subjected to square waves with increasing upper
potentials. Figure 2.38 shows how the total Ir lost during the oxidizing cycles is highly
dependent on the upper potential limit. Figure 2.39 shows how dissolution from anodi-
cally oxidized Ir during a constant current changes with the extent of anodic oxidation.
These are all important pieces of knowledge when considering the catalyst synthesis and
recommended operating parameters for an Ir based electrolyzer It is hoped more important
knowledge on the nature of Ir dissolution will come forth as the research with this powerful
technique continues. For instance, what is the influence of various pre-oxidizing methods

(i.e. thermal, reactive sputtering, etc.) on dissolution behaviour? What is the relationship



82

between anodically oxidized Ir stoichiometry and activity? The nature of the dissolved
species is another big knowledge gap waiting to be filled, though not by the ICP-MS flow-

cell technique.
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Figure 2.36: Dissolution of polycrystalline Ru, Ir and Pt caused by potential sweeps be-
tween 0.05 and 1.5 V. Electrolyte: 0.1 M H,SO, purges with Ar, sweep rate: 2 mV s~'.
Reprinted from ChemCatChem, 6, S. Cherevko, A. R. Zeradjanin, A. A. Topalov, N. Kulyk,
I. Katsounaros, and K. J. J. Mayrhofer, Dissolution of Noble Metals During Oxygen Evo-
lution in Acidic Media, pg. 2219-2223, Copyright (2014) with permission from Elsevier

(Cherevko et al., 2014).
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Figure 2.37: Dissolution response of metallic Ir subjected to potential hold cycles returning
to 0.04 Vgyr each cycle and with upper potential increasing from 0.7 to 1.6 Vgyg. Anodic
dissolution occurs on potential up-step; cathodic dissolution occurs on potential down-step.
(Electrolyte: 0.1 M H,SO,, Ar saturated). Reprinted from Catalysis Today, 773, Cherevko,
S., Geiger, S., Kasian, O., Mingers, A. & Mayrhofer, K. J. J., Oxygen Evolution Activity
and Stability of Iridium in Acidic Media. Part 1. - Metallic iridium, pg. 69-78, Copyright
(2016) with permission from Elsevier (Cherevko et al., 2016a).
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Figure 2.38: (a): Dissolution rate with time during 100 potential cycles (for the purpose
of anodically oxidizing metallic Ir) with different upper potential limits. Potential cycles
were sawtooth, lower potential limit was 0.04 Vgyg, sweep rate: 500 mV s electrolyte:
0.1 M H,SO,4). (b): Total dissolution amounts for the different upper potential limits.
Reprinted from Catalysis Today, 774, Cherevko, S., Geiger, S., Kasian, O., Mingers, A. &
Mayrhofer, K. J. J., Oxygen Evolution Activity and Stability of Iridium in Acidic Media.
Part 2. - Electrochemically Grown Hydrous Iridium Oxide, pg. 102-110, Copyright (2016)
with permission from Elsevier (Cherevko et al., 2016b).
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Figure 2.39: (a) Dissolution response of a 0.5 mA cm™2 hold for metallic Ir samples previ-
ously anodically oxidized to various extents with a differing number of potential cycles,
indicated in the legend. (Potential cycles were sawtooth, between 0.04 and 1.5 Vgyp,
500 mV s7!, electrolyte: 0.1 M H,SO,). (b) The Ir dissolution rate at 1200 sec plotted
against previous oxidation cycles. (c) Potential response of a 0.5 mA cm™> hold for the
different oxidation cycles. Reprinted from Catalysis Today, 774, Cherevko, S., Geiger, S.,
Kasian, O., Mingers, A. & Mayrhofer, K. J. J., Oxygen Evolution Activity and Stability of
Iridium in Acidic Media. Part 2. - Electrochemically Grown Hydrous Iridium Oxide, pg.
102-110, Copyright (2016) with permission from Elsevier (Cherevko et al., 2016b).
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2.3.54 Cathodic (Dynamic) Dissolution of Ru

Figure 2.36 shows that Ru displays a large anodic dissolution amount, in agreement with
Figure 2.35. However, there is more to the Ru story, which is hinted at by the very small
Ru dissolution signal at 2100 sec in Figure 2.36. Figure 2.40 shows Ru dissolution from
Ru metal, RuO,, and RuO, nanoparticles can behave similarly to Ir, if the upper potential
does not exceed 1.3 Viryg.

This figure is provided here merely as proof of ruthenium’s dynamic/cathodic disso-
lution'® behaviour but is rich with new insights into the stability of various types of Ru
materials. A complete discussion is left to the original author’s (Hodnik et al., 2015) re-

port.

O Hodnik et al. (2015) use the phrase “transient dissolution” instead of “cathodic dissolution” (started by
Topalov et al. (2012)), which is probably a better description of the mechanism.



