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Unveiling the origins of the activity gap between
rotating disk electrodes and membrane electrode
assemblies: Pt seed-mediated iridium-doped
octahedral platinum nickel catalysts for proton
exchange membrane fuel cells†
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Proton exchange membrane fuel cells (PEMFCs) offer energy solutions of high efficiency and low

environmental impact. However, the sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode

limit their commercialization. Pt-based electrocatalysts, particularly octahedral (oh)PtNi bimetallic catalysts

doped with additional transition metals, stand out as promising candidates for enhancing ORR rates and

overall cell performance. A key challenge in the development and validation of active oh PtNi electrocatalysts

is the unsuccessful translation of laboratory-scale catalyst test results, typically assessed using the rotating disk

electrode (RDE) method, to practical applications in membrane electrode assembly (MEA) for PEMFCs. Here,

we consider a new family of Ir-doped octahedral ORR fuel cell catalysts with very high RDE-based Pt mass

activities. First, we designed the catalysts and tuned the catalyst layer properties to achieve the new state-of-

the-art performance for oh-PtNi catalysts in PEMFCs. Still, a significant decrease in relative performance with

respect to Pt/C when transitioning from RDE into an MEA-based cathode environment was observed. Thus, to

better understand this performance loss, we investigated the effects of ionomer–catalyst interactions by

adjusting the I/C ratio, the effect of temperature by applying RDE under high temperature, and the effects of

acidity and high current density by applying and introducing the floating electrode technique (FET) to shaped

nanoalloys. A severe detrimental effect was observed for high I/C ratios, with a behaviour contrasting reference

commercial catalysts, while the negative effect of high temperatures was enhanced at low I/C. Based on this

analysis, our study not only demonstrates a catalyst with enhanced ORR activity and specifically higher electro-

chemical surface area (ECSA) among oh-PtNi catalysts, but also provides valuable insights into overcoming

MEA implementation challenges for these advanced fuel cell catalysts.

Broader context
The transport sector significantly contributes to greenhouse gas (GHG) emissions, often accounting for over a quarter. Fuel cell vehicles (FCVs) powered by low-carbon
hydrogen-fueled proton exchange membrane fuel cells (PEMFCs) offer a promising solution due to their high efficiency and low environmental impact. However,
commercialization of PEMFCs faces major obstacles, primarily related to stack costs which are dominated by the cost of the platinum catalyst at the cathode. This is
why the design of low Pt-loaded cathodes is crucial for commercialization. Despite recent discovery of highly active Pt-based alloy cathode catalysts, there has
remained an unaccounted performance gap between laboratory test environments and cell/stack tests. This contribution explores the origins of this performance gap.
Our research focuses on octahedrally-shaped PtNi(Ir) ORR nanoparticle catalysts and addresses the impact of selected materials and operation parameters, such as
ionomer–catalyst interactions, temperature effects, and high current density conditions, on their performance in liquid electrolyte cells and correlate this to cell tests.
We reveal new correlations that can help overcome barriers to unfold the full performance of new alloy catalysts in practical cells.
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Introduction

Proton exchange membrane fuel cells (PEMFC) have emerged
as promising clean energy devices due to their high efficiency
and low environmental impact. The oxygen reduction reaction
(ORR) at the cathode is a pivotal process in PEMFCs, where the
sluggish kinetics of this reaction limit the commercialization of
PEMFCs and necessitate the use of electrocatalysts, in particu-
lar, Pt-based catalysts to facilitate the reaction and enhance
overall cell performance.

It has been decades that PtNi bimetallic catalysts have
gained considerable attention as highly active candidates for
ORR owing to their synergistic effects, improved activity, and
cost-effectiveness compared to pure Pt.1–5 While PtNi catalysts
are renowned for their exceptional properties, researchers have
extended their investigations to include additional transition
metals like cobalt (Co), molybdenum (Mo) and rhodium (Rh),
etc.6–11 These innovative combinations aim to elevate catalytic
activity and stability, providing fresh insights into the potential
of doped PtNi-based catalysts. While the incorporation of other
stabilizing transition metals, such as Ir, into Pt and PtNi
catalysts was reported experimentally and shown with calcula-
tion to stabilize the nanoparticle and enhance the ORR activity,
a detailed exploration of their catalytic activity and stability in
gas diffusion electrode (GDE) environments at higher current
densities or even in single membrane electrode assembly (MEA)
fuel cell setups is missing to date.12–18

