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Fuel cell technology is a promising piece for future energy schemes relying on renewable energy
sources. The can efficiently re-convert the energy carrier hydrogen, which is produced by water
electrolysis using renewable energy source like wind or solar power.

In our work, we present a tutorial for the preparation and testing of a Pt/C fuel cell catalyst using the
thin-film rotating disk electrode technique. Although this method is widely applied in the scientific
community, there is still a need for common procedures and best practice as several research group
outlined in recent years. We believe that Jove provides an ideal platform for this purpose.
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27  community with respect to reproducibility and best practice. With the presented work, we intend
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31  ABSTRACT:
32  We present a step-by-step tutorial to prepare proton exchange membrane fuel cell (PEMFC)
33 catalysts, consisting of Pt nanoparticles (NPs) supported on a high surface area carbon, and to
34  test their performance in thin film rotating disk electrode (TF-RDE) measurements. The TF-RDE
35 methodology is widely used for catalyst screening; nevertheless, the measured performance
36 sometimes considerably differs among research groups. These uncertainties impede the
37 advancement of new catalyst materials and, consequently, several authors discussed possible
38  best practice methods and the importance of benchmarking.
39
40 The visual tutorial highlights possible pitfalls in the TF-RDE testing of Pt/C catalysts. A synthesis
41  and testing protocol to assess standard Pt/C catalysts is introduced that can be used together
42  with polycrystalline Pt disks as benchmark catalysts. In particular, this study highlights how the
43  properties of the catalyst film on the glassy carbon (GC) electrode influence the measured
44  performance in TF-RDE testing. To obtain thin, homogeneous catalyst films, not only the catalyst
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preparation, but also the ink deposition and drying procedures are essential. It is demonstrated
that an adjustment of the ink’s pH might be necessary, and how simple control measurements
can be used to check film quality. Once reproducible TF-RDE measurements are obtained,
determining the Pt loading on the catalyst support (expressed as Pt wt%) and the electrochemical
surface area is necessary to normalize the determined reaction rates to either surface area or Pt
mass. For the surface area determination, so-called CO stripping, or the determination of the
hydrogen underpotential deposition (Hupd) charge, are standard. For the determination of the Pt
loading, a straightforward and cheap procedure using digestion in aqua regia with subsequent
conversion of Pt(IV) to Pt(Il) and UV-vis measurements is introduced.

INTRODUCTION:

The increasing use of renewable energy sources like wind or solar power require the ability to
store and re-convert large amounts of electrical energy. In this respect, the application of
chemical energy carriers, such as hydrogen, is a promising pathway'. Water electrolysis can
produce hydrogen from excess electrical energy, whereas PEMFCs efficiently re-convert the
hydrogen into electricity. However, for large scale applications, such as automobiles, the precious
group metal (PGM) content in PEMFCs needs to be significantly reduced to lower the costs. In
the scientific literature, several catalyst systems? are presented, which are reported to exhibit
the potential to meet these requirements based on TF-RDE half-cell testing?.

TF-RDE measurements became extremely popular in PEMFC research and are now used as a
standard method to compare different PEMFC catalysts. However, for similar catalysts,
significant differences in oxygen reduction reaction (ORR) activity or electrochemical surface
areas (ECSA) are often reported by different research groups®. As a consequence, several
research groups worked on improving experimental procedures and defining best practice
procedures of how to test PEMFC catalysts®. At first, factors like catalyst loading, contaminations
from the reference electrode, iR compensation, etc. were highlighted®®; whereas, in recent
years, the influence of the catalyst film’s properties on performance came into focus®°. For
example, it could be shown that both ORR activity and ECSA depend on the catalyst ink
composition, which in turn influences the homogeneity of the catalyst film on the glassy carbon
(GC) electrode used as substrate. The observed increase in the measured Pt surface area upon
the addition of isopropanol to the catalyst ink is especially surprising at first sight, but these
results point towards the importance of carbon support wetting. Another important (and
correlated) factor is mass transport. The TF-RDE is limited to low current densities due to the low
gas solubility in the electrolyte!'!3, Therefore, it is often assumed that in such extremely thin
catalyst layers (ca. 1 um), reactant mass transport plays a limited role. Nevertheless, in very
recent work, it was shown that adjustment of the ink pH, leads to a considerable increase in ORR
activity in home-made catalysts'®. These examples highlight that in TF-RDE measurements,
careful controls are necessary, and that depending on the catalyst, it might be difficult to define
a single standard testing protocol/recipe.