86

a) 13 b)
12
11
10
Ru 08 5 >
08 ~
w w
=2 07 T o I
[=% [=% o
=y 0 X o =
: ]
os £ L|>J
04 W
0.3
0.2
0.1 :
0 . ¢ p T ] : v 0.0 T T T T T T T T 0.0
9000 9200 9400 9600 9800 10000 10200 10400 11200 11400 11600 11800 12000 12200 12400 12600
tls tls
13 q14
©) 12 9 rr‘ "\ . J1a
025 4 3 1
1.4
1.0
0.20
08
RUOg > >
08 = <
w w
g 015+ 07 T T
a 0.6 n: D:,
o ]
> >
Bt 05 2 =
04
03
0.05 05
01
0.00 T T T T T T T T 0.0
9000 §200 9400 9600 ©800 10000 10200 10400
tis
e)
0.20
nano
>
RUOZ 15 < 2
w
2 ¢ w
o o o
010 2 2
w w
0.05
0.00 T T T T ' T T T T T T T &
9600 9800 10000 10200 11200 11400 11600 11800 12000 12200 12400 12600
tl's t/s

Figure 2.40: Variation of Ru concentration in a flow (263 u Lmin~") of 0.1 M HCIO, due
to potential sweeps (dashed lines, sweep rate: 5 mV s~!) with upper potential limits of
1.3 Vgye on the left column (a), ¢), e)) and 1.4 Vgye on the right column (b), d), f)) for
metallic Ru (Red lines), RuO, (blue lines), and RuO, nanoparticles (green lines). Reprinted
with permission from Hodnik, N. et al. New Insights into Corrosion of Ruthenium and
Ruthenium Oxide Nanoparticles in Acidic Media. J. Phys. Chem. C 119, 10140-10147
(2015). Copyright (2015) American Chemical Society (Hodnik et al., 2015).
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2.3.5.5 Justifying a Dynamic Dissolution Mechanism for Ir and Ru

The cathodic dissolution behaviour of Ir and Ru appears to be similar to that for Pt, only
with a larger hysteresis. But is the cathodic dissolution mechanism for Ir and Ru similar
to the mechanism ascribed to Pt? Remember, the Pt mechanism depends on an electro-
chemical reduction of Pt oxide to metallic Pt. Up to now, the formation of anodic oxide
Ir and Ru had been described as irreversible once the potential goes above ~1.2 Vgyp, i.e.
the Ir and Ru oxide is unreducible by electrochemical action. How then can the cathodic
dissolution behaviour for Ru and Ir be reconciled with the most probable mechanism? For
Cherevko, the answer lies in a conceptual model for the Ir oxide layer first proposed Burke
and O’Sullivan (1981), and later expounded by Pickup and Birss (1987), Trasatti et al.
(1994) and Godwin et al. (2014). Figure 2.41 shows this model is composed of a compact
anhydrous oxide sandwiched between the metal and the hydrated oxide. It should be stated
that based on state-of-art knowledge, (Steegstra et al. (2013), Minguzzi et al. (2014), Min-
guzzi et al. (2015) and Pfeifer et al. (2016)) Ir*® does not predominate in the hydrated film
as shown in Figure 2.41. It is surmised that only the hydrated oxide is formed irreversibly,
while the anhydrous oxide layer, only several atomic monolayers thick, is electrochemi-
cally reducible back to the metallic form. This allows for the mechanism described in Fig-
ure 2.6 to function on Ru or Ir. The corroded metal ions must, of course, migrate through
the hydrated layer, proposed to be of a sol-gel type structure, to be carried away by the

electrolyte.
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Figure 2.41: A conceptual anodic IrO, film formation model. Reprinted from Journal of
Electroanalytical Chemistry and Interfacial Electrochemistry, 220, Pickup, P. G. & Birss,
V. 1., A Model for Anodic Hydrous Oxide Growth at Iridium, pg. 83-100, Copyright (1987)
with permission from Elsevier (Pickup and Birss, 1987). 11

2.4 Project Uniqueness

As mentioned in Section Developing the Materials Solution to the RCDM on NSTF (pg.
48), apart from 3M/Dalhousie studies, there are only two other published studies on mit-
igating the damaging effects of the RCDM through the addition of OER catalysts to the
cathode (option ® ): Oh et al. (2012) and Min et al. (2014).

Oh et al. (2012) studied the effect of two types of IrO, powder mixed with a Pt\C
catalyst. The stress test was simply a constant voltage of 1.6 V applied to a fuel cell for 30
minutes with H; in the fuel cell anode and N, in the fuel cell cathode. (During the stress test,
the fuel cell anode was actually a cathode and the fuel cell cathode was actually an anode.)
This type of stress test stands in contrast to the alternating potentials used for this project
and most other fuel cell catalyst degradation tests in the literature (see Section 3.3). As
explained previously in The Nature of Electrochemical Pt Dissolution (pg. 27), a changing
potential causes more Pt dissolution than a static potential so Oh et al.’s (2012) stress test

was comparatively mild. The degradation of the carbon was assessed via on-line mass

""Based on state-of-art knowledge (Steegstra et al. (2013), Minguzzi et al. (2014), Minguzzi et al. (2015)
and Pfeifer et al. (2016)), Ir*® (Ir(VI)) does not predominate in the hydrated film at 1.5 V(gyp) as illustrated.
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spectrometry measurements of CO,. Pt loss was not directly assessed other than through
changes in the /-V curve and CV. Oh et al. (2012) found the conventional IrO, powder
was effective at preventing significant I-V loss when the loading was 0.016 mg;.o, cm™2.
Their improved high surface area powder was similarly effective at 0.008 mg;.o, cm™>. (Pt
loading for their study was 0.4 mgp, cm™2.)

Min et al. (2014) studied the effect of various combinations of Ru and Ir mixed with
Pt\C. Their stress test alternated the voltage of the fuel cell between 0.9 and 1.4 V, and the
voltage was held at each peak (1.4 V) until 5 mC cm™2 had passed. First, they found the
best compromise between OER activity and stability (Ru is more active but less stable than
Ir, see Section 2.3.4) was an Ir to Ru ratio of 1:1. Then, using this optimized OER catalyst,
they found a cathode catalyst containing 2.5 wt% of OER catalyst maintained an /-V curve
close to the initial after 5000 SU/SD potential cycles. Comparatively, there was a larger
degradation in performance for the Pt\C (Pt only) catalyst. Min et al. (2014) was published
simply as a conference abstract, so some of the details are not complete.