An essential aspect of electrocatalyst development lies in
successfully translating promising kinetic results obtained at
the liquid-cell level, such as in rotating disk electrodes (RDE), to
realistic electrode environments involving an MEA adjacent
to porous gas diffusion layers.19–23 The translation from RDE
to MEA brings about various challenges due to differences in
operating conditions and catalyst–support interactions.24–27

Understanding and addressing these challenges are crucial
for the practical implementation and commercialization of
advanced catalysts. For this reason, alternative techniques to
RDE have been developed in recent years.21,23,28–30 For example,
the floating electrode technique (FET) permits the observation
of performance differences of oh-PtNi alloys and Pt/C under
high electrolyte concentration and high current density.

A number of different parameters have a significant impact
on the performance and stability of PEMFCs ORR catalysts,
such as the interaction of the ionomer with the nanocatalysts
and/or the carbon,31–33 as well as the influence of acidity
and ionomer functional groups over degradation.34,35 In parti-
cular, the weight ratio of ionomer to carbon (referred to as
the I/C ratio) affects the ionomer distribution on the catalyst
surface, directly influencing the catalytic activity and mass
transport within the electrode. Many groups have also
focused on the influence of cycling voltage limits on the
dissolution mechanism of the nanoparticles during accelerated
stress tests (ASTs).36–38 Most of the works are based on
pure Pt catalysts. More understanding is still required for
the highly active octahedral-shaped PtNi nanoparticles, and
research is ongoing.

Here, we address and clarify some of the physico-chemical
and electrochemical origins of the previously unaccounted for
RDE to MEA fuel cell catalyst performance gap, which has been
hampering the development of viable catalysts for realistic fuel
cell environments for the past decades. To achieve this, we
selected synthetically optimized shape-controlled Pt-based ORR
catalysts and correlated their RDE and MEA performance with
respect to the ionomer to catalyst ratio (I/C), testing tempera-
ture, and the current density. These three important fuel cell
parameters were chosen, because they usually vary widely
between RDE and MEA tests.

More specifically, we introduce a family of shape-controlled
octahedral Ir-doped PtNi nanoparticles and utilize them to
conduct a comparative investigation of their catalytic ORR
reactivity between 3-electrode liquid-electrolyte setups, such
as RDE and FET, and single PEM MEA fuel cell environments.
Of particular focus are the challenges associated with the
translation of catalyst performance from RDE to MEA setups
and potential strategies to overcome them effectively are dis-
cussed. The discussion is supported by a thorough examination
of the influence of I/C ratios and temperature on the catalytic
performance and overall cell efficiency. Insights into the chal-
lenges associated with the translation from RDE to MEA are
provided through performance and efficiency data obtained
from liquid-electrolyte FET experiments at high current density
(almost three orders of magnitude larger than RDE). Finally,
MEA single fuel cell data are presented and analyzed.

Together, this study provides an improved understanding of
factors such as I/C ratio and acidity influencing catalytic ORR
activity, explores novel catalyst compositions by combining seed-
mediated Pt alloy synthesis methods using Ir dopants, and
addresses the still unsolved challenge of translating RDE perfor-
mance into MEA environments. By doing so, this study contri-
butes significantly to the advancement of PEMFC technology.

Results and discussion

We compare and contrast the synthesis–structure–performance
relationships of shape-controlled, octahedral Ir-doped bimetallic
PtNi nanoparticles (referred to as ‘‘oh-PtNi(Ir)’’) prepared with and
without the assistance of pre-formed pure Pt nano-sized seed
particles supported on high surface area carbon support. After a
brief discussion of synthesis–structure–reactivity relations of non-
seed-mediated PtNi(Ir) electrocatalysts, we will move to the dis-
cussion of the results of seed-mediated Pt alloy nanoparticle
synthesis and their performance evaluation. Results and conclu-
sions obtained from the non-seed-mediated catalyst studies were
the origin of our continued interest in this family of nanostruc-
tured Pt alloy materials and led to studies into seed-mediated Pt
alloy nanocatalysts described further below.

