
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Revealing the genuine stability of the reference Pt/C electrocatalyst toward the ORR

Hu, Yang; Jensen, Jens Oluf; Bretzler, Patrick; Cleemann, Lars Nilausen; Yu, Jianan; Li, Qingfeng

Published in:
Electrochimica Acta

Link to article, DOI:
10.1016/j.electacta.2021.138963

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Hu, Y., Jensen, J. O., Bretzler, P., Cleemann, L. N., Yu, J., & Li, Q. (2021). Revealing the genuine stability of the
reference Pt/C electrocatalyst toward the ORR. Electrochimica Acta, 391, [138963].
https://doi.org/10.1016/j.electacta.2021.138963

https://doi.org/10.1016/j.electacta.2021.138963
https://orbit.dtu.dk/en/publications/1501610c-906f-4bf4-b1d3-b5b79272d8e8
https://doi.org/10.1016/j.electacta.2021.138963


Electrochimica Acta 391 (2021) 138963 

Contents lists available at ScienceDirect 

Electrochimica Acta 

journal homepage: www.elsevier.com/locate/electacta 

Revealing the genuine stability of the reference Pt/C electrocatalyst 

toward the ORR 

Yang Hu 

∗, Jens Oluf Jensen , Patrick Bretzler , Lars Nilausen Cleemann , Jianan Yu , 
Qingfeng Li ∗

Department of Energy Conversion and Storage, Technical University of Denmark, Fysikvej, Building 310, 2800 Kgs. Lyngby, Denmark 

a r t i c l e i n f o 

Article history: 

Received 31 May 2021 

Revised 17 July 2021 

Accepted 18 July 2021 

Available online 28 July 2021 

Keywords: 

Stability 

Electrocatalyst 

Fuel cell 

Platinum 

Oxygen reduction 

a b s t r a c t 

Stability is an essential metric of electrocatalysts, but the reported experimental results are often flawed, 

indicated by the highly inconsistent stability data of the reference catalysts seen in the literature. In this 

work, focusing on the Pt/C reference catalyst toward the oxygen reduction reaction, we attempted to clar- 

ify its genuine stability under the most used accelerated stress test conditions and understand the rea- 

sons for the flawed results. Efforts have been made to design an electrochemical cell and an extended test 

protocol to control all possible experimental factors that could influence the test results. We found that 

simple experimental errors such as incomplete catalyst activation and accumulated electrolyte impurities 

could significantly affect the stability test results. Under strictly controlled conditions, a reliable stability 

benchmark of Pt/C catalyst toward the oxygen reduction reaction has been established. The proposed ex- 

perimental procedure could serve as a general reference for determining the stability of electrocatalysts 

for different electrochemical systems. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

With the ever-increasing energy demand and the environmen- 

al concerns over the use of fossil fuels, the development of renew- 

ble energy conversion and storage technologies such as fuel cells, 

1-6] electrolyzers, [7-16] and power-to-X [17-19] has become an 

nsanely hot research topic in recent years (see Fig. 1 a with the 

xygen reduction catalysts as an example). Highly active and sta- 

le electrocatalysts are the founding materials of these techniques. 

oncerning catalyst develpment , the testing results of a reference 

atalyst play several key roles in these studies. Firstly, they provide 

 convenient checkpoint for the quality of the tests carried out in 

ifferent studies and labs. Secondly, they are used as a benchmark 

or comparing the performance of different types of catalysts [20- 

3] . More importantly, the results serve as the baseline for obtain- 

ng a fundamental understanding of the properties of the new cat- 

lysts, given that the structure-performance relation is typically es- 

ablished by the comparison with a reference catalyst [24] . In this 

egard, the conclusion of a study could be totally opposite if com- 

aring to a reference catalyst with an abnormal performance. 