This thesis project stands apart from the studies by Oh et al. (2012) and Min et al.
(2014) because the catalyst materials are supported on NSTF, not Pt\C, and the RDE is
used to test the catalyst materials, not a fuel cell. The RDE was initially selected to char-
acterize catalyst activity and durability because it could enable rapid screening of many
compositions (discussed further in Section 3.1.4). However, using the RDE to character-
ize the durability of NSTF supported catalysts brought an unintended consequence; ORR
activity decline under simulated RCDM was due only to Pt loss. The effect of carbon cor-
rosion, which would have a significant impact in fuel cell studies, was excluded. It is also
difficult to compare the results of this project to Oh et al. (2012) and Min et al. (2014)
because the stress tests are different. As will be shown in Section 3.3.2, the lower potential
for the stress test used for this project was 0.65 Vgyg. This is much more aggressive toward
the Pt than the lower voltage of 0.9 V (explained in Section The Nature of Electrochemical
Pt Dissolution, pg. 27) used by Min et al. (2014). Thus in a certain sense, all the results of

this project are unique contributions to the field.



Chapter 3

Experimental Techniques and Methods

As stated throughout Chapters 1 and 2, the aim of this project is to make NSTF-supported
Pt fuel cell cathode catalysts more durable by adding Ir and Ru. Only the rotating disk
electrode (RDE) was used to experimentally determine catalysts activities and durability.
About 400 glassy carbon electrode substrates suitable for use with an RDE were prepared
by cutting glassy carbon rods. These rod sections, or ‘disks’, were sent to 3M for one of
their flat ends to be coated with NSTF. Catalyst materials Pt, Ir, and Ru were deposited
on to the NSTF coated disks with a magnetron sputtering machine. Several RDE stations
were then used to test all samples synthesized for this project. More details on the sample
preparation is provided in Section 3.2.

Regarding durability, Chapters 1 and 2 do not cover details about tests for fuel cell
durability; only the catalyst degradation mechanisms from operational (Section 2.1.3) and
materials (Sections 2.1.1 and 2.3.5) perspectives are discussed. Therefore, in addition to
describing sample measurement and synthesis, this chapter includes a third section on de-
signing a measurement protocol to assess durability. Experimental and analytical methods

specific to Chapter 4 and 5 are provided in the respective chapters.

3.1 The Rotating Disk Electrode Technique for the ORR

Obtaining kinetic information, or activity, is the primary aim of fuel cell catalyst research.
How then, does one measure the activity of a catalyst material? This is not a straightfor-
ward measurement, because phenomena other than electrochemical kinetics almost always
influence electrochemical data; recall from Figure 1.5, a fuel cell /-V curve is influenced
by reaction kinetics, electrical resistance, and mass transport phenomena. Therefore, raw
fuel cell data cannot simply be fitted with the Tafel equation (Eq. 1.11, pg. 13) to obtain
the two kinetic parameters. How then, does one tease out the kinetic information from such
an /-V curve? Or perhaps a more basic question is, how is a fuel cell I-V curve useful for

studying catalysis measured in the first place?

90



91

The PEM fuel cell is actually special among fuel cells because the anode reaction (HOR
on Pt) incurs virtually no kinetic losses in acid (Sheng et al., 2010). Therefore, to measure
a PEM fuel cell I-V curve useful for extracting ORR activity on the cathode, one could
simply apply a variable load to the cell, and measure the resulting voltage and current for
various resistances. However, this low-tech method would not work for obtaining kinetic
information for an alkaline fuel cell, for instance, due to significant kinetic losses on both
electrodes. For I-V data to be useful in obtaining a catalyst’s activity parameters, it must
be influenced by only one catalytic reaction. The proper way of studying electro-catalysis,

is to characterize one electrode apart from the other, and this is done with a potentiostat.

3.1.1 The Potentiostat

A potentiostat is a circuit of operational amplifiers. This invention by Hickling (1942), rev-
olutionized the field of electrochemistry because it enabled the study of a single electrode.
The three electrodes are called the working, counter (or auxiliary), and reference electrode.
The working electrode is the sample under study. The potential of the working electrode
(i.e. voltage between the working and reference electrode) is controlled by the op-amp

circuit while the electrical current passes between the working and counter electrode.

The data produced by the potentiostat is current, potential and time. Either the potential
is held constant, or it is changed with time, a technique called voltammetry. Most poten-
tiostats can also operate under a ‘galvanostat mode’ in which the potential is measured with

time as the current is held constant.

The I-V relationship for just one electrode' still contains influences from kinetics, re-
sistance, and mass transport phenomena. To obtain data which will reveal catalytic activity,
the influence of mass transport and ohmic phenomena should be first minimized with ex-
perimental techniques, then eliminated with mathematical corrections. Section 3.1.3 is
about this numerical correction process. The next section shows how the influence of mass

transport is experimentally minimized with convection.