Non-seed-mediated oh-PtNi(Ir) nanoparticle catalysts

Shape-controlled, octahedral, Vulcans XC72R carbon supported
Ir-doped oh-PtNi(Ir) nanoparticles with Pt weight loadings
around 20 wt% were synthesized in one single step using an
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autoclave-based solvothermal preparation technique detailed in
the ESI.†

Table S1 (ESI†) presents compositional data of the carbon-
supported oh-PtNi(Ir).3,8,9 Its X-ray diffraction (XRD) pattern in
Fig. S1 (ESI†) suggests a single-phase PtNi(Ir) alloy with the
expected fcc crystal structure. The catalyst was evaluated for its
electrocatalytic ORR performance in a 3-electrode RDE environ-
ment. Results on the catalytic ORR reactivity and stability tests
using a RDE setup are shown in Fig. 1a and b. The initial Pt-
based mass activity (MA) at 0.9 VRHE is quite high reaching
almost 3 A mgPt

�1. After the stability test, the MA presents a
drop of B44%, while the CO stripping-based electrochemical
surface area (ECSA-CO) remained essentially constant (with
only a minor increase observed, within error bars).9 The
ECSA-CO of oh-PtNi(Ir) was greater than 50 m2 gPt

�1, both at
the beginning of life (BoL) and after an accelerated voltam-
metric stress test. This is unexpected considering that the
average particle size derived from transmission electron micro-
scopy (TEM) in Fig. 1c was 7.0 � 1.7 nm, and, as such, larger
than other metal-doped PtNi octahedra of our previous
study.7,9,11 Fig. 1c and d display the morphological structure
of the carbon-supported oh-PtNi(Ir) from their pristine as-
prepared state to their state after the AST. The octahedral
nanoparticles largely maintained their morphological octahe-
dral structure. This observation and the negligible change in

ECSA suggest that Ni leaching might be the cause for the
MA loss.

To better understand how the Ir dopant influenced the ECSA
of oh-PtNi(Ir), we utilized X-ray absorption spectroscopy (XAS)
to gain insight into the oxidation state of the Ir dopant atoms in
the alloy. In Fig. S2 (ESI†), the XAS data provided valuable
information regarding the presence and state of Ir in the
catalyst. Given the limited abundance of iridium (Ir), achieving
a thorough analysis of the XAS data proved challenging, thus
impeding the acquisition of more detailed information. How-
ever, it is obvious that the Ir L-edge white line and the portion
of the spectrum up to B100 eV just above the edge was not
overlapping with the Ir foil, suggesting that the Ir dopant atoms
in our sample were not in metallic form, but, most likely,
surrounded by oxygen ligands, like in Ir oxides. Thus, these
atoms are not alloyed with the PtNi metallic core of the
nanoparticles, and we expect these sites to be at the surface
(or near surface). Moreover, to verify a possible contribution of
Ir to the ECSA, we synthesized and investigated the electro-
catalytic properties of carbon-supported Ir seed particles. As
shown in Fig. S3 (ESI†), the catalyst surface area of Ir/C was
evaluated by both hydrogen adsorption/desorption region and
CO stripping. ECSA-CO values ranged at 57.5 � 20.4 m2 gIr

�1.
As measured in ICP-OES, the content of Ir in oh-PtNi(Ir) was
only around 0.4 wt%. Given the surface doping, we can safely

Fig. 1 Electrochemical performance and morphological structure of non-seed oh-PtNi(Ir) supported on Vulcans XC72R. (a) Linear sweep voltammetry
(LSV), scanning rate 20 mV s�1. The black solid line represents the LSV before AST, 10k cycles between 0.6 to 0.925 VRHE, scanning rate 100 mV s�1; the
red solid line represents the LSV after AST. In the inset is the cyclic voltammetry, before and after the AST. RDE measured in 0.1 M HClO4. (b) Summary of
the mass activity and ECSA-CO before and after AST. (c) and (d) TEM images of non-seed oh-PtNi(Ir) as prepared (c) and after the AST (d).
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assume that the Ir surface concentration was higher than that
of the bulk. Therefore, the enhancement of ECSA-CO could also
originate from the presence of surface Ir dopants via an
electronic effect or strain effect. Overall, these preliminary
studies of oh-PtNi(Ir) nanoparticles revealed significantly
enhanced Pt-based catalytic ORR mass activities compared to
conventional state-of-the-art binary PtNi alloys, coupled to
favorable ECSA values compared to previously reported non
surface-doped binary oh-PtNi alloy ORR electrocatalysts.39