Therefore, in the presented work, we discuss a step-by-step procedure for synthesizing and
testing a standard Pt/C fuel cell catalyst. The procedure includes catalyst synthesis, its
characterization, and the ink preparation and adjustment as well as the electrochemical TF-RDE
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measurements. The purpose of the procedure is to enhance consciousness concerning certain
sources of errors and experimental pitfalls, as well as to provide a recipe for a possible Pt/C
benchmark catalyst.

PROTOCOL:
1. Synthesis of 50 wt% Pt/C Catalysts
1.1. Colloidal synthesis of Pt nanoparticles (NPs)

1.1.1. To obtain a colloidal suspension of 2 nm Pt NPs, mix 4 mL of a solution of NaOH at 0.4 M
in ethylene glycol (EG) with 4 mL of H,PtCle:6H,0 at 40 mM in EG in a microwave reaction vessel.

1.1.2. Heat the mixture for 3 min at 160 °C with the microwave reactor (dynamic mode, heating
power: 100 W, stirring: low).

1.2. Immobilization of Pt NPs onto carbon supports

1.2.1. Add 30 mL of 1 M HCl solution to 7.3 mL of the colloidal Pt NPs suspension for precipitation.
Centrifuge the mixture at a relative centrifugal force of 2,900 x g (5,000 rotations per minute
(rpm)) for 5 min and discard the supernatant solvent. Repeat these washing/centrifugation steps
twice.

Note: All chemicals should be collected and disposed of according to the rules at the local
institution.

1.2.2. Re-disperse the Pt NPs in 7 mL of acetone. Disperse 27.5 mg of carbon black in 1 mL of
acetone. Mix both acetone dispersions and evaporate the acetone in a rotary evaporator (40 °C,
200 mbar) or Schlenk line (40 °C, 200 mbar) until completely dried.

1.2.3. Dry the obtained Pt/C catalyst powder in an oven (120 °C) over night.

1.2.4. Add deionized (DI) water to the Pt/C catalyst powder and sonicate (35 kHz, 160 Watt) it in
an ultrasonic bath filled with cold water (<5 °C) for 3 min. Filter out and wash the catalyst with DI
water on filter paper (4-7 um). Dry the catalyst powder in a vacuum oven (100-120 °C, 10 kPa).

Note: This procedure leads to 55 mg of a Pt/C catalyst with a Pt wt% of 50 and a Pt particle size
of ca. 2nm. To prepare larger amounts of Pt/C catalyst, scale up the respective amounts in a ratio
of 1:1. By varying the amount of Pt NPs to carbon black, the Pt loading can be adjusted between
10 and 70-80 wt% without significant NP agglomeration.

1.2.5. To make a catalyst ink, mix 6.3 mg of 50 wt% Pt/C catalyst powder with 6 mL of DI water
and 2 mL of isopropanol (IPA). Add a small amount of 1 M KOH solution (~10 uL) to adjust the pH
of the ink to be around 10. Place the glass vial containing the mixture in an ultrasonic bath filled
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with cold water (<5 °C) and sonicate (35 kHz, 160 Watt) it for 15 min.

Note: Do not add IPA to the catalyst first. If alcohol is added to a dried Pt/C catalyst powder, the
catalyst catches fire.

2. Characterization of Pt NPs and Pt/C Catalysts
2.1. Transmission electron microscope (TEM) characterization of Pt NPs

2.1.1. Add 30 mL of 1 M HCl solution to 7.3 mL of the colloidal Pt NPs suspension for precipitation.
Centrifuge the mixture at a relative centrifugal force of 2,900 x g (5,000 rotations per minute
(rpm)) for 5 min and discard the supernatant solvent. Repeat these washing/centrifugation steps
twice.

2.1.2. Take a drop (ca. 100 uL) of the Pt NP suspension and re-disperse it in 1 mL of acetone.

2.1.3. Put adrop of the diluted, re-dispersed NPs on a TEM grid (with a normal carbon film) placed
on a filter paper to absorb excess solvent and let the grid dry in air.