I'Since the data is for only one electrode, it should, strictly speaking, be called an I-E (current potential)
relationship, but the -V terminology is kept.
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3.1.2 Rotating Disk Electrode Background and Theory

The rotating disk electrode (RDE) was developed by Russian researchers® to introduce
convection to electrochemical experiments. Figure 3.1 shows a schematic of an RDE shaft,
the part that spins. The part labelled electrode isolator, also called the shield, mantle or
shroud, exists to approximate a plane surface of infinite extent. The shroud, usually made of
some type of durable plastic such as Teflon or polyether ether ketone, is attached to the end
of a longer rod which extends up out of the electrolyte and is attached to a rotator. Electrical
connectivity is made with some sort of brush contacting the rod. When the electrode shaft
is rotated, electrolyte is drawn up toward the centre of the electrode, and convected outward

along the radius. Figure 3.1 also shows the electrolyte streamlines during rotation.

to potentiostat

spring loaded 11

graphite <— metal shaft
contactor §

electrolyte 1 N
surface N\ __ o

electrode \ disk
isolator electrode

Figure 3.1: Schematic of a RDE shaft. The basic parts of the rotating electrode are labelled
and the electrolyte streamlines are drawn in blue (lighter shade).

The RDE is one of several hydrodynamic electrode methods (see Brett and Brett

2The first publications describing the technique, which are in Russian, are cited by Opekar and Beran
(1976) under Levich (1942) (who described the theory) and Siver and Kabanov (1948) who ran the first RDE
experiments)
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(1993a) for more) which convect electrolyte across a working electrode surface. Prior to
the hydrodynamic methods, all electrochemical experiments were carried out in quiescent
electrolytes. The I-V data, or the potential/current vs. time data, collected from quiescent
experiments can be analyzed to obtain kinetic parameters using equations derived from
Fick’s Second Law and electrochemical kinetics.> However, perfect quiescence is very dif-

ficult to achieve due to thermal gradients.

A hydrodynamic technique is also better for studying the ORR because gases can be
introduced via sparging, which results in quicker saturation and purging of previously dis-
solved gases. Forced convection also means Fick’s First Law can be used (along with the
Butler-Volmer equation) to derive expressions which account for mass transport effects.
The equation that results for the rotating disk electrode was first described by Koutecky and
Levich (1958), and is surprisingly simple:

1 1 1 . iglfara

The Koutecky-Levich Equation: - =—+ — or: p=——— (3.1
Lfara lq I ld — lfara

where iy, is the Faradaic current density, (i.e. no capacitive and surface reaction current,
explained in the next section), i, is the diffusion limited current density for a given rotation
rate, and i; is the kinetic current density (the parameter of interest). i; can be determined
theoretically based on viscosity and rotation rate but the equation is not presented here

because the experimental value of i; was used in the data processing.

The theoretical treatment which results in both the equation for i; and the Koutecky-
Levich equation can be found in Levich’s (1962) seminal book: “Physicochemical hydro-
dynamics”. Sections 5.7 to 5.9 of Brett and Brett (1993b) and also Treimer et al. (2002)

provide derivations.

This section described an experimental technique designed to minimize mass transfer
effects (the RDE) and a numerical correction (Equation 3.1) which go hand-in-hand. Other
mathematical corrections are described in the next section. Some caveats about using the
RDE rather than a fuel cell to determine ORR activity are mentioned in the section follow-

ing the next (3.1.4). Details about the RDE hardware are given in Section 3.1.5.

3Electrochemical Methods by Bard and Faulkner (2000) provides these expressions and their derivations
For potential step experiments see equation 5.2.11 and 5.5.27. For potential sweep experiments, see equation
6.3.12. Chapter 8 on galvanostat techniques, provides other expressions concerning kinetics.
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3.1.3 Analyzing ORR Data Measured with the RDE

As described in the previous section, the current should be corrected for mass transport
effects with the Koutecky-Levich equation. The i, for this relation comes from another
correction which removes capacitive and surface reaction current to yield the Faradaic cur-
rent. In this report, this is referred to as the background subtraction (i.e., a subtraction
of background current due to non-ORR processes). The potential of the raw data can be
corrected for ohmic drop, and this must be done before the background subtraction. There
can be a fourth numerical adjustment, previously discussed in Section Electrochemical Ki-
netics: Theoretical Background (pg. 14), which normalizes the current to the catalytically
available Pt surface area. This could be done at any stage, but is normally done as the final
step. The combination and use of these corrections by the fuel cell community essentially
come from Schmidt et al. (1998), who was the first to use the RDE to characterize the
ORR activity of a Pt\C fuel cell catalyst. A book chapter by the same author (Schmidt and
Gasteiger, 2003) is an excellent resource for researchers who use the RDE to characterize
fuel cell catalysts. Section 10 of the User Manual for the Pine Modulated Speed Rotator is
also very useful.

Therefore, in order of application, the corrections are: 1) Ohmic drop subtraction 2)
background subtraction 3) mass transport correction, and optionally 4) surface area nor-

malization. The ohmic drop correction was only applied in Chapter 5.

3.1.3.1 A Note on Different Methods for Chapters 4 and 5

As mentioned in Section Structure of this Thesis (pg. 21), Chapter 4 describes a prelimi-
nary work to develop methodology for the USDOE/3M durability project, and Chapter 5
is the second, more polished study, which improves upon the data processing methods and
presentation. As such, there were many differences in how ORR data was processed be-
tween Chapters 4 and 5. Details regarding all the differences will be given in the respective

Chapters.

3.1.3.2 Background Subtraction

Two cyclic voltammograms (CVs) are performed, one with the electrolyte saturated with

an inert gas (Argon) to remove all traces of O,, and the second with the electrolyte saturated
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with O,. The current of the CV in Ar, which is due only to double-layer charging and cur-
rent from surface reactions (Hypp absorption/desorption and oxide formation/reduction),
must be subtracted from the current of the CV in O, to obtain the Faradaic ORR current.