These non-seed-mediated oh-PtNi(Ir) results, in particular
the high ECSA-CO values, prompted and motivated us to
continue to investigate Ir-doped PtNi octahedra as promising
candidates for cathode catalysts in PEMFC, since ECSA is an
important metric for translation to high-performing MEAs.
Using seed mediation as a directed particle synthesis techni-
que, we also expected to be able to enhance the Pt weight
loading above 20 wt% on the carbon support. Electrocatalysts
with insufficient Pt weight loadings result in thick electrode
catalyst layers on membranes when deployed in single-cell fuel
cells. This, in turn, causes mass transport losses across the
catalyst layer associated with voltage losses.

Seed-mediated oh-PtNi(Ir) nanoparticle catalysts

In order to enable higher Pt weight loadings on low and high
surface area carbon supports, we prepared carbon-supported
shape-controlled octahedral oh-PtNi(Ir) nanoparticles by employ-
ing a seed-mediated nanoparticle growth method, the details of
which are provided in Fig. S4 (ESI†). We used Carbon Vulcans

XC72R (V) and Ketjen Black EC300 (K) as low and high-surface area
carbon supports, respectively. The seed-mediated synthesis tech-
nique enabled the preparation of carbon-supported oh-PtNi(Ir)
nanoparticles with a Pt weight loading of around 26–30 wt%,
considered high for shape-controlled octahedral nanocatalysts.
The V-supported and the K-supported seed-mediated oh-PtNi(Ir)
nanocatalysts are henceforth referred to as ‘‘V30’’ and ‘‘K30’’,
where 30 refers to the nominal 30% Pt loading by weight. The
elemental metal composition of all oh-PtNi(Ir) catalysts discussed
below was kept similar and followed closely the favorable Pt : Ni : Ir
ratio evaluated in preliminary non-seed-mediated study shown in
Table S1 (ESI†), in particular a Pt : Ni molar ratio of B70 : 30 with
an Ir dopant level of o 1 at % (see Table S2, ESI†). In Fig. S5 (ESI†),
the XRD patterns indicate that the composition and crystal
structure of both samples are comparable. The morphology and
particle size distribution of the V30 and K30 catalysts on their
carbon supports were investigated by TEM, Fig. 2a and b. The TEM
images revealed that both V30 and K30 exhibited the expected
octahedral shape, with sizes of 5.4 � 2.3 nm and 4.7 � 0.9 nm,
respectively, with good local distribution. However, an interesting
observation was the difference in size distribution between the two
samples, with a more significant tail at larger sizes for V30 (insets
of Fig. 2a and b). This contrast in size distribution could be
attributed to differences in the solid carbon structure or porous
structure within these catalysts, since Ketjen Black is known to
possess a significant fraction of micropores compared to Vulcan.40

To compare distinct synthesis methods and distinct dopant
atoms, we contrasted our seed-mediated oh-PtNi(Ir) V30 and

K30 with our non-seed-mediated oh-PtNi(Ir) and non-seed-
mediated Rh-doped PtNi octahedra, oh-PtNi(Rh), from our
previous work.11 The latter two catalysts showed a particle size
of 7.0 � 1.7 nm and 6.3 � 1.1 nm, respectively, exceeding those
of the two seed-mediated catalysts V30 and K30.11 This varia-
tion in size distribution suggests that the use of seeds may have
led to smaller nanoparticles compared to non-seed mediation,
even with a larger Pt weight loading.

To investigate the electrocatalyst activity and stability of the
two seed-mediated oh-PtNi(Ir) samples V30 and K30, linear scan
voltammetry (LSV) was conducted followed by ASTs between 0.6 VRHE

and 0.925 VRHE in an N2-saturated 0.1 M HClO4 solution with a scan
rate of 100 mV s�1. In Fig. 2c, we compare the electrochemical
performance of V30 and K30 catalysts. Additionally, the inset shows
cyclic voltammetry (CV) data before and after AST. The results from
these analyses reveal that both samples exhibited favorable and
comparable performance.