Concerning the catalyst for the oxygen reduction reaction (ORR) 

or the proton-exchange membrane fuel cells, the widely used ref- 
∗ Corresponding authors. 
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rence catalysts are commercial Pt/C catalysts with the particle size 

f around 3 nm (the optimum size for achieving the highest mass 

ctivity) [25-27] . At the catalyst screening stage, the activity is nor- 

ally evaluated by the thin-film rotating disk electrode (TF-RDE) 

pproach in a liquid electrolyte. It is an efficient and convenient 

ethod to allow the direct determination of the kinetic parameters 

f the catalyst without resorting to complex mathematic modeling 

 28 , 29 ]. The stability of ORR catalyst can also be evaluated using

his approach via the accelerated stress test (AST), by which the 

ajority of catalyst stability data in the literature were generated. 

he most widely used AST protocol is the one recommended by 

he U.S. Department of Energy (DOE). It comprises a number of po- 

ential cycles between 0.6 and 1.0 V (vs. RHE; Note: all the poten- 

ials mentioned in this work are respective to RHE without further 

pecification) in an Ar/O 2 -saturated electrolyte [30] . The conditions 

re to mimic the catalyst degradation process in fuel cells, which 

ccelerates during the start-up/shut-down periods due to the dra- 

atic change of electrode potential [ 31 , 32 ]. In theory, we should 

ee consistent activity and stability data of the same reference Pt/C 

atalysts reported in different studies, which, however, is often not 

he case. 

Fig. 1 b shows the activity and stability data of several reference 

t/C catalysts collected from 20 recent studies, where the same 

OE AST conditions (with minor variations in cycle numbers) were 

sed. The situation is very worrisome. The issue with the activity 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. (a) The number of publications on oxygen reduction catalysts published from 1996 to 2019 (data is obtained from Web of Science by using the topic term of [“oxygen 

reduction” and “catalyst”]. (b) The stability data of reference Pt/C catalysts collected from 20 recent studies and the present work. The mass activity is defined as the kinetic 

ORR current at 0.9 V. The AST conditions are 450 0-10 0 0 0 (mostly 10 0 0 0) potential cycles between 0.6 and 1.0 V in Ar/N 2 - (hollow diamond) or O 2 -saturated (filled diamond) 

0.1 M HClO 4 . Additional experimental details are listed in Table S1. 
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easurement is a topic on its own and has been extensively dis- 

ussed in a series of recent studies [ 23 , 28 , 33-40 ]. In this work, we

ainly focus on the stability. The retained mass activity of the ref- 

rence Pt/C catalysts at 0.9 V after the AST - the most important 

tability parameter of the catalyst - varies from 84% all the way 

own to almost 0%, i.e., the catalyst becoming inactive at 0.9 V af- 

er the AST. Such inconsistent stability results of the reference cat- 

lysts indicate many of the tests were flawed, and, as a result, the 
2 
ndings about the new catalysts reported in these studies become 

uestionable. 

Clearly, it is a big issue of this field. In this work, we attempted 

o address this issue. Firstly, we designed an electrochemical cell 

nd established an extended stability test protocol in order to con- 

rol all possible experimental factors that affect the testing results. 

n that basis, we explored the possible experimental factors that 

ould affect the testing results, which could be the reasons for the 
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rbitrary data reported in the literature. Using the developed pro- 

edure, the genuine stability of a standard Pt/C reference catalyst 

as determined, which set a reliable stability benchmark for devel- 

ping ORR catalysts. The proposed experimental procedure could 

erve as a general reference for determining the stability of elec- 

rocatalysts for other electrochemical systems. 

. Experimental 

.1. Design of the electrochemical setup 

The design of the electrochemical setup is illustrated in Fig. 2 a. 

he cell is aimed to be functional, made from only durable ma- 

erials, and easy to use and clean. The cell body ( ca. 150 mL in

olume) is made from DURAN glass, which has excellent chemi- 

al resistance. A gas bubbler with a fine glass frit to produce mi- 

robubbles is embedded in the cell, which can be used to saturate 

he electrolyte within 2-3 min. To suppress the disturbance of the 

ubbles to the electrolyte, the outlet of the bubbler is placed close 

o and pointed toward the inner wall of the cell. The cell lid is 

ade from Teflon. The cell body has two side openings of conically 

apered ground glass joints, which are used for leak-proof connec- 

ions with the reference electrode (RE) and counter electrode (CE), 

espectively. Prior to the test, the electrochemical cell is cleaned 

n the Piranha solution and boiled in Milli-Q water at least three 

imes. A Biologic VSP multichannel potentiostat was used for all 

he electrochemical tests. The electrolyte was 0.1 M HClO 4 solution, 

repared by diluting high-purity 70% HClO 4 (Suprapur®, Merck) 

ith Milli-Q water. The used gases, i.e., O 2 , Ar, and H 2, are with

he purity of ≥ 99.999% (Strandmøllen A/S or AGA A/S). 