The equation is:

ifara(ORR) = _(i02 - iAr) (32)

where it4.q(0rr) 18 the current density due only to the ORR, i, is the current density in oxy-
gen saturated electrolyte, and i, is the current density in Argon saturated electrolyte; note
io, and is, may be corrected for ohmic drop. The negative immediately after the equals sign
is not necessary, but is there to make the cathodic current positive in preparation for Tafel
model processing (a logarithm operation cannot be performed on a negative number).
Only one sweep of the CV is selected for ip, and is.; an up-sweep (positive going)
because the ORR current is higher during the up-sweep due to less Pt oxide coverage.
The sweep selected is always the last full up-sweep, which for this project, is usually the
fourth full up-sweep. The selection of only one sweep creates two numerical processing
problems: 1) the CV data must be accurately separated into separate sweeps (which is
not so simple when noise is present in the potential data), and 2) the subtraction requires
currents for equivalent potentials. Regarding this last point, the problem can be solved with
interpolation, but this requires monotonic (constantly increasing or decreasing) potential
data, and this was never the case due to measurement noise. Solving these problems are

explained in the sections named Sweep Cusp Determination and Sweep Monotonicity in
Chapters 4 and 5.

3.1.3.3 Experimental Diffusion Limited Current

The experimental diffusion limited current (i;) must be determined for the Koutecky-Levich
equation. For all subsequent chapters, the diffusion limited current was obtained by aver-
aging the currents from the last full up-sweep and last full down-sweep between 0.18 and
0.29 Vgge. Sometimes the Pine potentiostat would malfunction and not measure current
lower than —0.5 mA (=2.35 mA cm™2 for & 5.2 mm disk electrode), or sometimes carbon
corrosion (explained in Section 4.6) would have too great an influence. Therefore, if ex-
perimental diffusion limited current was greater than —3.5 mA cm™2 (rotation speed was
900 rpm), the nearest diffusion limited current (from within the same experiment) was

used.
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3.1.3.4 Normalization to Catalytic Surface Area

Active catalytic surface area was estimated by dividing the charge (the integrated area under
the Hypp desorption curve of the CV in Ar saturated electrolyte divided by the sweep rate)
by the widely accepted 210 uC cm™ for polycrystalline Pt to obtain the ECSA. More details
about this technique were explained in Electrochemical Surface Reactions on Pt (pg. 18).
The ECSA is further divided by the planar surface area to obtain the surface enhancement
factor (SEF), which is a convenient ratio which relates the atomic Pt surface area to the

geometric surface area of the disk electrode. All these simple relations are summarized

below:
ECS A QHUPD,des .
210 uC cm=2 .pt U
SEF = = theref = 3.3
SAger,  0.212 cri2 e W= SEF (33)

where i{" is the Pt specific kinetic current density, Qp,,,.., is the Hypp desorption charge,
and A, is the geometric (sometimes called planar) surface area of the electrode. All the
glassy carbon electrode disks used in Chapters 4 and 5 measured 5.2 mm in diameter,
so the geometric surface area is 0.212 cm?. A typical SEF for a planar, mirror polished,
polycrystalline Pt electrode is about 1.5. When current is surface area corrected, it simply
means the geometric current density (given in units mA cm~? throughout this report) was

divided by the SEF, yielding the platinum specific current density (units: mA cmy?).

3.1.3.5 The ORR Performance Metric

As discussed in the last paragraph of Electrochemical Kinetics for Hydrogen Fuel Cells
and Electrolyzers (pg. 18), in lieu of the exchange current density (i,), activity is given
as “current at a specified potential (or vice-versa)”. Sometimes, though rarely, activity
is given as an “onset potential” (Gewirth and Thorum, 2010) which is the potential when
appreciable current, not always defined, starts. Citing a “half-wave” potential (Snyder et al.,
2010) which is the potential at half the diffusion limited current, is also common in fuel cell
literature. Normally ORR activity is reported as background and mass transfer corrected
current at 0.9 Vryr (Gasteiger et al., 2005). How did this convention begin and why was
0.9 Vgye chosen? A direct answer to both questions is difficult to find in the literature,
but it probably had to do with the effect of mass transport (i.e. minimizing the error due
to the mass transport correction) and errors due to the background subtraction.again, PP

generously came up with some replacement text to make it more formal and more clear.
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Since the study by Schmidt et al. (1998), the Koutecky-Levich equation has been widely
used in research on high surface (e.g. Pt\C) Pt based oxygen reduction catalysts. However,
it comes not without a caveat: errors in iy significantly intensify with higher is,,,. Gasteiger
et al. (2005) noted this, and Vidal-Iglesias et al. (2012) wrote a paper devoted to the matter

which can be summarized with the following quote:

“Vidal-Iglesias et al. carried out a detailed mathematical analysis that projected
%3 magnification of error in i at {/i, = 0.5 for an arbitrary experimental error
in the measured raw current. It is thus advisable to report the measured ORR
activity at potentials corresponding to the range 0.1 < /i, < 0.5.* —Shinozaki
et al. (2015c)

The convention of reporting ORR activity as background and mass transfer corrected cur-
rent at 0.9 VzyE is supposed to serve as a standard for comparison between different studies.
(Gasteiger et al., 2005). However as catalysts improved, the current at 0.9 Vg moved into
the range where intensified errors from the Koutecky-Levich correction became a concern.
Because of this concern, NSTF supported catalysts were probably the first group of cat-
alyst materials to break with convention and report the ORR current at a higher potential
(1.0 Vgye 1n Liu et al. (2010), 0.95 Vgyge in van der Vliet et al. (2012)) as the ORR per-
formance metric for RDE studies. Other state-of-the-art (non-NSTF) catalyst materials
followed suit (0.95 Vgyg in Chen et al. (2014)).