As summarized in Fig. 2d, V30 generally exhibited a smaller
ECSA-CO than K30. Nonetheless, both catalysts exhibited very high
ECSA-CO of 4 70 m2 gPt

�1, with K30 showing even 4 85 m2 gPt
�1.

Such high ECSAs indicate small particle sizes, possibly due to seed-
mediated synthesis and the presence of Ir dopant.

The variation in ECSA-CO values between the two seed-
mediated catalysts can be attributed to the varying surface area
of the carbon support material. The surface area of the carbon
support plays a significant role in confining the particle sizes
and their distribution, as seen in the TEM histograms in Fig. 2a
and b. For example, as discussed before, the tail in the V30 size
distribution at large sizes (B8–14 nm) is conspicuously absent
in K30, which features larger surface area and porosity.

The V30 catalyst revealed a slightly higher initial MA than
K30, which could be due to the slightly higher Ni : Pt ratio.41

After AST, the MA of both catalysts still remained around the
high values of 1.3 A mgPt

�1. Regarding activity losses, K30
(18.7% of mass activity loss) preserved its performance better
than V30 with a ca 30.0% loss.

Finally, in Fig. 2d, V30 and K30 are compared with oh-
PtNi(Mo) and a PtNi refernce as well as a commercial Pt/C in a
MA versus ECSA plot. Both Ir-doped oh-PtNi(Ir) catalyst are located
in a region of high MA compared to Pt/C and of much higher
ECSA compared to a non-seed-mediated oh-PtNi(Mo).9 Fig. 2d
suggests that K30 and V30 oh-PtNi(Ir) catalysts are very promising
catalyst candidates to be deployed in a single MEA, allowing high
MA and possibly high current density performance.

MEA single fuel cell performance tests

To evaluate the cell performance of the seed-mediated ORR
catalysts in fuel cell cathodes, we conducted MEA tests on both
oh-PtNi(Ir) samples together with Pt/C and PtNi/C as reference
materials. The polarization curves in H2/O2 feeds are shown in
Fig. 3a to evaluate the catalyst activity at low current densities.
The comparison of the Pt mass activities under H2/O2 at 0.9 V
cell potential demonstrated that V30 and K30 performed equally
well or more active than a commercial state-of-art Pt/C catalyst.
The mass activity of Pt/C was 0.27 A mgPt

�1, while the MAs of
K30 and V30 were 0.37 A mgPt

�1 and at 0.27 A mgPt
�1
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respectively. The MA of a non-commercial dealloyed PtNi/C was
0.53 A mgPt

�1, demonstrating a very active reference catalyst. We
note that the experimental MAs of the two oh-PtNi(Ir) catalysts are
consistently close to each other, both in RDE and in MEA
environments. However, while RDE testing indicated a more than
sevenfold increase in activity compared to Pt/C, MEA testing
showed a comparable performance. To better conceptualize this
performance difference in various test scenarios, we introduce the
term enhancement factor. This term helps quantify and describe
the increased activity of the oh-PtNi(Ir) samples compared to Pt.
While the RDE technique is useful for a qualitative pre-screening
of oh-PtNi alloys within the oh-PtNi(Ir) family of catalysts, provid-
ing their intrinsic catalytic potential, yet the RDE analysis con-
tinues to be unable to predict the single cell MEA performance
between different families of catalysts.

In Fig. 3b, the polarization curves in H2/Air feeds are shown
to evaluate the general cell performance. The superior perfor-
mance of Pt/C could be related to the twofold higher geometric
Pt loading of the catalyst. V30 performed less actively at low
current density. However, the polarization curve of V30
approached that of K30 at around 300 mA cmgeo

�2. Importantly,

V30 outperformed the PtNi/C around 1300 mA cmgeo
�2. Finally,

K30 and V30 reached 1500 mA cmgeo
�2 and 1700 mA cmgeo

�2 at
0.6 V, respectively. The V30 MEA exhibited outstanding current
density performance, surpassing the values reported in prior
studies under similar conditions. These results highlight the
exceptional potential of octahedrally-shaped nanoparticles for
fuel cell applications. While MEA performance can vary depend-
ing on operating factors such as gas flow rates, pressures, and
humidity, the performance achieved here demonstrates the
significant advancements made in this work. It is important to
consider these operational details when comparing results.
Nonetheless, the V30 MEA still stands as a noteworthy achieve-
ment within the field.

