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Please find attached 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. All authors have seen and approved the final version of the 

manuscript.  

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.  
 

Sincerely yours, 

 

Matthias Arenz 
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SUMMARY: 25 
Preparing and testing Pt/C fuel cell catalysts is subject to continuous discussion in the scientific 26 
community with respect to reproducibility and best practice. With the presented work, we intend 27 
to present a step-by-step tutorial to make and test Pt/C catalysts, which can serve as benchmark 28 
for novel catalyst systems. 29 
 30 
ABSTRACT: 31 
We present a step-by-step tutorial to prepare proton exchange membrane fuel cell (PEMFC) 32 
catalysts, consisting of Pt nanoparticles (NPs) supported on a high surface area carbon, and to 33 
test their performance in thin film rotating disk electrode (TF-RDE) measurements. The TF-RDE 34 
methodology is widely used for catalyst screening; nevertheless, the measured performance 35 
sometimes considerably differs among research groups. These uncertainties impede the 36 
advancement of new catalyst materials and, consequently, several authors discussed possible 37 
best practice methods and the importance of benchmarking. 38 
 39 
The visual tutorial highlights possible pitfalls in the TF-RDE testing of Pt/C catalysts. A synthesis 40 
and testing protocol to assess standard Pt/C catalysts is introduced that can be used together 41 
with polycrystalline Pt disks as benchmark catalysts. In particular, this study highlights how the 42 
properties of the catalyst film on the glassy carbon (GC) electrode influence the measured 43 
performance in TF-RDE testing. To obtain thin, homogeneous catalyst films, not only the catalyst 44 
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preparation, but also the ink deposition and drying procedures are essential. It is demonstrated 45 
that an adjustment of the ink’s pH might be necessary, and how simple control measurements 46 
can be used to check film quality. Once reproducible TF-RDE measurements are obtained, 47 
determining the Pt loading on the catalyst support (expressed as Pt wt%) and the electrochemical 48 
surface area is necessary to normalize the determined reaction rates to either surface area or Pt 49 
mass. For the surface area determination, so-called CO stripping, or the determination of the 50 
hydrogen underpotential deposition (Hupd) charge, are standard. For the determination of the Pt 51 
loading, a straightforward and cheap procedure using digestion in aqua regia with subsequent 52 
conversion of Pt(IV) to Pt(II) and UV-vis measurements is introduced.  53 
 54 
INTRODUCTION: 55 
The increasing use of renewable energy sources like wind or solar power require the ability to 56 
store and re-convert large amounts of electrical energy. In this respect, the application of 57 
chemical energy carriers, such as hydrogen, is a promising pathway1. Water electrolysis can 58 
produce hydrogen from excess electrical energy, whereas PEMFCs efficiently re-convert the 59 
hydrogen into electricity. However, for large scale applications, such as automobiles, the precious 60 
group metal (PGM) content in PEMFCs needs to be significantly reduced to lower the costs. In 61 
the scientific literature, several catalyst systems2 are presented, which are reported to exhibit 62 
the potential to meet these requirements based on TF-RDE half-cell testing3.  63 
 64 
TF-RDE measurements became extremely popular in PEMFC research and are now used as a 65 
standard method to compare different PEMFC catalysts. However, for similar catalysts, 66 
significant differences in oxygen reduction reaction (ORR) activity or electrochemical surface 67 
areas (ECSA) are often reported by different research groups4. As a consequence, several 68 
research groups worked on improving experimental procedures and defining best practice 69 
procedures of how to test PEMFC catalysts5. At first, factors like catalyst loading, contaminations 70 
from the reference electrode, iR compensation, etc. were highlighted6-8; whereas, in recent 71 
years, the influence of the catalyst film’s properties on performance came into focus9,10. For 72 
example, it could be shown that both ORR activity and ECSA depend on the catalyst ink 73 
composition, which in turn influences the homogeneity of the catalyst film on the glassy carbon 74 
(GC) electrode used as substrate. The observed increase in the measured Pt surface area upon 75 
the addition of isopropanol to the catalyst ink is especially surprising at first sight, but these 76 
results point towards the importance of carbon support wetting. Another important (and 77 
correlated) factor is mass transport. The TF-RDE is limited to low current densities due to the low 78 
gas solubility in the electrolyte11-13. Therefore, it is often assumed that in such extremely thin 79 
catalyst layers (ca. 1 µm), reactant mass transport plays a limited role. Nevertheless, in very 80 
recent work, it was shown that adjustment of the ink pH, leads to a considerable increase in ORR 81 
activity in home-made catalysts14. These examples highlight that in TF-RDE measurements, 82 
careful controls are necessary, and that depending on the catalyst, it might be difficult to define 83 
a single standard testing protocol/recipe. 84 
 85 
Therefore, in the presented work, we discuss a step-by-step procedure for synthesizing and 86 
testing a standard Pt/C fuel cell catalyst. The procedure includes catalyst synthesis, its 87 
characterization, and the ink preparation and adjustment as well as the electrochemical TF-RDE 88 