The CE is a graphite rod (trace metal basis), which sits in a re-

ovable glass insert with a glass frit at the bottom to avoid the 

as crossover between the CE compartment and the working elec- 

rode (WE) compartment (see Fig. 2 a). The RE is a reference hy- 

rogen electrode (RHE) made in house, which is featured with the 

rapped H 2 pot. Similarly, the RE sits in a removable glass insert. 

alibration of the RHE potential can be easily carried out by purg- 

ng the electrolyte in the WE compartment with H 2 and using the 

t/C catalyst-coated RDE as the reference point. Such calibration 

s carried out multiple times throughout the tests of the catalysts 

see Section 2.2 : The stability test protocol). The potential of the 

HE was very stable, and any shift (typically less than 0.5 mV) 

ould be recorded and corrected during the data processing. 

For ORR tests using the TF-RDE approach, the preparation of a 

igh-quality catalyst film is usually the most time-consuming part 

f the work, which can be troublesome. To cast a thin catalyst film 

n an RDE tip, typically, the catalyst is dispersed in a solvent, form- 

ng a uniform catalyst ink. Then, a specific volume of the ink is cast 

n an RDE tip to evaporate the solvent, which hopefully leaves a 

niform catalyst film behind. Many experimental factors, such as 

he drying speed of the solvent and even the pH of the ink can 

ffect the quality of the catalyst film. Several techniques have been 

eported to ease the pain, including, for example, drying the ink 

n a solvent vapor-saturated space, using a solvent with a low va- 

or pressure such as dimethylformamide (DMF), and drying the ink 

hile rotating the RDE tip [ 35 , 41 ]. We tried all these techniques

ithin this study but found them either difficult to reproduce or 

ery time-consuming (e.g., > 4 hours is needed to prepare one 

lectrode using DMF-based inks). Luckily, we found a very simple, 

ast, and highly reproducible method to cast the catalyst film. The 

ey is to use concentrated formic acid (HCOOH) as the solvent to 

repare the catalyst ink. The typical ink recipe is 5.0 mg Pt/C cata- 

yst (20 wt% Pt on carbon, HiSPEC 30 0 0, Johnson Matthey), 85.7 μL 

illi-Q H 2 O, 3299.0 μL HCOOH ( ≥98%, Sigma-Aldrich), and 16.2 μL 

afion solution (5 wt%). The obtained ink was ultrasonicated in a 

ater bath for about 30 min, which resulted in a uniform disper- 
3 
ion Prior to the film casting, 1-2 μL of isopropanol was deposited 

n a glassy carbon RDE tip (5 mm in diameter, PINE), followed by 

epositing 10 μL of the catalyst ink and drying it in the air, option- 

lly under the coverage of a beaker. After about 30 min, a uniform 

atalyst film could be expected. The dry mass ratio of Nafion to 

arbon in the final catalyst layer is 0.33:1. The catalyst loading on 

he RDE was 15 μg Pt cm 

−2 , which was within the typical range of 

0-20 μg Pt cm 

−2 used for ORR measurements. 

.2. The stability test protocol 

The full stability test protocol is described as follows, 

1) Conditioning (or called Break-in). The electrode is scanned 

between 0.025 and 1.1 V in Ar saturated electrolyte at the 

rate of 100 mV s −1 until a stable CV curve is achieved, which 

takes about 130 cycles. An alternative conditioning proce- 

dure of using mild hydrogen evolution reaction (HER, set 

at -0.3 V for 5 min) and a further CO adsorption/stripping 

was also tried in this work [42] . In that case, the CVs of 

the electrode after each step of treatment are shown in 

Fig. S1, which reveal the slightly increased hydrogen adsorp- 

tion/desorption peaks after each step. However, the further 

enlargement of the peaks was still observed after the ORR 

testing, indicating that that the surface of the Pt particles 

was not fully cleaned/stabilized after this conditioning pro- 

cedure. 

2) Replacing the test electrolyte. Remove the electrolyte, rinse 

the cell, and refill the cell with a fresh electrolyte. 

3) Recording the ORR curve ( Initial ). First, the electrolyte is 

saturated with O 2 . Then, the electrode is scanned between 

0.025 and 1.025 V at 20 mV s −1 until a stable CV is achieved,

which takes about 2-3 cycles. The RDE rotation rate is 1600 

rpm. The anodic scan of the ORR curve is used later for cal- 

culating the catalyst activity. 