2.1.4. Analyze the particle size distribution by imaging at least 5 different areas of the grid, using
at least 3 different magnifications (e.g., 100,000X, 300,000X, 400,000X). Measure the size (and
related size distribution) of at least 300 NPs from the micrographs.

2.2. TEM characterization of Pt/C catalyst

2.2.1. Dilute the catalyst ink (described above) twice with 100% IPA. Put a drop of the diluted
catalyst ink on a TEM grid (with a holey or lacey carbon film) placed on a filter paper to absorb
the excess of solvent and let the grid dry in air.

2.2.2. Analyze the particle size distribution by imaging at least 5 different areas of the grid, using
at least 3 different magnifications (e.g., 100,000X, 300,000X, 400,000X). Measure the size (and
related size distribution) of at least 300 NPs from the micrographs.

Note: TEM images with better contrast are obtained by observing the Pt/C catalyst particles,
which do not overlap with a carbon film of the grid. This is the advantage of using TEM grids with
a holey or lacey carbon film here.

2.3. Digestion of Pt NPs by aqua regia

2.3.1. Dry the Pt/C catalyst in a vacuum oven (80 °C, 10 kPa) overnight. Weigh the catalyst powder
in a ceramic crucible.

2.3.2. Heat the catalyst powder in the crucible of a muffle furnace (air, 900 °C, 30 min) to burn
off the carbon support. Put a lid on the crucible to prevent the catalyst powder from flying during
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the heating.

2.3.3. Add 4 mL of aqua regia (mixture of 30% HCl and 65% HNO3s in a volume ratio of 3:1) into
the crucible and heat the mixture on a hot plate at ca. 80 °C for 2 h.

CAUTION: Aqua regia is an aggressive acid and should be handled with care.

2.3.4. Adjust the final volume to 10 mL with DI water.

2.3.5. Determine the concentration of Pt in the aqua regia solution by an inductively coupled
plasma-mass spectrometry (ICP-MS)*> or an ultraviolet-visible spectroscopy (UV-Vis, described
below).

2.4. Determination of Pt loading via UV-Vis

2.4.1. Mix 1 mL of the aqua regia sample with 0.25 mL of 1 M SnCl, prepared in 4 M HCl, and 0.75
mL of 2 M HCl in a quartz cuvette (the concentration of Pt in the aqua regia solution should be

around 5 ppm). Stir the mixture well in the cuvette using a small magnetic stir bar.

2.4.2. Measure the UV-vis spectrum of a mixture of 0.25 mL of 1 M SnCl; in 4 M HCl and 1.75 mL
of 2 M HCl as a baseline.

2.4.3. Measure the UV-Vis spectrum of the sample mixture (700 nm — 350 nm).

2.4.4. Add 5 pL of Pt standard solution (1,000 ppm) to the sample solution, stir it well, and
measure the UV-Vis spectrum. Repeat the addition of the Pt standard solution and the
measurement 4 times.

2.4.5. Subtract the absorbance at 680 nm (baseline) from the absorbance at 402 nm (peak top),
and plot it against the concentration of the added Pt. Determine the concentration of Pt in the
aqua regia sample from the x-intercept of the calibration curve.

3. Rotating Disc Electrode (RDE) Measurement of Pt/C Catalysts

3.1. Characterization of the catalyst ink via light scattering measurements

3.1.1. Measure the pH of the catalyst ink with a pH meter.

3.1.2. Dilute the catalyst ink 50 times by adding IPA/H,0 (1:3, v:v) mixed solvent. Add acid or base
to keep the pH of the catalyst ink constant.

3.1.3. Measure the zeta potential of the 50X diluted sample using the electrophoretic light
scattering (ELS)® mode of the light scattering device.
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3.1.4. Measure the size of aggregates in the diluted sample using dynamic light scattering (DLS)*’
of the light scattering device.

3.2. Catalyst thin film fabrication

3.2.1. Polish a glassy carbon (GC) disk electrode (5 mm in diameter) to mirror finish using alumina
paste (first 0.3 um, then 0.05 um), and clean it ultrasonically in DI water.