 
  

   
 

measurements. The purpose of the procedure is to enhance consciousness concerning certain 89 
sources of errors and experimental pitfalls, as well as to provide a recipe for a possible Pt/C 90 
benchmark catalyst.  91 
 92 
PROTOCOL: 93 
 94 
1. Synthesis of 50 wt% Pt/C Catalysts 95 
 96 
1.1. Colloidal synthesis of Pt nanoparticles (NPs) 97 
 98 
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 99 
in ethylene glycol (EG) with 4 mL of H2PtCl6·6H2O at 40 mM in EG in a microwave reaction vessel. 100 
 101 
1.1.2. Heat the mixture for 3 min at 160 °C with the microwave reactor (dynamic mode, heating 102 
power: 100 W, stirring: low). 103 
 104 
1.2. Immobilization of Pt NPs onto carbon supports 105 
 106 
1.2.1. Add 30 mL of 1 M HCl solution to 7.3 mL of the colloidal Pt NPs suspension for precipitation. 107 
Centrifuge the mixture at a relative centrifugal force of 2,900 x g (5,000 rotations per minute 108 
(rpm)) for 5 min and discard the supernatant solvent. Repeat these washing/centrifugation steps 109 
twice. 110 

 111 
Note: All chemicals should be collected and disposed of according to the rules at the local 112 
institution. 113 
 114 
1.2.2. Re-disperse the Pt NPs in 7 mL of acetone. Disperse 27.5 mg of carbon black in 1 mL of 115 
acetone. Mix both acetone dispersions and evaporate the acetone in a rotary evaporator (40 °C, 116 
200 mbar) or Schlenk line (40 °C, 200 mbar) until completely dried. 117 
 118 
1.2.3. Dry the obtained Pt/C catalyst powder in an oven (120 °C) over night. 119 

 120 
1.2.4. Add deionized (DI) water to the Pt/C catalyst powder and sonicate (35 kHz, 160 Watt) it in 121 
an ultrasonic bath filled with cold water (<5 °C) for 3 min. Filter out and wash the catalyst with DI 122 
water on filter paper (4-7 µm). Dry the catalyst powder in a vacuum oven (100-120 °C, 10 kPa). 123 

 124 
Note: This procedure leads to 55 mg of a Pt/C catalyst with a Pt wt% of 50 and a Pt particle size 125 
of ca. 2 nm. To prepare larger amounts of Pt/C catalyst, scale up the respective amounts in a ratio 126 
of 1:1. By varying the amount of Pt NPs to carbon black, the Pt loading can be adjusted between 127 
10 and 70-80 wt% without significant NP agglomeration. 128 

 129 
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 130 
and 2 mL of isopropanol (IPA). Add a small amount of 1 M KOH solution (~10 µL) to adjust the pH 131 
of the ink to be around 10. Place the glass vial containing the mixture in an ultrasonic bath filled 132 



 
  

   
 

with cold water (<5 °C) and sonicate (35 kHz, 160 Watt) it for 15 min. 133 
 134 
Note: Do not add IPA to the catalyst first. If alcohol is added to a dried Pt/C catalyst powder, the 135 
catalyst catches fire. 136 
 137 
2. Characterization of Pt NPs and Pt/C Catalysts 138 
 139 
2.1. Transmission electron microscope (TEM) characterization of Pt NPs 140 
 141 
2.1.1. Add 30 mL of 1 M HCl solution to 7.3 mL of the colloidal Pt NPs suspension for precipitation. 142 
Centrifuge the mixture at a relative centrifugal force of 2,900 x g (5,000 rotations per minute 143 
(rpm)) for 5 min and discard the supernatant solvent. Repeat these washing/centrifugation steps 144 
twice. 145 
 146 
2.1.2. Take a drop (ca. 100 µL) of the Pt NP suspension and re-disperse it in 1 mL of acetone.  147 
 148 
2.1.3. Put a drop of the diluted, re-dispersed NPs on a TEM grid (with a normal carbon film) placed 149 
on a filter paper to absorb excess solvent and let the grid dry in air. 150 