3.1.4 ORR Activity: RDE vs. Fuel Cell

It is worthwhile to point out that this project is about fuel cell catalysis, but fuel cells
were not used in any experimental work. After the Pt\C ink breakthrough (Wilson and
Gottesfeld, 1992) it took some time for the RDE technique to be applied to Pt\C materials
(Schmidt et al., 1998). What motivated this new approach to researching Pt\C cathode
catalyst materials? The following reasons have already been given in this chapter:
1. A three electrode potentiostat is the proper way to study a single catalytic reaction.
2. The RDE is a forced convection system, which enables the use of Fick’s first law to

better model mass transfer effects.

4i in the quoted text is the same as i rara in the Koutecky-Levich equation (Equation 3.1)
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Despite these reasons, fuel cells can be, and regularly are, used to accurately characterize
the ORR activity of a catalyst. This is because, regarding point 1.: the HOR on the fuel
cell anode has no kinetic loss, so a potentiostat is not required, and regarding points 2.: the
transport in the gas phase is extremely fast compared to the liquid phase, so there is virtually
no mass transport polarization in a fuel cell at high potentials (> 0.8 Vgyg). To illustrate
the ability of the fuel cell to accurately characterize ORR activity, Figure 3.2 shows very
good quantitative agreement between mass activity of a Pt\C catalyst in a fuel cell and in
an RDE.

Therefore it seems the only clear reason for the RDE? is one not mentioned yet: testing
a catalyst with the RDE requires less work/time than with the fuel cell. This is, in-short why
the Dahn Lab was contracted by 3M for fuel cell catalyst research; the Dahn Lab’s expertise

with the RDE and combinatorial materials synthesis should enable rapid screening of many

different catalysts (i.e. made from different Pt alloys, with different sputtering conditions,
loadings etc). This expertise did enable rapid screening for the earlier contracts, but not
so much for the durability contract; no one anticipated the complications that would arise
from long term (several days) experiments and repeated high (> 1.2 Vzyg) potentials.
Other than the work/time savings, those who espouse the RDE technique regularly jus-
tify it by saying “trends of activity and durability in RDE studies can be used to predict
trends in Proton Exchange Membrane Fuel Cells” (Kocha et al., 2013). While this is easy
for most researchers to accept, there has been no comprehensive study demonstrating this
claim. One of the biggest criticisms of using the RDE for ORR catalysis research is that
the potential range of data from the RDE (~0.8 to 1.0 Vgyg) does not correspond to that
of an operating fuel cell (~0.5 to 0.7 Vgyg). Ideally, one would like to believe differences
between catalysts at RDE potentials necessarily correspond to the same performance (ac-
tivity) differences at fuel cell potentials. However, Zalitis et al. (2013) have shown some
interesting data from their novel floating electrode technique® which casts some doubt on
this hypothesis. Nonetheless, the RDE has had considerable momentum in fuel cell catalyst

research community and is widely viewed as the best way to determine the intrinsic ORR

5 Another advantage is the RDE can enable the determination of the extent of H,O, formation as side-
product of the ORR.

®Kucernak and Toyoda (2008) developed a three electrode method which uses a floating working electrode
as an alternative to the RDE for studying the kinetics of gas electrodes. Zalitis et al. (2013) (same group)
improved the method to enable the study of ultra low (> 0.16 pg cm™2) loaded Pt\C and claim the ORR
on their electrode was “not mass transport limited at current densities in PEFC relevant potentials (0.6 to
0.8 VvsRHE)”
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Figure 3.2: A mass activity Tafel plot of a 47 wt% Pt\C (Vulcan XC72) catalyst tested in an
RDE and a fuel cell. RDE: 0.1 HCIO,, 60°C, 1600 rpm, 14 ugp, cm=2, 0.283 cm~2 disk elec-
trode. No corrections applied, instead electrolyte was kept O, saturated and currents were
recorded after 10 minutes after a potential step from 1.0 Vgyg. Fuel Cell: fully humidified
H,\O, (stoichiometric flows of 2.0\9.5) at 120kPa,,, at 60°C, Nafion 112, 0.4 mgp, cm™>.
iR-free voltages were measured after holding 10 minutes at each current density, corrected
for H, crossover current of 0.9 mA cm™. Republished with permission of John Wiley
and Sons Inc, from Handbook of Fuel Cells: Fundamentals, Technology, Applications,
Gasteiger, H. A., Gu, W., Makharia, R., Mathias, M. F. & Sompalli, B. Volume 3, 2003;
permission conveyed through Copyright Clearance Center, Inc. (Gasteiger et al., 2003).
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activity for a given catalyst material.

It is prudent to mention here that despite the expectation to measure the intrinsic activ-
ity, the RDE still has a poor reputation: it is considered as being “plagued with intricacies”
by Kocha et al. (2013). Considerable effort had been devoted to refining the technique for
the fuel cell community. Any researcher preparing to use the RDE for fuel cell catalysts
research should become familiar with studies by Shinozaki et al. (2015a), Shinozaki et al.
(2015b), Shinozaki et al. (2015c¢), Garsany et al. (2011), Garsany et al. (2010), the USDOE
merit review presentation by Kocha (2014), and the recorded USDOE webinar by Kocha
et al. (2013). Unfortunately, most of the data for this project was collected before these
were published, but good RDE practise was passed down from previous PhD projects (Liu

(2011) and Bonakdarpour (2007)) .