3.2.2. Pipette a 5 pL aliquot of the catalyst ink onto the GC electrode leading to a Pt loading of 10
uge:cm2. Dry the ink under Ar gas flow humidified with a mixture of IPA and DI water (17:3, v:v)
in a bubbler.

Note: The drying condition can be optimized by changing the ratio between IPA and DI water in
the bubbler.

3.2.3. Confirm that the surface of the GC electrode is uniformly covered with the catalyst thin
film by a CCD camera.

3.3. Electrochemical measurements

3.3.1. Employ an electrochemical glass or polytetrafluoroethylene (PTFE) cell based on a three-
compartment configuration in all electrochemical measurements. Use the modified GC disk
electrode, platinum mesh, and a trapped hydrogen/saturated calomel electrode (SCE) as working
electrode, a counter electrode, and a reference electrode, respectively.

Note: A sub-compartment of the cell for the reference electrode needs to be separated from a
main compartment by a perfluorinated membrane (e.g., nafion membrane) when a SCE is used
to avoid the diffusion of chloride ions.

3.3.2. Soak the cell and components in mixed acid (H;SO4:HNO3 = 1:1, v:v) overnight.
Subsequently, rinse the cell and other components thoroughly with DI water, and boil them in DI
water twice.

Note: Clean the cell with the mixed acid at least once a month (depending on the frequency of
use).

CAUTION: Handle the mixed acid with care. Between electrochemical experiments, boil and keep
the cell in DI water covered by a lid.

3.3.3. Pour 0.1 M HCIO4 electrolyte solution into the electrochemical cell. Place the 3 electrodes
(the working electrode, the counter electrode, and the reference electrode) in each

compartment of the cell, and connect the electrodes to the potentiostat.

3.3.4. Measure the resistance in the electrolyte between the working electrode and the Luggin
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capillary (iR-drop; ~30 Q), and compensate it during the whole measurement process by using
the analog positive feedback scheme of the potentiostat. The resulting effective solution
resistance is less than 3 Q.

Note: If the potentiostat does not have an analog feedback scheme, apply a software based iR-
drop compensation.

3.3.5. Calibrate the reference electrode. Purge the electrolyte with H, gas and scan the potential
at a scan rate of 50 mV s'1. Determine the potential where the current density is equal to 0 mA
cmas 0V versus reversible hydrogen electrode (RHE).

3.3.6. Purge the electrolyte with Ar gas (ca. 0.3 L min). Clean the catalysts by potential cycles
between 0.05 and 1.20 V at a scan rate of 0.05 V s, until a stable cyclic voltammogram is
observed (~50 cycles).

3.3.7. Perform background measurements.

3.3.7.1. Record a cyclic voltammogram (CV) as a background measurement. Purge the electrolyte
with Ar gas (ca. 0.3 L mint). Sweep the potential between 0.05 and 1.10 V at a scan rate of 0.05
Vst

3.3.8. Perform ORR activity measurement.

3.3.8.1. Record a cyclic voltammogram in the O,-purged electrolyte (ca. 0.3 L min™). Sweep the
potential between 0.05 and 1.10 V at a scan rate of 0.05 V s and a rotation speed of 1,600 rpm.

3.3.9. Perform CO stripping voltammetry.

3.3.9.1. Hold the working electrode at 0.05 V during a CO purge (ca. 0.3 L min) through the
electrolyte for 5 min followed by an Ar purge (ca. 0.3 L min't) for 10 min. Subsequently sweep
the potential from 0.05 V to 1.10 V at a scan rate of 0.05 V s

CAUTION: Check if the use of CO gas is allowed; if so, this work must be done in a fume hood and
safety measures need to be followed.

3.3.10. After the electrochemical measurements, transfer the catalyst films on the GC electrode
onto a tissue paper by pressing the electrodes on the paper wetted with water and photograph
the transferred catalyst films.