 151 
2.1.4. Analyze the particle size distribution by imaging at least 5 different areas of the grid, using 152 
at least 3 different magnifications (e.g., 100,000X, 300,000X, 400,000X). Measure the size (and 153 
related size distribution) of at least 300 NPs from the micrographs. 154 
 155 
2.2. TEM characterization of Pt/C catalyst 156 

 157 
2.2.1. Dilute the catalyst ink (described above) twice with 100% IPA. Put a drop of the diluted 158 
catalyst ink on a TEM grid (with a holey or lacey carbon film) placed on a filter paper to absorb 159 
the excess of solvent and let the grid dry in air.  160 
 161 
2.2.2. Analyze the particle size distribution by imaging at least 5 different areas of the grid, using 162 
at least 3 different magnifications (e.g., 100,000X, 300,000X, 400,000X). Measure the size (and 163 
related size distribution) of at least 300 NPs from the micrographs. 164 

 165 
Note: TEM images with better contrast are obtained by observing the Pt/C catalyst particles, 166 
which do not overlap with a carbon film of the grid. This is the advantage of using TEM grids with 167 
a holey or lacey carbon film here.  168 
 169 
2.3. Digestion of Pt NPs by aqua regia  170 
 171 
2.3.1. Dry the Pt/C catalyst in a vacuum oven (80 °C, 10 kPa) overnight. Weigh the catalyst powder 172 
in a ceramic crucible. 173 
 174 
2.3.2. Heat the catalyst powder in the crucible of a muffle furnace (air, 900 °C, 30 min) to burn 175 
off the carbon support. Put a lid on the crucible to prevent the catalyst powder from flying during 176 



 
  

   
 

the heating. 177 
 178 
2.3.3. Add 4 mL of aqua regia (mixture of 30% HCl and 65% HNO3 in a volume ratio of 3:1) into 179 
the crucible and heat the mixture on a hot plate at ca. 80 °C for 2 h.  180 

 181 
CAUTION: Aqua regia is an aggressive acid and should be handled with care. 182 
 183 
2.3.4. Adjust the final volume to 10 mL with DI water. 184 

 185 
2.3.5. Determine the concentration of Pt in the aqua regia solution by an inductively coupled 186 
plasma-mass spectrometry (ICP-MS)15 or an ultraviolet-visible spectroscopy (UV-Vis, described 187 
below). 188 

 189 
2.4. Determination of Pt loading via UV-Vis 190 
 191 
2.4.1. Mix 1 mL of the aqua regia sample with 0.25 mL of 1 M SnCl2 prepared in 4 M HCl, and 0.75 192 
mL of 2 M HCl in a quartz cuvette (the concentration of Pt in the aqua regia solution should be 193 
around 5 ppm). Stir the mixture well in the cuvette using a small magnetic stir bar. 194 
 195 
2.4.2. Measure the UV-vis spectrum of a mixture of 0.25 mL of 1 M SnCl2 in 4 M HCl and 1.75 mL 196 
of 2 M HCl as a baseline. 197 

 198 
2.4.3. Measure the UV-Vis spectrum of the sample mixture (700 nm – 350 nm). 199 

 200 
2.4.4. Add 5 µL of Pt standard solution (1,000 ppm) to the sample solution, stir it well, and 201 
measure the UV-Vis spectrum. Repeat the addition of the Pt standard solution and the 202 
measurement 4 times. 203 

 204 
2.4.5. Subtract the absorbance at 680 nm (baseline) from the absorbance at 402 nm (peak top), 205 
and plot it against the concentration of the added Pt. Determine the concentration of Pt in the 206 
aqua regia sample from the x-intercept of the calibration curve. 207 
 208 
3. Rotating Disc Electrode (RDE) Measurement of Pt/C Catalysts 209 
 210 
3.1. Characterization of the catalyst ink via light scattering measurements 211 
 212 
3.1.1. Measure the pH of the catalyst ink with a pH meter. 213 
 214 
3.1.2. Dilute the catalyst ink 50 times by adding IPA/H2O (1:3, v:v) mixed solvent. Add acid or base 215 
to keep the pH of the catalyst ink constant. 216 