The ECSA values were measured using a cell-based CO
stripping method and will be referred to as ECSA-COMEA. The
ECSA-COMEA of V30 was 48.2 m2 gPt

�1 and that of K30 was
65.8 m2 gPt

�1. The high current density performance is made
possible by these relatively high ECSA values,42 which are
higher than that reported for oh-PtNiMo (26 m2 gPt

�1) or oh-
PtNiRh (30 m2 gPt

�1). The major improvement over previously
reported shaped oh-PtNiX fuel cell cathode catalysts extends to

Fig. 2 TEM images of (a) V30 and (b) K30. In the inset is the histogram for nanoparticle size. (c) RDE LSV of V30 and K30, scanning rate 20 mV s�1. The
solid lines represent the LSV before the AST, 10k cycles between 0.6 to 0.925 VRHE, scanning rate 100 mV s�1; the dashed lines for the LSV after AST. In the
inset, the cyclic voltammetry for V30 and K30 is shown, before and after the AST. RDE measured in 0.1 M HClO4. (d) Mass activity measured at 0.9 VRHE of
V30 and K30 in RDE as a function of corresponding ECSA-CO before and after AST. Solid symbols are initial electrochemical performance; hollow
symbols denote results after AST. V30 sample is marked as a red square; the K30 sample is a blue circle; oh-PtNi(Mo) is a yellow diamond; Pt/C is a black
triangle; PtNi reference is a green pentagon. Data for oh-PtNi(Mo) adapted from ref. 9. Solid symbols represent the catalytic performance at the
beginning of life (BoL) and after AST, the hollow symbols show the performance at the end of life (EoL).
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a better nanoparticle distribution and the higher active surface
area, which we attribute to the novel seed-mediated synthesis
method. While K30 exhibits a higher ECSA compared to V30, its
inferior high current density (HCD) performance contradicts
conventional expectations. This discrepancy suggests that fac-
tors beyond ECSA, such as catalyst particle location on the
support material, may significantly influence performance, as
well. For instance, K30 was supported on a nanoporous high-
surface-area carbon, which may lead to nanoparticle entrap-
ment in small pores, which, in turn, are more susceptible to
water flooding under HCD. This leads to a suboptimal access of
O2 and thus reduces HCD performance. As seen in Fig. S6
(ESI†), elemental mapping and TEM images indicate that after
MEA test the nanoparticle agglomeration was more severe in

V30 than in K30, which also aligned with our assumption about
the detailed nanoparticle location in small pores (K30) versus
the surface of the carbon (V30). Thus, the high performance of
V30 may result from particle size benefits of the seed-mediated
synthesis method compared to the traditional one-step sol-
vothermal synthesis, coupled to the porous nature of the solid
carbon, resulting in less flooding and lower mass transport
resistance. The scanning electron microscopy (SEM) images of
post-tested MEAs in Fig. S7 (ESI†) showed that the thickness
of the catalyst layer of V30 was smaller than that of K30,
again something that is related to the carbon structure.
Electron probe microanalysis (EPMA) (Fig. S8, ESI†) was also
conducted on the post-tested MEAs. Both samples had signifi-
cant relatively comparable Pt signal on the cathode side, while

Fig. 3 MEA single-cell performance of K30 (blue), V30 (red), Pt/C (black) and PtNi/C (green) as the cathode and Pt/C as the anode in (a) H2/O2 and (b) H2/
air. Polarization curves as a function of current density. The cathode loadings of K30, V30 and PtNi/C were 0.1 mgPt cm�2 and Pt/C was 0.2 mgPt cm�2. The
loading for the anode was 0.1 mgPt cm�2. 100 RH% cell. Other test details are shown in the figure.
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the dissolution of Ni was observed from the cathode and within the
membrane after testing; V30 had a higher signal of Ni dissolution.
The elemental mapping after MEA test shown in Fig. S7 (ESI†) also
confirms the leaching of Ni, reported previously.43