3.4. Data analysis
3.4.1. Calculate the electrochemical surface area (ECSA) of the catalyst from the charge Qco of

the CO oxidation peak, taking into account the scan speed v, the Pt loading L, and using a
conversion coefficient of 390 uC cm2p: (two electron process)®.
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Note: Alternatively, the ECSA can be calculated from the Hupd (Qu) area of a cyclic voltammogram
recorded in Ar-purged electrolyte using a conversion coefficient of 195 uC cm2p: (one electron
process).

jdE

QCO,H - v

QCO

ECSA = ) 2
390uC cmpf 10 pugp,cmys,

3.4.2. Correct the nonfaradaic background by subtracting the cyclic voltammogram recorded in
Ar-purged electrolyte from the voltammogram recorded in Oz-purged electrolyte. Determine the
ORR kinetic current density, jk, using the anodic scan of the corrected voltammogram and
Koutecky-Levich equation:

1 1 1
—-—=—+—
] Jk Ja

Note: Here j and js are representative of the measured current density and diffusion limiting
current density, respectively.

REPRESENTATIVE RESULTS:

A dark brown, colloidal suspension of Pt NPs is obtained from the protocol section 1.1 (Figure 1,
left). The colloidal suspension is so stable that it can be stored for more than 1 month without
any precipitation. Larger Pt NPs are synthesized by decreasing the NaOH concentration?®,
However, the colloidal suspension becomes less stable by decreasing the NaOH concentration.
As an extreme example, completely agglomerated Pt NPs are obtained when the Pt precursor is
heated in EG without NaOH (Figure 1, right).

[Place Figure 1 here]

Well-dispersed Pt/C catalyst is obtained from the protocol section 1.2, as shown in Figure 2a.
When a less stable colloidal suspension, e.g., of larger Pt NPs is used, significant agglomeration
of Pt NPs on the carbon support might be observed (Figure 2b).

[Place Figure 2 here]

Representative results of the UV-Vis measurement for the determination of the Pt concentration
in aqua regia (protocol 2.4) are shown in Figure 3a. When SnCl; is added to the aqua regia sample,
the Ptin the aqua regia is reduced from Pt(IV) to Pt(ll), leading to a yellow colored solution. Figure
3b is the calibration curve obtained from the spectra in Figure 3a. From this calibration curve,
the Pt concentration in the sample mixture is determined to be 3.68 ppm.
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[Place Figure 3 here]

Figures 4a-b are representative examples of a homogeneous catalyst thin film fabricated on a GC
electrode by following the protocol 3.2. The whole surface of the GC electrode is covered by the
catalyst film uniformly without any significant agglomeration. Figure 4c-d are typical
inhomogeneous catalyst thin films fabricated by drying the catalyst ink in air. The catalyst
agglomerates on the edge of the GC electrode and forms a so-called coffee ring?®.

[Place Figure 4 here]

Figure 5 is an example of a cyclic voltammogram measured in H; saturated electrolyte for
calibration of the reference electrode potential against RHE (protocol 3.3.5). The average of the
potentials where the current density is 0 mA cm both in the positive going scan and the negative
going scan is defined as ‘O V vs. RHE'.

[Place Figure 5 here]

Shown in Figure 6 are cyclic voltammograms in Ar saturated electrolyte and linear sweep
voltammograms (LSV) in O; saturated electrolyte for the 50 wt% Pt/Vulcan catalyst obtained from
the RDE measurement (protocol 3.3.7 and 3.3.8). After sufficient cleaning cycles in the protocol
step 3.4.6, the red CV in Figure 6a is obtained. When the catalyst is not sufficiently cleaned, the
shoulder of the Pt oxidation peak around 0.8 V is less sharp than that of the well-cleaned catalyst
(Figure 6a, gray CV). The shape of the LSV in the O; saturated electrolyte is highly sensitive to the
quality of the catalyst thin film (Figure 6b). When the catalyst thin film is homogeneous like in
Figure 4a, the O, diffusion limiting current density (below 0.8 V) is observed around -6 mA cm?,
and the shoulder of the LSV curve around 0.8 V is sharp (Figure 6b, red). On the other hand, the
0, diffusion limiting current density is smaller and the shoulder of the LSV curve is less sharp
when the catalyst thin film is nonhomogeneous, as in Figure 4c, or the surface of the GC electrode
is not fully covered with the catalyst thin film.

[Place Figure 6 here]

Shown in Figure 7 are a cyclic voltammogram recorded in Ar-saturated electrolyte with the Hypd
area indicated (a) and a CO stripping voltammogram with the stripping charge indicated (b). Both
measurements were obtained for a 50 wt% Pt/Vulcan catalyst. From the area under the peaks,
the Pt surface area (ECSA) is calculated, see step 3.4.1.