 217 
3.1.3. Measure the zeta potential of the 50X diluted sample using the electrophoretic light 218 
scattering (ELS)16 mode of the light scattering device. 219 

 220 



 
  

   
 

3.1.4. Measure the size of aggregates in the diluted sample using dynamic light scattering (DLS)17 221 
of the light scattering device. 222 
 223 
3.2. Catalyst thin film fabrication 224 
 225 
3.2.1. Polish a glassy carbon (GC) disk electrode (5 mm in diameter) to mirror finish using alumina 226 
paste (first 0.3 µm, then 0.05 µm), and clean it ultrasonically in DI water. 227 
 228 
3.2.2. Pipette a 5 µL aliquot of the catalyst ink onto the GC electrode leading to a Pt loading of 10 229 
µgPt cm-2. Dry the ink under Ar gas flow humidified with a mixture of IPA and DI water (17:3, v:v) 230 
in a bubbler. 231 
 232 
Note: The drying condition can be optimized by changing the ratio between IPA and DI water in 233 
the bubbler. 234 
 235 
3.2.3. Confirm that the surface of the GC electrode is uniformly covered with the catalyst thin 236 
film by a CCD camera. 237 
 238 
3.3. Electrochemical measurements 239 
 240 
3.3.1. Employ an electrochemical glass or polytetrafluoroethylene (PTFE) cell based on a three-241 
compartment configuration in all electrochemical measurements. Use the modified GC disk 242 
electrode, platinum mesh, and a trapped hydrogen/saturated calomel electrode (SCE) as working 243 
electrode, a counter electrode, and a reference electrode, respectively.  244 
 245 
Note: A sub-compartment of the cell for the reference electrode needs to be separated from a 246 
main compartment by a perfluorinated membrane (e.g., nafion membrane) when a SCE is used 247 
to avoid the diffusion of chloride ions. 248 
 249 
3.3.2. Soak the cell and components in mixed acid (H2SO4:HNO3 = 1:1, v:v) overnight. 250 
Subsequently, rinse the cell and other components thoroughly with DI water, and boil them in DI 251 
water twice. 252 
 253 
Note: Clean the cell with the mixed acid at least once a month (depending on the frequency of 254 
use).  255 
 256 
CAUTION: Handle the mixed acid with care. Between electrochemical experiments, boil and keep 257 
the cell in DI water covered by a lid.  258 
 259 
3.3.3. Pour 0.1 M HClO4 electrolyte solution into the electrochemical cell. Place the 3 electrodes 260 
(the working electrode, the counter electrode, and the reference electrode) in each 261 
compartment of the cell, and connect the electrodes to the potentiostat. 262 
 263 
3.3.4. Measure the resistance in the electrolyte between the working electrode and the Luggin 264 



 
  

   
 

capillary (iR-drop; ~30 Ω), and compensate it during the whole measurement process by using 265 
the analog positive feedback scheme of the potentiostat. The resulting effective solution 266 
resistance is less than 3 Ω.  267 
 268 
Note: If the potentiostat does not have an analog feedback scheme, apply a software based iR-269 
drop compensation. 270 

 271 
3.3.5. Calibrate the reference electrode. Purge the electrolyte with H2 gas and scan the potential 272 
at a scan rate of 50 mV s-1. Determine the potential where the current density is equal to 0 mA 273 
cm-2 as 0 V versus reversible hydrogen electrode (RHE). 274 

 275 
3.3.6. Purge the electrolyte with Ar gas (ca. 0.3 L min-1). Clean the catalysts by potential cycles 276 
between 0.05 and 1.20 V at a scan rate of 0.05 V s-1, until a stable cyclic voltammogram is 277 
observed (~50 cycles). 278 
 279 
3.3.7. Perform background measurements.  280 
 281 
3.3.7.1. Record a cyclic voltammogram (CV) as a background measurement. Purge the electrolyte 282 
with Ar gas (ca. 0.3 L min-1). Sweep the potential between 0.05 and 1.10 V at a scan rate of 0.05 283 
V s-1.  284 

 285 
3.3.8. Perform ORR activity measurement.  286 
 287 
3.3.8.1. Record a cyclic voltammogram in the O2-purged electrolyte (ca. 0.3 L min-1). Sweep the 288 
potential between 0.05 and 1.10 V at a scan rate of 0.05 V s-1 and a rotation speed of 1,600 rpm.  289 