4) Calibration of the RHE. First, the electrolyte is saturated with 

H 2 . Then, the potential difference between the RHE and the 

Pt/C coated-RDE (rotating at 1600 rpm) is measured. 

5) Recording the base CV ( Initial ). First, the electrolyte is satu- 

rated with Ar. Then, the electrode is scanned between 0.025 

and 1.025 V at 20 mV s −1 until a stable CV curve is achieved,

which takes 2-3 cycles. 

6) Determining the uncompensated electrolyte resistance (R u ) 

by electrochemical impedance spectroscopy (EIS). It is car- 

ried out at the open circuit potential by applying an AC sig- 

nal with 10 mV amplitude over the frequency range from 

100 kHz to 0.1 Hz. The resistance value is directly read out 

from the interception of the Nyquist plot with the Z re axis. 

7) AST. For the AST of Ar-1.0 V, the electrode is scanned in 

the Ar-saturated electrolyte between 0.6 and 1.0 V at 100 

mV s −1 for 10 0 0 0 cycles. Regarding the AST of O 2 -1.0 V, the

electrode is scanned in the O 2 -saturated electrolyte between 

0.6 and 1.0 V at 100 mV s −1 for 10 0 0 0 cycles. 

8) Recording the ORR curve ( Stage 1 ). The experimental proce- 

dure is the same as that in step 3. 

9) Calibration of the RHE. The experimental procedure is the 

same as that described in step 4. 

10) Record the base CV ( Stage 1 ). The experimental procedure is 

the same as that described in step 5. 

11) Re-conditioning the catalyst: The electrode is scanned be- 

tween 0.025 and 1.025 V at 100 mV s −1 in Ar-saturated 

electrolyte until a stable CV curve is obtained, which takes 

around 100 cycles. 

12) Recording the ORR curve ( Stage 2 ). The experimental proce- 

dure is the same as that described in step 3. 
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Fig. 2. (a) Schematic illustration of the electrochemical setup developed in this work. A detailed description of the setup can be found in the Experimental section. (b) 

Summary of the conventional stability test protocol (within the painted area) and the modifications made in this study (the text in red). The full protocol can be found in 

Experimental section. 

P

g

13) Recording the base CV ( Stage 2 ). The experimental proce- 

dure is the same as that described in step 5. 

14) Replacing the test electrolyte. The experimental procedure is 

the same as that described in step 2. 

15) Recording the ORR curve ( Stage 3 ). The experimental proce- 

dure is the same as that described in step 3. 

16) Recording the base CV ( Stage 3 ). The experimental proce- 

dure is the same as that described in step 5. 
4 
17) Determining the R u by EIS. The experimental procedure is 

the same as that described in step 6. 

18) Calibration of the RHE. The experimental procedure is the 

same as that described in step 4. 

Note: For estimating the electrochemical surface area (ECSA) of 

t alloy catalysts, CO stripping test is usually the preferred method, 

iven that the alloy surface has weakened binding to H 

∗ and thus 
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Fig. 3. A typical set of stability data of the Pt/C catalyst under the AST condition of Ar-1.0 V, i.e., 10 0 0 0 potential cycles between 0.6 and 1.0 V in Ar-saturated 0.1 M HClO 4 . 

(a) ORR polarization curves (anodic scans) of the Pt/C recorded at the initial and three stages after the AST. Rotation speed, 1600 rpm; scan rate, 20 mV s −1 ; electrolyte, 

O 2 saturated 0.1 M HClO 4 ; catalyst loading, 15 μg Pt cm 

−2 . (b) The corresponding base cyclic voltammetry (CV) of the catalyst in Ar-saturated electrolyte recorded at specific 

stages. The scan rate is 20 mV s −1 . The painted area indicates the charge integrated to calculate the initial ECSA of the catalyst. (c-e) ECSA (c), surface activity (d), and mass 

activity (e) of the catalyst. 
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 decreased coverage. In that case, extra steps of CO stripping tests 

an be added to the protocol after each step that recordes the base 

V. 

.3. ORR Data processing 

The protocol for the data analysis is summarized as follows, 

1) Correcting R u for the anodic ORR and base CV curves. 

2) Subtracting the base CV current from the anodic ORR curve. 

3) Calculating the kinetic ORR current ( i k ) using the Koutecký–

Levich equation 

1 

i 
= 

1 

i k 
+ 

1 

i l 

here i k is the kinetic current, i l is the diffusion limiting current, 

nd i is the measured current. 