Toward understanding the RDE/MEA performance gaps

Oh-PtNi(Ir) showed the highest ever reported single MEA
current density at 0.6 V for an octahedral PtNi fuel cell catalyst.
However, the translation between high RDE activity of shaped
oh-PtNi alloys into MEA activity has remained challenging. To
understand the performance gap from RDE towards MEA,
additional tests and analyses were conducted. The concept
behind the design of these studies stems from the recognition
that the conditions and parameters adopted in the MEA-based
cell tests are inherently complex.

The experimental performance gap of oh-PtNi nanoparticle
catalysts between RDE and MEA environments can originate from

(1) the high acidity at the triple-phase contact provided by
the higher I/C (ionomer-to-catalyst) ratio in MEA,34,35

(2) the high operating temperature in MEA tests (i.e. 80 1C),
compared to room temperature often used in RDE,26,44

(3) the ionomer poisoning, which could be more severe in
MEA,32,45

(4) higher current densities, which might accelerate some of
the previously listed effects,46 or

(5) different upper/lower limit voltage used in operation or
during conditioning of the MEA.38

Among these, the ionomer poisoning effect is a crucial
aspect for shaped nanoparticles, since they can exhibit unique
surface structure resulting in outstanding electrochemical
activity. When the active alloy particle surface is densely
covered by ionomer, the catalytically active facets and surface
sites have higher oxygen mass transport resistance, which
could be further pronounced by flooding.

Effects of higher I/C ratios

To gain a deeper understanding of how the I/C ratio influences
catalyst behavior, we have isolated and examined this specific
parameter using well designed RDE experiments. More speci-
fically, we have prepared electrode films by drop casting inks of
both V30 and K30 at varying I/C ratios, namely 0.14 (standard
ratio for RDE inks), 0.6 and 1.0. These electrode films of the as-
prepared samples were compared to two other samples, which
were obtained by scraping the catalysts from a PTFE substrate
after printing. The printing procedure and ink recipe used were
the same as those for preparing MEAs for single-cell tests

Fig. 4 RDE I/C ratio study under room temperature (RT). LSV of samples with different I/C ratio ink recipe (standard RDE recipe used in this study,
0.6 and 1.0) compared with electrodes fabricated with powders obtained after drying inks prepared with formulation for MEA (MEA ink) and operated
under RT for (a) V30 and (b) K30, scanning rate 20 mV s�1. In the insets are the cyclic voltammetry (CV) respectively. RDE recipe corresponds to an I/C
ratio of around 0.14. (c) Mass activities measured at 0.9 VRHE plotted versus ECSA-CO. Squares stand for V30 samples; red for I/C ratio of RDE, 0.6 and 1;
while yellow for MEA-ink treated V30 catalyst powder. Circles for K30 samples; blue for I/C ratio of RDE, 0.6 and 1, while green for MEA-ink treated K30
catalyst powder. Black triangles are data points for Pt reference catalyst. (d) Normalized MA at 0.9 VRHE plotted versus I/C ratio of V30 and K30. Red
squares for V30; blue circles for K30. Electrolyte used was 0.1 M HClO4.
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(Fig. 4a and b and Fig. S9, ESI†). We refer to these samples as
‘‘V30/MEA ink’’ and ‘‘K30/MEA ink’’. The compositional data of
V30/MEA ink and K30/MEA ink are included in Table S2 (ESI†).
Although the Pt weight percentage decreased due to the addi-
tion of ionomer, the compositional ratio did not change much
in both samples.