 290 
3.3.9. Perform CO stripping voltammetry.  291 
 292 
3.3.9.1. Hold the working electrode at 0.05 V during a CO purge (ca. 0.3 L min-1) through the 293 
electrolyte for 5 min followed by an Ar purge (ca. 0.3 L min-1) for 10 min. Subsequently sweep 294 
the potential from 0.05 V to 1.10 V at a scan rate of 0.05 V s-1. 295 

 296 
CAUTION: Check if the use of CO gas is allowed; if so, this work must be done in a fume hood and 297 
safety measures need to be followed. 298 
 299 
3.3.10. After the electrochemical measurements, transfer the catalyst films on the GC electrode 300 
onto a tissue paper by pressing the electrodes on the paper wetted with water and photograph 301 
the transferred catalyst films.  302 
 303 
3.4. Data analysis 304 
 305 
3.4.1. Calculate the electrochemical surface area (ECSA) of the catalyst from the charge QCO of 306 
the CO oxidation peak, taking into account the scan speed 𝑣 , the Pt loading L, and using a 307 
conversion coefficient of 390 µC cm-2

Pt (two electron process)6.  308 



 
  

   
 

 309 
Note: Alternatively, the ECSA can be calculated from the Hupd (QH) area of a cyclic voltammogram 310 
recorded in Ar-purged electrolyte using a conversion coefficient of 195 µC cm-2

Pt (one electron 311 
process). 312 

 313 

𝑄𝐶𝑂,𝐻 = ∫
𝑗𝑑𝐸

𝑣
 314 

 315 

𝐸𝐶𝑆𝐴 =
𝑄𝐶𝑂

390µC cm𝑃𝑡
−2 10 µ𝑔𝑃𝑡cm𝑔𝑒𝑜

−2  
 316 

 317 
3.4.2. Correct the nonfaradaic background by subtracting the cyclic voltammogram recorded in 318 
Ar-purged electrolyte from the voltammogram recorded in O2-purged electrolyte. Determine the 319 
ORR kinetic current density, jk, using the anodic scan of the corrected voltammogram and 320 
Koutecky-Levich equation: 321 

 322 

1

𝑗
=

1

𝑗𝑘
+

1

𝑗𝑑
 323 

 324 
Note: Here j and jd are representative of the measured current density and diffusion limiting 325 
current density, respectively. 326 
 327 
REPRESENTATIVE RESULTS: 328 
A dark brown, colloidal suspension of Pt NPs is obtained from the protocol section 1.1 (Figure 1, 329 
left). The colloidal suspension is so stable that it can be stored for more than 1 month without 330 
any precipitation. Larger Pt NPs are synthesized by decreasing the NaOH concentration18. 331 
However, the colloidal suspension becomes less stable by decreasing the NaOH concentration. 332 
As an extreme example, completely agglomerated Pt NPs are obtained when the Pt precursor is 333 
heated in EG without NaOH (Figure 1, right).  334 
 335 
[Place Figure 1 here] 336 
 337 
Well-dispersed Pt/C catalyst is obtained from the protocol section 1.2, as shown in Figure 2a. 338 
When a less stable colloidal suspension, e.g., of larger Pt NPs is used, significant agglomeration 339 
of Pt NPs on the carbon support might be observed (Figure 2b). 340 
 341 
[Place Figure 2 here] 342 
 343 
Representative results of the UV-Vis measurement for the determination of the Pt concentration 344 
in aqua regia (protocol 2.4) are shown in Figure 3a. When SnCl2 is added to the aqua regia sample, 345 
the Pt in the aqua regia is reduced from Pt(IV) to Pt(II), leading to a yellow colored solution. Figure 346 
3b is the calibration curve obtained from the spectra in Figure 3a. From this calibration curve, 347 
the Pt concentration in the sample mixture is determined to be 3.68 ppm. 348 



 
  

   
 