1) Determining the ECSA of the catalyst by integrating the charge 

measured for H 

∗ adsorption, as illustrated by the painted area 

in Fig. 3 b. It is assumed that the full coverage of Pt surface by

one layer of H 

∗ requires a charge of 210 μC cm 

−2 . [37] 

2) Calculating the surface activity (j s ) and mass activity (j m 

) of the 

catalyst using the i k , ECSA, and the applied catalyst loading on 

−2 
the RDE (i.e., 15 μg Pt cm ). M

5 
.4. Gas chromatograph (GC) 

The electrolyte was analyzed for organic impurities using a gas 

hromatograph (Agilent Technologies 7890B) equipped with an FID 

nd helium as the carrier gas. A sample volume of 0.5 μL was man- 

ally injected on a PoraBOND column for each measurement. 

.5. Transmission electron microscopy (TEM) 

To prepare the samples for the TEM analysis, the catalysts, in- 

luding the initial catalyst and those after the stability tests, were 

rst dispersed in a mixture of water and ethanol, and then a few 

rops were deposited on TEM grids (S166-3H, Agar Scientific) for 

he analysis. TEM imaging was performed using an FEI TECNAI T20 

t 200 kV. For each sample, more than 500 Pt particles from 3-5 

EM images were counted manually to determine the particle-size 

istribution histograms. 

. Results and discussion 

.1. The design of the electrochemical setup 

In this study, we chose the Pt/C catalyst produced by Johnson 

atthey (20 wt % Pt on carbon, HiSPEC 30 0 0) for the investiga- 
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Fig. 4. GC analysis data of MQ water, the fresh electrolyte (0.1 M HClO 4 ) and the electrolyte after the AST in Ar. 
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ion, given that it is likely the most used reference catalysts in this 

eld. Efforts were first made to develop a new electrochemical cell, 

ith the aim to achieve the optimum conditions for measuring the 

ntrinsic activity and stability of the catalyst. The design of the cell 

s illustrated in Fig. 2 a and described in detail in the Experimen- 

al section. Four key features are highlighted here. First, one elec- 

rolyte for all parts of the cell, thus avoiding any anion contam- 

nates. It is well known that many anions, especially Cl − that is 

resent in commonly used reference electrodes such as saturated 

alomel electrode (SCE) and silver chloride electrode, have strong 

dsorption on Pt surface and block the sites for the aimed elec- 

rochemical reactions [2] . The risk of using these reference elec- 

rodes for the short-term (i.e., within minutes) activity measure- 

ents is low, but the risk is much higher for the stability tests 

hat last for 24 hours or longer. Second, calibrated reference po- 

entials throughout the stability test. The accuracy of the reference 

lectrode potential is vital for the quality of ORR tests. For a quick 

eference, shifting of the reference electrode potential by a mere 

 mV would cause the variation of the measured catalyst activ- 

ty by ca. 18% (see Fig. S2). Third, thin and uniform catalyst films 

ast using a simple and highly reproducible method (see Experi- 

ental). At last, a graphite rod used as the counter electrode. The 

ssue of using a Pt counter electrode for electrochemical tests has 

een well addressed in a recent study. [43] It could cause the de- 

osition of Pt from the counter electrode to the working electrode, 

nd this risk is much more significant for long-term stability tests. 

sing this electrochemical setup, the surface and mass activities of 

he Pt/C catalyst were determined to be 1093 ±69 μA cm Pt 
−2 and 

 6 6 ± 50 mA mg Pt 
−1 , respectively, which are among the highest 

eported in the literature [ 35 , 44 , 45 ]. 

.2. The genuine stability of Pt/C 

Concerning the conventional test protocol of the catalyst stabil- 

ty (summarized within the painted area of Fig. 2 b), it starts with a

onditioning step (i.e., a number of potential cycles between 0.025- 

.1 V) to clean up the surface of Pt nanoparticles and to reorganize 

he surface structure [34] . After a stable CV is obtained, an ORR 
6 
urve is recorded, which is used to determine the catalyst activity. 

ubsequently, a base CV in Ar/N 2 -saturated electrolyte is recorded 

o determine the ECSA and to subtract the capacitive current from 

he ORR curve, which is followed by the AST. After that, another 

RR and base CV curves are recorded to determine the catalyst 

tability. In this study, we extended this protocol with two major 

hanges (indicated by the red text in Fig. 2 b). Firstly, after the con- 

entional protocol, the catalyst is re-conditioned, and the activities 

re subsequently measured again. Secondly, fresh electrolytes are 

sed to measure the initial catalyst activity and the final activity 

fter the AST. Using this extended protocol, four ORR & base CV 

urves, referred to as Initial and Stage 1, 2, 3, are generated during 

he stability test, as marked in Fig. 2 b. 