[Place Figure 7 here]
Results of the RDE measurement of the 50 wt% Pt/Vulcan catalyst (ECSA, ORR specific activity

and mass activity at 0.9 Vgue) are summarized in Table 1. The results for the commercial Pt/C
catalyst with similar Pt particle size and similar Pt loading are shown in the table as well.
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[Place Table 1 here]
FIGURE AND TABLE LEGENDS:

Figure 1: Photograph of the colloidal suspensions of Pt NPs in EG. (Left) Well-dispersed Pt NPs
were obtained by following the protocol 1.1. (Right) Agglomerated Pt NPs obtained by heating
the Pt precursor in EG without NaOH.

Figure 2: TEM images of 50 wt.% Pt/Vulcan catalysts. (a) 2 nm Pt NPs are well-dispersed on the
carbon supports. (b) 4 nm Pt NPs are agglomerated on the carbon supports.

Figure 3: Representative results of the UV-Vis measurement for determination of Pt
concentration in aqua regia. (a) UV-vis spectra of aqua regia sample with SnCl, before and after
adding the Pt standard solution (5-20 uL). (b) Calibration curve obtained by plotting differences
between the absorbance at 402 nm and the absorbance at 680 nm against the concentration of
the added Pt. The Pt concentration in the sample solution is determined from the x-intercept of
the calibration curve.

Figure 4: Photographs and SEM images of homogeneous and inhomogeneous catalyst thin film
fabricated on a GC electrode. (a,b) Homogeneous catalyst thin film fabricated by following the
protocol. (c,d) Inhomogeneous catalyst thin film with a “coffee ring” fabricated by drying the
catalyst ink in air. (@) and (c) are whole pictures of the catalyst thin films. (b) and (d) are SEM
images of the catalyst thin films taken at the edge of the GC disks.

Figure 5: Cyclic voltammogram in H; saturated electrolyte for the calibration of the potential
the reference electrode against RHE (50 mV s, 1600 rpm). The average of the potentials where
the current density is 0 mA cm both in the positive going scan and the negative going scan is
defined as 0 V vs. reversible hydrogen electrode (RHE) (see dotted red lines).

Figure 6: Representative examples for “good” and “bad” voltammograms for the 50 wt%
Pt/Vulcan catalyst. (a) Cyclic voltammograms in Ar saturated electrolyte (50 mV s?). (b) LSVs in
O, saturated electrolyte (1,600 rpm, 50 mV/s, positive going scan, background subtracted, iR
compensated).

Figure 7: Representative cyclic voltammogram (a) and CO stripping voltammogram (b) for the
50 wt% Pt/Vulcan catalyst (50 mV s). The Hypa charge and the CO stripping charge are
highlighted in sky blue and pink, respectively.

Figure 8: Photographs of the catalyst thin film fabricated on GC electrodes with various drying
conditions. The ratio between isopropanol (IPA) and H,0 in the bubbler was changed to optimize
drying conditions. (a) 100% IPA, (b) 90% IPA / 10% H>0, (c) 80% IPA / 20% H,0, (d) 70% IPA / 30%
H,0. (c) features the best drying conditions in this case, as the most homogeneous catalyst thin
film is fabrication on the GC electrode.
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Figure 9: Photographs of the catalyst inks with different pH: (left) pH = 4, (middle) pH = 7, (right)
pH = 10. The photographs are taken 1 week after the sonication. The dispersion of the acidic ink
is much less stable than the neutral and the alkaline ink.

Figure 10: Photographs of the catalyst films transferred on a paper (a-c) and SEM images of the
catalyst films on GC electrodes (d-f). (a,d) Catalyst film fabricated from acidic (pH = 4) ink, (b,e)
Catalyst film fabricated from neutral (pH = 7) ink, and (c,f) Catalyst film fabricated from alkaline
(pH = 10) ink.

Figure 11: Influence of iR-compensation on the measurement. (a,b) Screenshots of the interface
of “EC4 DAQ” program with and without iR-compensation. (c) LSVs measured in O saturated
electrolyte with iR-compensation (red) and without iR-compensation (gray) (50 mV s, 1,600 rpm,
back ground subtracted).