 349 
[Place Figure 3 here] 350 
 351 
Figures 4a-b are representative examples of a homogeneous catalyst thin film fabricated on a GC 352 
electrode by following the protocol 3.2. The whole surface of the GC electrode is covered by the 353 
catalyst film uniformly without any significant agglomeration. Figure 4c-d are typical 354 
inhomogeneous catalyst thin films fabricated by drying the catalyst ink in air. The catalyst 355 
agglomerates on the edge of the GC electrode and forms a so-called coffee ring19. 356 
 357 
[Place Figure 4 here] 358 
 359 
Figure 5 is an example of a cyclic voltammogram measured in H2 saturated electrolyte for 360 
calibration of the reference electrode potential against RHE (protocol 3.3.5). The average of the 361 
potentials where the current density is 0 mA cm-2 both in the positive going scan and the negative 362 
going scan is defined as ‘0 V vs. RHE’. 363 
 364 
[Place Figure 5 here] 365 
 366 
Shown in Figure 6 are cyclic voltammograms in Ar saturated electrolyte and linear sweep 367 
voltammograms (LSV) in O2 saturated electrolyte for the 50 wt% Pt/Vulcan catalyst obtained from 368 
the RDE measurement (protocol 3.3.7 and 3.3.8). After sufficient cleaning cycles in the protocol 369 
step 3.4.6, the red CV in Figure 6a is obtained. When the catalyst is not sufficiently cleaned, the 370 
shoulder of the Pt oxidation peak around 0.8 V is less sharp than that of the well-cleaned catalyst 371 
(Figure 6a, gray CV). The shape of the LSV in the O2 saturated electrolyte is highly sensitive to the 372 
quality of the catalyst thin film (Figure 6b). When the catalyst thin film is homogeneous like in 373 
Figure 4a, the O2 diffusion limiting current density (below 0.8 V) is observed around -6 mA cm-2, 374 
and the shoulder of the LSV curve around 0.8 V is sharp (Figure 6b, red). On the other hand, the 375 
O2 diffusion limiting current density is smaller and the shoulder of the LSV curve is less sharp 376 
when the catalyst thin film is nonhomogeneous, as in Figure 4c, or the surface of the GC electrode 377 
is not fully covered with the catalyst thin film.  378 
 379 
[Place Figure 6 here] 380 
 381 
Shown in Figure 7 are a cyclic voltammogram recorded in Ar-saturated electrolyte with the Hupd 382 
area indicated (a) and a CO stripping voltammogram with the stripping charge indicated (b). Both 383 
measurements were obtained for a 50 wt% Pt/Vulcan catalyst. From the area under the peaks, 384 
the Pt surface area (ECSA) is calculated, see step 3.4.1. 385 
 386 
[Place Figure 7 here] 387 
 388 
Results of the RDE measurement of the 50 wt% Pt/Vulcan catalyst (ECSA, ORR specific activity 389 
and mass activity at 0.9 VRHE) are summarized in Table 1. The results for the commercial Pt/C 390 
catalyst with similar Pt particle size and similar Pt loading are shown in the table as well. 391 
 392 



 
  

   
 

[Place Table 1 here] 393 
 394 
FIGURE AND TABLE LEGENDS: 395 
 396 
Figure 1: Photograph of the colloidal suspensions of Pt NPs in EG. (Left) Well-dispersed Pt NPs 397 
were obtained by following the protocol 1.1. (Right) Agglomerated Pt NPs obtained by heating 398 
the Pt precursor in EG without NaOH. 399 
 400 
Figure 2: TEM images of 50 wt.% Pt/Vulcan catalysts. (a) 2 nm Pt NPs are well-dispersed on the 401 
carbon supports. (b) 4 nm Pt NPs are agglomerated on the carbon supports. 402 
 403 
Figure 3: Representative results of the UV-Vis measurement for determination of Pt 404 
concentration in aqua regia. (a) UV-vis spectra of aqua regia sample with SnCl2 before and after 405 
adding the Pt standard solution (5-20 µL). (b) Calibration curve obtained by plotting differences 406 
between the absorbance at 402 nm and the absorbance at 680 nm against the concentration of 407 
the added Pt. The Pt concentration in the sample solution is determined from the x-intercept of 408 
the calibration curve. 409 
 410 
Figure 4: Photographs and SEM images of homogeneous and inhomogeneous catalyst thin film 411 
fabricated on a GC electrode. (a,b) Homogeneous catalyst thin film fabricated by following the 412 
protocol. (c,d) Inhomogeneous catalyst thin film with a “coffee ring” fabricated by drying the 413 
catalyst ink in air. (a) and (c) are whole pictures of the catalyst thin films. (b) and (d) are SEM 414 
images of the catalyst thin films taken at the edge of the GC disks. 415 
 416 
Figure 5: Cyclic voltammogram in H2 saturated electrolyte for the calibration of the potential 417 
the reference electrode against RHE (50 mV s-1, 1600 rpm). The average of the potentials where 418 
the current density is 0 mA cm-2 both in the positive going scan and the negative going scan is 419 
defined as 0 V vs. reversible hydrogen electrode (RHE) (see dotted red lines).  420 
 421 
Figure 6: Representative examples for “good” and “bad” voltammograms for the 50 wt% 422 
Pt/Vulcan catalyst. (a) Cyclic voltammograms in Ar saturated electrolyte (50 mV s-1). (b) LSVs in 423 
O2 saturated electrolyte (1,600 rpm, 50 mV/s, positive going scan, background subtracted, iR 424 
compensated). 425 
 426 
Figure 7: Representative cyclic voltammogram (a) and CO stripping voltammogram (b) for the 427 
50 wt% Pt/Vulcan catalyst (50 mV s-1). The Hupd charge and the CO stripping charge are 428 
highlighted in sky blue and pink, respectively. 429 
 430 
Figure 8: Photographs of the catalyst thin film fabricated on GC electrodes with various drying 431 
conditions. The ratio between isopropanol (IPA) and H2O in the bubbler was changed to optimize 432 
drying conditions. (a) 100% IPA, (b) 90% IPA / 10% H2O, (c) 80% IPA / 20% H2O, (d) 70% IPA / 30% 433 
H2O. (c) features the best drying conditions in this case, as the most homogeneous catalyst thin 434 
film is fabrication on the GC electrode. 435 
 436 