3.1.5 Dahn Lab RDE Instrumentation

This section contains specific details about the RDE hardware used in this project. Most of

the equipment and methods were ‘inherited’ from prior fuel cell projects in the Dahn Lab.

3.1.5.1 Pine Equipment

The following three paragraphs describe hardware manufactured by Pine Instrument Com-

pany, or duplicates of the Pine hardware made by Dahn Lab machinist Simon Trussler.

Potentiostat

An AFCBPI1 bipotentiostat’, controlled with PineChem 2.8.0H software (which was auto-
mated with keyboard and mouse control programmed in Visual Basic 6.0) equipped with a
Pine filter board (ABO1CBPF) with default jumper settings. The filter board significantly
reduced the electrical noise in the potentiostat signal. The AFCBP1 was controlled and

read with a computer via a National Instruments PCI-MIO-16XE-10 A/D (16-bit) card.

"The ‘bi’ signifies there are two working electrodes on this potentiostat, along with the one counter and
one reference electrode. The second working electrode was never used for this project, but is very useful
for ORR research because it can detect the production of HO,, an ORR by product detrimental to PFSA
membranes.
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Rotator and Shaft

A Pine MSR rotator, and an AFE6MB shaft was used. The rotator was calibrated with a
strobe light by Dahn Lab members after shipment according to instructions in the manual.
The rotation speed was controlled with a precision 0 to 5 V source (Keithley 213), which

was controlled by a computer.

RDE Tip Assembly and Mounting Jig

An E6TQ ChangeDisk tip was used to test different electrode samples. Use of this tip is
very common in RDE research. Figure 3.3a), b) & c) shows the parts of this tip. The
preparation of glassy carbon disks for this tip is explained in Sections 3.2.1 and 3.2.2. Disk
samples were mounted in the ChangeDisk tip with a tool designed by Liu et al. (2010) to
ensure the catalyst surface remained pristine. Only the disk surface edge contacts the tool.
In the final step of the tip is pushed down to into the tool to ensure the disk surface and
ends of the u-cup and the tip are flush. Figure 3.4 shows the tool. Figure 3.5 shows how

the tool was operated.

3.1.5.2 Electrolyte, Glassware and Electrodes (non-Pine Equipment)

The following paragraphs describe the electrolyte, or materials that come into contact with
the electrolyte. Any material that contacts the electrolyte may be a source of contamination,
thus all the parts described in this section (and the RDE tip) were meticulously cleaned. The
cleaning procedures can be found in Appendix B and C of Bonakdarpour (2007).

Electrolyte

The electrolyte was 0.1 M HCIOy prepared from doubly distilled 70 wt% stock solution
(GFS Chemical Inc.) and pure (18.2 MQ) water from Barnstead NANOpure DIamond RO
(D12651) and UV (D11911) water filtration systems. HCIO, is used widely in fuel cell
ORR catalysts research, because the anions of the alternative acids (H,SO,4, H;PO,4, HCI)
strongly adsorb on Pt surfaces and hinder the ORR on Pt; this is well documented by many
studies, for example see El Kadiri et al. (1991). In addition, some authors (Paulus et al.
(2001) and Gasteiger et al. (2005)) argue the non-absorbing perchlorate anion more closely

mimics the conditions of a PEM fuel cell, because the anions in the PFSA membrane are
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Figure 3.3: a) and b): All parts that make up the Pine E6TQ ChangeDisk RDE Tip (Pine
Research Instrumentation, 2016). ¢): Assembly schematic of the E6TQ ChangeDisk RDE
Tip (Pine Research Instrumentation, 2005). d): Photo of an operating RDE flask with
electrodes and gas diffuser.
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Figure 3.4: A tool designed in-house to help assembly the RDE tip while ensuring the
catalyst surface remains pristine.
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Figure 3.5: The method of using the tool shown in Figure 3.4 to assemble the RDE tip.
Reprinted with permission from J. Electrochem. Soc. 157, B207 (2010). Copyright 2010,
The Electrochemical Society (Liu et al., 2010).
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immobilized and thus are also non-adsorbing. Cleanliness is very important when making
electrochemical measurements. All parts that came into contact with the electrolyte (i.e.

parts described in the following subsections) were meticulously cleaned.

Glassware

A single compartment five-hole flask (#6961-64 from ACE Glass) contained the electrolyte,
electrodes, and gas sparger, which was a 2 um fritted tube (#9435-10 from ACE Glass).
Figure 3.3d) shows an operating five-hole flask with the gas sparger bubbling and all the

electrodes in place.

Counter Electrode

Pt wire counter electrodes were made by the Dalhousie Chemistry Department glass

blower.

Reference Electrode

A mercury/mercurous sulfate electrode (MSE) reference electrode made by Koslow Sci-
entific (5100A, glass, @ 9 mm) was used because it does not contain Cl~, which strongly
binds to Pt (Stamenkovic et al., 2001). Potentials are reported vs. the RHE, which is very
common in the fuel cell literature. Instead of converting the potential numerically post-
experiment, an ‘in-situ’ conversion from MSE to RHE was done with a precision voltage

source. This is explained in the next section.