Figure 12: Overview of the experimental steps. Corresponding characterization methods and
controllable parameters for each experimental step in this protocol are shown. TEM =
transmission electron microscopy, SAXS = small angle X-ray scattering, EXAFS = extended X-ray
absorption fine structure, XANES = X-ray absorption fine structure, ICP-MS = inductively coupled
plasma mass spectrometry, DLS = dynamic light scattering, CCD = charge-coupled device, SEM =
scanning electron microscopy.

Table 1: Summary of results of the TF-RDE measurements for the 50 wt% Pt/Vulcan catalyst
and the commercial 46 wt% Pt/C catalyst. The measured values are shown with standard
deviation. ECSA = electrochemical surface area, ORR = oxygen reduction reaction, TKK = Tanaka
Kikinzoku Kogyo.

DISCUSSION:

It is well known that the ORR activity of high surface area catalysts measured by the TF-RDE
technique highly depends on the uniformity of the catalyst thin film®21%1419 Several groups have
reported fabrication methods for homogeneous catalyst thin films on GC electrodes and
researchers should carefully optimize their drying method when entering this research area?®’.
Using rotational methods!® allows more flexibility in coating of thicker catalyst films, whereas
stationary methods have the advantage that multiple electrodes can be prepared at the same
time. As an example of a stationary drying method, Shinozaki et al. recently reported that uniform
catalyst thin films are fabricated by drying the catalyst ink in an IPA atmosphere??. The fabrication
of the catalyst thin films in this protocol is based on their method. However, the catalyst inks are
dried in a humidified gas flow instead of a stationary atmosphere (protocol 3.3.2). The advantage
of this modified method is that the drying condition can easily be adjusted by changing the ratio
between IPA and water in the bubbler. Figure 8 indicates that the uniformity of the catalyst thin
film is optimized by changing the condition of the humidification.

[Place Figure 8 here]

We also found that the pH of the catalyst inks is an important parameter to be optimized to
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obtain homogeneous catalyst thin films, as reported in the literature*. Figure 9 demonstrates
the varying stability of catalyst inks with different pH. Since HCl is used for the washing of Pt NPs
in the protocol 1.3.3, the catalyst ink usually becomes acidic without the addition of KOH. The
acidic catalyst ink is not particularly stable and most of the Pt/C catalyst particles settle to the
bottom 1 week after the sonication. The neutral ink is more stable than the acidic ink, even
though some precipitates are seen in the bottom. The alkaline ink is the most stable and no
precipitate is seen 1 week after the sonication. This pH dependence of the catalyst ink stability is
explained by the magnitude of the zeta potential, which becomes larger with increasing pH*4.

[Place Figure 9 here]

Not only the stability of the catalyst inks, but also the uniformity of the obtained catalyst thin film
depends on the pH of the catalyst ink. Highly agglomerated catalyst thin films are obtained when
acidic inks are used (Figure 10a,d). Although there is no significant difference visible to the eye
between the catalyst thin films fabricated from the neutral ink and from the alkaline ink (Figure
10 b,c), SEM images reveal that there are some agglomerates in the catalyst thin film obtained
from the neutral ink, whereas no significant agglomerates are seen in the catalyst thin film
obtained from the alkaline ink (Figure 10e,f).

[Place Figure 10 here]

In addition to the catalyst film quality, the scan rate* and the compensation of the cell resistance
influences the ORR activity determination®. In our measurement setup, the cell resistance
without iR-compensation is usually around 30 Q. It is decreased to be less than 3 Q by using the
iR-compensation of the potentiostat (Figure 11a,b). The LSVs measured in O saturated
electrolyte with and without iR-compensation are compared in Figure 11c. A noticeable potential
shift due to the cell resistance is seen at around 0.9 Vgrue, where ORR activity is evaluated. As a
scan rate for the LSV, we chose 50 mV s, while other groups® prefer 20 mV s* and membrane
electrode assemblies (MEAs) are often tested under steady state conditions®. In general, it can
be stated for TF-RDE studies that the lower the scan rate, the more the measurement becomes
susceptible to possible contaminations. In MEA testing, considerably higher currents are applied.
In particular for automotive applications, high power performance is particularly interesting?®.
Scanning the potential would lead to significant errors if no online iR compensation is applied.