 
  

   
 

Figure 9: Photographs of the catalyst inks with different pH: (left) pH ≈ 4, (middle) pH ≈ 7, (right) 437 
pH ≈ 10. The photographs are taken 1 week after the sonication. The dispersion of the acidic ink 438 
is much less stable than the neutral and the alkaline ink. 439 
 440 
Figure 10: Photographs of the catalyst films transferred on a paper (a-c) and SEM images of the 441 
catalyst films on GC electrodes (d-f). (a,d) Catalyst film fabricated from acidic (pH ≈ 4) ink, (b,e) 442 
Catalyst film fabricated from neutral (pH ≈ 7) ink, and (c,f) Catalyst film fabricated from alkaline 443 
(pH ≈ 10) ink. 444 
 445 
Figure 11: Influence of iR-compensation on the measurement. (a,b) Screenshots of the interface 446 
of “EC4 DAQ” program with and without iR-compensation. (c) LSVs measured in O2 saturated 447 
electrolyte with iR-compensation (red) and without iR-compensation (gray) (50 mV s-1, 1,600 rpm, 448 
back ground subtracted). 449 
 450 
Figure 12: Overview of the experimental steps. Corresponding characterization methods and 451 
controllable parameters for each experimental step in this protocol are shown. TEM = 452 
transmission electron microscopy, SAXS = small angle X-ray scattering, EXAFS = extended X-ray 453 
absorption fine structure, XANES = X-ray absorption fine structure, ICP-MS = inductively coupled 454 
plasma mass spectrometry, DLS = dynamic light scattering, CCD = charge-coupled device, SEM = 455 
scanning electron microscopy. 456 
 457 
Table 1: Summary of results of the TF-RDE measurements for the 50 wt% Pt/Vulcan catalyst 458 
and the commercial 46 wt% Pt/C catalyst. The measured values are shown with standard 459 
deviation. ECSA = electrochemical surface area, ORR = oxygen reduction reaction, TKK = Tanaka 460 
Kikinzoku Kogyo. 461 
 462 
DISCUSSION: 463 
It is well known that the ORR activity of high surface area catalysts measured by the TF-RDE 464 
technique highly depends on the uniformity of the catalyst thin film6,9,10,14,19. Several groups have 465 
reported fabrication methods for homogeneous catalyst thin films on GC electrodes and 466 
researchers should carefully optimize their drying method when entering this research area20. 467 
Using rotational methods19 allows more flexibility in coating of thicker catalyst films, whereas 468 
stationary methods have the advantage that multiple electrodes can be prepared at the same 469 
time. As an example of a stationary drying method, Shinozaki et al. recently reported that uniform 470 
catalyst thin films are fabricated by drying the catalyst ink in an IPA atmosphere10. The fabrication 471 
of the catalyst thin films in this protocol is based on their method. However, the catalyst inks are 472 
dried in a humidified gas flow instead of a stationary atmosphere (protocol 3.3.2). The advantage 473 
of this modified method is that the drying condition can easily be adjusted by changing the ratio 474 
between IPA and water in the bubbler. Figure 8 indicates that the uniformity of the catalyst thin 475 
film is optimized by changing the condition of the humidification.  476 
 477 
[Place Figure 8 here] 478 
 479 
We also found that the pH of the catalyst inks is an important parameter to be optimized to 480 