A typical set of data is shown in Fig. 3 , where the AST condition

s 10 0 0 0 potential cycles between 0.6 and 1.0 V in Ar-saturated 0.1

 HClO 4 (same as most of those in Fig. 1 b). This AST condition

s hereafter referred to as Ar-1.0 V. The ORR curves recorded at 

he initial and the three stages after the AST are shown in Fig. 3 a,

f which the region around the half-wave potentials (E 1/2 ) is en- 

arged in the inset. In comparison to the Initial ORR curve, the 

urve at Stage 1, which is used in the conventional protocol to 

etermine the catalyst stability, shifted negatively by 10.8 mV at 

 1/2 . This value, however, recovered to 7.0 mV at Stage 2 after re- 

onditioning the catalyst. Moreover, after using a fresh electrolyte 

 the shift of E 1/2 was down to 3.3 mV at Stage 3. The correspond-

ng base CV curves are shown in Fig. 3 b. The Initial base CV curve

epicts the standard Pt features, including the formation/reduction 

eaks of Pt oxide (0.5-1.0 V) and the hydrogen adsorption and des- 

rption region (0.06-0.4 V). We noticed that that the intensities 

f the hydrogen adsorption peaks were greater than the hydrogen 

esorption peaks. This feature is commonly seen in the literature, 

articularly for the carbon-supported Pt catalysts[ 34 , 36 , 46 ], which 

ould be caused by the overlapped electrochemical response of 

xygen-containing functionalities on the carbon support, the dis- 

ortion of the hydrogen desorption peaks by the preceding hydro- 

en evolution process occurring at below 0.06 V, and other factors 

uch as the co-called hydrogen spill-over effect [47] . To obtain con- 

istent ECSA results, only the charge of the H upd peaks before the 
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Fig. 5. Comparison of (a) ECSA, (b) surface activity, and (c) mass activity of the Pt/C catalyst under the stability tests of three typical AST conditions, including Ar-1.0 V (i.e. 

10 0 0 0 potential cycles between 0.6 V and 1.0 V in Ar-saturated 0.1 M HClO 4 ) and O 2 -1.0 V (i.e., 10 0 0 0 potential cycles between 0.6 and 1.0 V in O 2 saturated 0.1 M HClO 4 ). 
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ommence of the HER process (the grey painted area in Fig. 3 b) is

sed for the calculation. 

At Stage 1, i.e., right after the AST, the Pt oxide forma- 

ion/reduction peaks were significantly depressed, and the hydro- 

en adsorption peaks shifted slightly to lower potentials, indicat- 

ng the formation of thick Pt-oxide layers on the particles during 

he AST. After re-conditioning the catalyst, the Pt-related features 

ere largely restored at Stage 2, which were further enhanced af- 

er replacing the electrolyte at Stage 3. Using the base CV and 

RR curves, the ECSA, surface activity (j s , at 0.9 V vs. RHE), and

ass activity (j m 

, at 0.9 V vs. RHE) of the catalyst are calculated,

hich are shown in Fig. 3 c-e. At Stage 1, the catalyst maintained

4% ECSA and 89% j s , leading to the retained 66% j m 

. After re-

onditioning the catalyst (i.e., at Stage 2), the ECSA recovered to 

9% initial value, and the j s stayed the same, resulting in 78% j m 

.

 further larger performance recovery was achieved by replacing 

he testing electrolyte at Stage 3, with 91% ECSA, 100% j s , and 91%

 m 

retained, which meant that the catalyst lost 9% the surface area 

uring the AST, but the surface activity stayed almost the same. 

his finding of restored catalyst activity after re-conditioning and 
7 
eplacing the electrolyte has been reproduced in all 12 indepen- 

ent tests carried out in this study and also with two other Pt ref- 

rence catalysts. 