Due to these differences, direct predictions of MEA performance based on TF-RDE measurements
should be taken with caution. The TF-RDE should be seen as a fast method to screen test the
intrinsic ORR activity of PEMFC catalysts, rather than an alternative to MEA testing.

[Place Figure 11 here]

The overall procedure is summarized in Figure 12. In addition to the discussed standard
characterization methods, the obtained colloidal Pt NPs suspension and Pt/C catalyst can also be
investigated by more advanced methods such as small angle X-ray scattering (SAXS)?? or X-ray
absorption spectroscopy (XAS)?3.
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[Place Figure 12 here]
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Pt particle size ECSA ORR specific activity =~ ORR mass activity
[nm] [m” g™ [WA cm 5] [Ag'nl
50 wt.% Pt/Vulcan 2 1023 852 £ 66 879 + 82
46 wt.% Pt/C (TKK) 2-3 93+3 738+ 30 683 + 31
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Name of Material/ Equipment Company Catalog Number Comments/Description
Ethylene glycol Sigma-Aldrich 293237-1L 99.8%
Sodium hydroxide Fisher Chemical AC134070010 98%
Hexachloroplatinic(lV) acid hexahydrate Alfa Aesar 11051 99.9%
Hydrochloric acid Merck 1003171000 37%
Nitric acid Any 60%
Sulfuric acid Any 96%
Perchloric acid Merck 1005170250 70%, Suprapur
Potassium hydroxide hydrate Merck 1050020500 99.995%, Suprapur
Tin(ll) chloride dihydrate Sigma-Aldrich 31669-100G >98%
Platinum standard for AAS Sigma-Aldrich 47037-100ML 1000 mg/L +4 mg/L
Acetone Alfa Aesar 30698 99.5+%
Isopropanol Alfa Aesar 36644 99.5%
Carbon black Cabot Vulcan XC 72R
46 wt.% Pt/C Tanaka Kikinzoku Kogyo  TEC10ES50E
Ar gas Air Liquide 99.999%
0, gas Air Liquide 99.999%
CO gas Air Liquide 99.97%
H, gas Air Liquide 99.999%
Microwave reactor CEM Discover SP
Centrifuge Corning 6759
Rotary evaporator KNF RC600
Ultrasonic bath Qualilab USR54 H 35 kHz, 160/320 W
Filter paper Albet DP595 055 Retention rate 4-7 um, $55 mm
Crucible VWR 459-0202 12 mL
Lid for crucible VWR 459-0216 $35 mm
pH meter VWR Symphony SP70P
Glass electrode (for pH meter) Mettler Toledo InLab Routine
Light scattering Anton Paar Litesizer
TEM microscope FEI Tecani Spirit
TEM grid Quantifoil N1-C73nCu20-01 Classic carbon film, Cu 200 mesh
TEM grid Quantifoil Classic holey carbon film, Cu 200 mesh
TEM grid Quantifoil N1-C74nCu20-01 Classic lacey carbon film, Cu 200 mesh
UV-vis spectrophotometer Varian CARY 5E
Saturated calomel electrode Schott B3510+
Perfluorinated membrane Fuel Cell Store 591239 Nafion 117
RDE rotator Raiometer Analytical EDI101

Potentiostat Nordic Electrochemisty ~ ECi 200
Nordic Electrochemisty ~ EC4 DAQ

Nordic Electrochemisty ~ EC4 VIEW

Control and data acquisition program
Data analysis program
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case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Prof. Dr. Matthias Arenz ub
Department of Chemistry and Biochemistry
University of Bern
Freiestrasse 3 b

UNIVERSITAT

CH - 3012 Bern BERN
Tel +41 31 631 53 84
Email: matthias.arenz@dcb.unibe.ch Bern, 21st November 2017
Dear Editor,

Please find attached the revised version of the manuscript entitled

“On the preparation and testing of fuel cell catalysts using the thin film rotating disc electrode method”

by Inaba et al. for publication in Jove.

We addressed all points from the Editor and revised the manuscript accordingly. We submit one
manuscript with all changes visible and one with all changes accepted.

Sincerely yours,

Matthias Arenz
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