 
  

   
 

obtain homogeneous catalyst thin films, as reported in the literature14. Figure 9 demonstrates 481 
the varying stability of catalyst inks with different pH. Since HCl is used for the washing of Pt NPs 482 
in the protocol 1.3.3, the catalyst ink usually becomes acidic without the addition of KOH. The 483 
acidic catalyst ink is not particularly stable and most of the Pt/C catalyst particles settle to the 484 
bottom 1 week after the sonication. The neutral ink is more stable than the acidic ink, even 485 
though some precipitates are seen in the bottom. The alkaline ink is the most stable and no 486 
precipitate is seen 1 week after the sonication. This pH dependence of the catalyst ink stability is 487 
explained by the magnitude of the zeta potential, which becomes larger with increasing pH14. 488 
 489 
[Place Figure 9 here] 490 
 491 
Not only the stability of the catalyst inks, but also the uniformity of the obtained catalyst thin film 492 
depends on the pH of the catalyst ink. Highly agglomerated catalyst thin films are obtained when 493 
acidic inks are used (Figure 10a,d). Although there is no significant difference visible to the eye 494 
between the catalyst thin films fabricated from the neutral ink and from the alkaline ink (Figure 495 
10 b,c), SEM images reveal that there are some agglomerates in the catalyst thin film obtained 496 
from the neutral ink, whereas no significant agglomerates are seen in the catalyst thin film 497 
obtained from the alkaline ink (Figure 10e,f). 498 
 499 
[Place Figure 10 here] 500 
 501 
In addition to the catalyst film quality, the scan rate4 and the compensation of the cell resistance 502 
influences the ORR activity determination8. In our measurement setup, the cell resistance 503 
without iR-compensation is usually around 30 Ω. It is decreased to be less than 3 Ω by using the 504 
iR-compensation of the potentiostat (Figure 11a,b). The LSVs measured in O2 saturated 505 
electrolyte with and without iR-compensation are compared in Figure 11c. A noticeable potential 506 
shift due to the cell resistance is seen at around 0.9 VRHE, where ORR activity is evaluated. As a 507 
scan rate for the LSV, we chose 50 mV s-1, while other groups5 prefer 20 mV s-1 and membrane 508 
electrode assemblies (MEAs) are often tested under steady state conditions4. In general, it can 509 
be stated for TF-RDE studies that the lower the scan rate, the more the measurement becomes 510 
susceptible to possible contaminations. In MEA testing, considerably higher currents are applied. 511 
In particular for automotive applications, high power performance is particularly interesting21. 512 
Scanning the potential would lead to significant errors if no online iR compensation is applied. 513 
 514 
Due to these differences, direct predictions of MEA performance based on TF-RDE measurements 515 
should be taken with caution. The TF-RDE should be seen as a fast method to screen test the 516 
intrinsic ORR activity of PEMFC catalysts, rather than an alternative to MEA testing. 517 
 518 
[Place Figure 11 here] 519 
 520 
The overall procedure is summarized in Figure 12. In addition to the discussed standard 521 
characterization methods, the obtained colloidal Pt NPs suspension and Pt/C catalyst can also be 522 
investigated by more advanced methods such as small angle X-ray scattering (SAXS)22 or X-ray 523 
absorption spectroscopy (XAS)23. 524 



 
  

   
 

[Place Figure 12 here] 525 
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Pt particle size ECSA ORR specific activity ORR mass activity

[nm] [m
2
 g

-1
Pt] [µA cm

-2
Pt] [A g

-1
Pt]

50 wt.% Pt/Vulcan 2 102 ± 3 852 ± 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(IV) 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(II) 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 TEC10E50E

Ar gas Air Liquide 99.999%

O2 gas Air Liquide 99.999%

CO gas Air Liquide 99.97%

H2 gas Air Liquide 99.999%

Microwave reactor CEM Discover SP

Centrifuge Corning 6759

Rotary evaporator KNF RC600

Ultrasonic bath Qualilab USR 54 H 35 kHz, 160/320 W

Filter paper Albet DP595 055 Retention rate 4-7 µm, φ55 mm

Crucible VWR 459-0202 12 mL

Lid for crucible VWR 459-0216 φ35 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

Control and data acquisition program Nordic Electrochemisty EC4 DAQ

Data analysis program Nordic Electrochemisty EC4 VIEW
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