3.1.5.3 Reference Electrode Calibration with a Voltage Source

The potential of a reference electrode changes as the electrode is used, therefore periodic
calibration is required. Initially, a calibration was done by measuring the MSE potential
at which the HER\HOR on a rotating polycrystalline Pt electrode yielded zero current.
However, the RDE experiments in this project were long (2 to 4 days) compared to typical
RDE ORR experiments (hours) because of the durability testing protocols (described in
Section 3.3). Calibration before and after the long test revealed several mV’s drift in the
MSE potential. This is not surprising, as the MSE electrodes were filled with 3.5 M H,SO,.

The slow leakage of H,SO, through the reference electrode frit would yield a slow change
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in reference potential. Figure 3.6 shows the change in MSE potential (versus the RHE)

with H,SO, concentration.
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Figure 3.6: Change in MSE potential vs. RHE with H,SO,4 concentration. Data from Beck
et al. (1960).

This drift was a problem, because it meant potentials written in the PineChem set-up
files needed to be changed with each experiment. The problem was solved by inserting a
computer controlled voltage source (Keithley 213) between the working and counter elec-
trode. The reference electrode calibration procedure entailed purging the electrolyte with
hydrogen for ten minutes, then running a 0 V hold on the working electrode. The voltage
source was then adjusted so the hydrogen oxidation or evolution current measured by the
potentiostat was as close to zero as the Keithley 213 would allow (resolution of 0.1 mV).
Shifting the potential with hardware meant the potentials in the setup files did not have to
be changed for every reference electrode calibration. All experiments could conveniently
be written vs. the RHE.

A pure Pt working electrode would be ideal for calibrating the reference electrode.
However, the calibration before each experiment was performed with the sample to be

tested, because Pt is the dominant element, and the exchange current densities of the HOR
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on either Ir or Ru are very close to Pt (Cardarelli, 2008). When no Pt was present on
the sample (e.g. the Figures in Section Electrochemical Oxides of Ir and Ru, pg. 58), the

reference electrode was calibrated using a polycrystalline Pt electrode made by Pine.

3.1.5.4 Current Source

Galvanostatic holds were required for the durability testing protocol, which is explained
in Section 3.3 The Pine AFCBP1 bipotentiostat was capable of operating in a galvanostat
mode, but the PineChem software did not have access to this, so a Keithley 2400 series
source measure unit was used for the parts of the protocol which required constant current
holds. A computer controlled switch was designed and built to switch the connectivity to

the electrodes between the potentiostat and the Keithley source measure unit.

3.1.5.5 Other Experimental Information

e The temperature of the electrolyte was always at ambient, i.e. ~25°C.

e All gases (Ar, O, and H,) were of grade “Ultra High Purity” supplied by Praxair.

e Gases were sparged for ten minutes before electrochemical measurement to saturate
electrolyte and remove the previously dissolved gas.

e The rotator speed was 900 rpm at all times. The applicability of the Koutecky-Levich
equation was previously tested in the Dahn Lab by Bonakdarpour et al. (2006).

3.1.5.6 Summary of the Dahn Lab RDE Stations

The Dahn Lab has developed several combinatorial techniques which are capable of mea-
suring or synthesizing large numbers of samples at once. For instance, catalyst samples (for
both RDE and fuel cell) are synthesized with a sputtering machine, modified in-house to be
able to synthesize many different compositions in one sputtering run (Dahn et al., 2002).
After attempting combinatorial measurement techniques for fuel cell and RDE samples,
and none working sufficiently well, five RDE stations were assembled to handle the vol-
ume of samples which resulted from the combinatorial sputtering machine. A computer
controlled, solenoid gas switch was designed and built in-house to control gas flow to each
of the stations. Figure 3.7 shows all the components for the RDE stations. Figure 3.8 shows

a photo of all five stations in (and on top of) an old glove box.
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Figure 3.7: All the equipment that made the entire Dahn Lab RDE experimental set-up.

™

Figure 3.8: Photo of the five RDE stations. (Not all the equipment labelled in Figure 3.7 is
shown.)
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3.2 Sample Synthesis

RDE catalyst samples were synthesized in three main steps. First the glassy carbon disks
were cut and polished, then they were coated with NSTF by 3M, then the disks were coated
with catalyst material (i.e. Pt, Ir, and/or Ru) in a sputtering machine (at the Dahn Lab).
The adhesion and stability of the NSTF on glassy carbon under RDE conditions had been
previously demonstrated in the Dahn Lab by Liu et al. (2010).

3.2.1 Disk Preparation

The Pine RDE hardware (Figures 3.3a), b), and c) ) requires cylindrical carbon inserts
(disks) about 5mm high and Smm in diameter to function as the catalyst substrate (or current
collector). The height dimension is flexible due to a spring loaded contact pin (seen in the
lower half of Figure 3.3a) ). The diameter of the disk and inner diameter of the u-cup must
exactly match. Therefore the u-cup wall thickness determines the size of disk that can be
used in the RDE tip. Pine sells carbon disks and u-cups but the Dahn Lab elected to make
its own due to significant cost savings.

Glassy carbon is a good material for a current collector because it is non-metallic,
inert (corrosion resistant) and non-porous, but it is difficult to work and machine to exact
tolerances due to its brittleness. For these reasons the Dahn Lab switched to disks made
of compressed graphite (grade AXF-5Q, Poco Graphite Inc. now owned by Entegris) for
some time, but due to concerns about data quality, switched back to glassy carbon for this
project.® It should be noted that glassy carbon did not fix the data quality problem (see
Section 4.6). Therefore it is conceivable that pyrolytically