Apparently, the lower catalyst performance at Stage 1 and Stage 

 are due to the experimental factors, i.e., the incomplete catalyst 

ctivation and likely the impurities accumulated in the electrolyte 

uring AST, which should not be regarded as the catalyst degrada- 

ion. To check the impurities accumulated in the electrolyte during 

ST, we used GC to analyze the electrolyte after the AST, i.e., at 

tage 1, which was compared with the fresh electrolyte and MQ 

ater ( Fig. 4 ). A broad signal appeared in the gas chromatogram 

or the electrolyte collected after the AST, which was not visible 

n either pure water or the fresh electrolyte. This additional signal 

ith a retention time from 13.4 min to 19.5 min indicates the pres- 

nce of an impurity in the electrolyte that was either formed or 

ntroduced during AST. Because the flame ionization detector used 

or the GC analysis is only sensitive to combustible materials, the 

mpurity is most likely an organic compound, e.g., a hydrocarbon. 

hus, we checked the specifications of the used gases provided by 

trandmøllen A/S. The gases indeed contains up to 1 ppm of hy- 
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Fig. 6. Particle size distribution histograms (left) and the corresponding TEM images (right) of the initial Pt/C catalyst and those after the stability tests under the two 

different AST conditions. 
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rocarbon, although the gas purity is as high as 99.999% (Fig. S3). 

e also carried out the tests using the gases from a different pro- 

ucer (AGA A/S) of the same purity, and obtained the same results. 

herefore, it is the presence of hydrocarbon impurities are likely 

ommon in the production of industrial gases. 

Based on the results, the inconsistent stability data reported in 

he literature can be largely explained. The very low stability per- 

ormance with the retained 0% to 60% j m 

after the AST is likely 

aused by the inappropriate test conditions such as the shifted ref- 

rence electrode potentials and the detachment of catalysts during 

he AST. The stability values of the retained 60% to 90% j m 

fall in

he range observed in this study. The exact number depends on at 

hich stage after the AST the ORR performance is recorded for de- 

ermining the catalyst stability. Clearly, the intrinsic stability of the 

atalyst should be defined by the performance recorded at Stage 3. 

We further tested the stability of the Pt/C catalyst with the AST 

n O 2 instead of Ar. The stability results obtained under these two 

ST conditions are compared in Fig. 5 , with additional data shown 

n Fig. S4. It shows that switching the purging gas from Ar to O 2 

oes not cause an obvious difference in the catalyst stability, as the 

etained ECSA (89 ±1.6% vs. 87 ±2.9% for Ar vs. O 2 ), j s (102 ±3.2%

s. 106 ±2.8%), and j m 

(91 ±1.1% vs. 92 ±0.7%) are very close. This

esult is contrary to the general consensus that Pt/C catalyst de- 

rades faster during potential cycling in O 2 than Ar. We suspect 

hat previously reported results might be flawed. 

Particle growth is the typical reason for the performance degra- 

ation of Pt/C catalysts. To verify that, we investigated the size dis- 

ributions of Pt particle after the ASTs in Ar or O 2 on the basis of

EM images ( Fig. 6 ). The Pt nanoparticles initially had a mean par-

e

8 
icle size of 2.9 nm with a rather narrow size distribution. After 

he AST in Ar or O 2 , the mean particle size increased to 3.6 nm

n both cases. It is noteworthy that for the stability tests of both 

n Ar and O 2 , the decreased mass activities of Pt/C are solely due 

o the decreased ECSA, while the specific activities remained the 

ame or became slightly higher after the AST. It is consistent with 

he reported size effect of Pt nanoparticles for the ORR., where the 

pecific activity steadily increases when the particle size increases 

rom 1 nm to 5 nm [48] . 

. Conclusion 

In this work, we have addressed the issue of flawed stability 

est results of electrocatalysts commonly seen in the literature. Us- 

ng the Pt/C catalyst as an example, we have elucidated the under- 

ying causes. Effort s were made to design an electrochemical cell 

nd establish an extended stability test protocol. Using the devel- 

ped experimental procedure, we found that the stability results of 

t catalysts can be severely distorted by experimental factors, such 

s the incomplete catalyst activation and accumulated impurities 

n the electrolyte from the gas. These experimental flaws are likely 

he reasons for the arbitrary stability data reported in the litera- 

ure. We further determined the genuine stability of the Pt/C cata- 

yst under two typical AST conditions, which set a reliable bench- 

ark for developing ORR catalysts. We believe that it is urgent to 

oint out this issue to researchers studying electrocatalysts, and 

he proposed experimental procedure can serve as a general ref- 

rence for determining the stability of electrocatalysts for various 

lectrochemical systems. 
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