The catalyst MAs of V30, K30, and Pt were evaluated and
plotted versus ECSA-CO values as shown in Fig. 4c. Strikingly,
the trends of the V30 and K30-based catalyst films were very
different from that of the Pt/C catalyst film. The Pt/C catalyst
films maintained both their MA and, within the experimental
error, their ECSA-CO values (see Fig. 4c and Fig. S10, ESI†) with
changing I/C ratios, as reported in other studies.45,47 By con-
trast, the V30 and K30 catalyst films suffered severe MA losses
as the ionomer ratio was increased in the ink. We note that,
despite the losses, the MA values of the two oh-PtNi(Ir) catalyst
films remained quite high, with V30 at I/C = 1 displaying an
enhancement factor of around 2.6� with respect to Pt, while for
K30 the factor was close to 2�. Interestingly, V30 and K30 seem
to show, within the error, analogous trends in the MA decay as a
function of CO-ECSA at different I/C ratios, which additionally
shows that also the CO-ECSA is decreasing with increasing I/C
ratio. The data measured using the MEA ink also fit well in the

same MA and ECSA-CO range, confirming this trend. Moreover,
to understand the deactivation mechanism better, Fig. 4d exhi-
bits the relationship between the normalized MAs and the I/C
ratios for the two oh-PtNi(Ir) catalysts. For V30 and K30, the MAs
reduced to more than half from I/C ratio 0.14 to 0.6, and only
B30% of the mass activity was sustained with the I/C ratio raised
to 1. It is evident, that high ionomer surface coverage on the
facets, possibly coupled to a leaching effect in the final MEA is
one of the bottlenecks for translating the highly active oh-shaped
PtNi alloys into MEA high performance.11

Effect of higher temperatures

Elevated fuel cell operating temperatures are an important
factor in observed activity losses in MEA environments.48 To
better understand the I/C RDE study with respect to the MEA
results, we have conducted RDE tests of V30 (Fig. 5a) and Pt
reference catalyst (Fig. S12, ESI†) with different I/C ratios at a
higher temperature (HT) of 80 1C. Fig. 5a and b report the
experimental HT data for both V30 and Pt catalysts and
demonstrates that ECSA-CO measurement at 80 1C (Fig. S11
and S12, ESI†) were in general smaller than those obtained at
RT. Also, the ECSA-CO values of V30 (Fig. 5c) remained roughly
the same within the error at varying I/C ratios. As to catalytic

Fig. 5 RDE I/C ratio study under high temperature (HT). LSV of samples with different I/C ratio ink recipe, 0.6 and 1.0 and with MEA treated catalyst
powders, operated under RT for (a) V30 and in the insets are the CV, scanning rate 20 mV s�1. RDE electrode ink recipe corresponds to an I/C ratio of
around 0.14. (b) Mass activities measured at 0.9 VRHE plotted versus ECSA-CO. Purple hollow squares stand for V30 sample; black hollow triangles are
data points for Pt reference catalyst. (c) Comparison of ECSA-CO for V30 under RT and HT. (d) Comparison of MA for V30 under RT and HT. Electrolyte
used was 0.1 M HClO4. RDE measurements were performed in a jacketed cell, in the outer jacket, 80 1C water was pumping flowing during the test, the
temperature difference between electrolyte and heating Mantel was less than 2 1C.
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activity, Pt/C at 80 1C was similarly active as at lower tempera-
ture (Fig. 5d). This is in contrast to V30, which suffered a
decrease in MA at low I/C ratio under HT.

When we compare the ECSA-CO data of V30 at HT and RT
(Fig. 5c), we can see the sensitivity of oh-PtNi(Ir) to higher I/C
ratio at RT, while ECSA-CO at HT is not influenced by I/C. This
relation has not been studied before and provides new insights
into temperature-ECSA dependence and thus, helps in under-
standing the significant differences between RDE and MEA fuel
cell measurements. As for surface area, the ECSA-CO values at
RT approached those at HT for increasing I/C ratios. This could
be due to that more severe catalyst degradation happen under
HT, such as metal leaching or catalyst restructure. Regarding
activity, the gap between the MAs under RT and HT narrowed,
as well, (Fig. 5d), as the I/C ratio increased. This was because
the RT MA suffered large losses relative with larger I/C ratio. For
instance, V30 at I/C = 1 was merely 2.4� more active than Pt at
the same I/C ratio, a fractional enhancement compare to I/C
ratios of RDE experiments. So, more generally, we can conclude
that the lower the I/C ratio, the larger the gap between HT
and RT data. In other words, temperature matters less at
high I/C ratios.

The specific activity (SA) data in Fig. S13 (ESI†) showed a
similar trend. This observation implies that for active oh-
PtNi(Ir) samples, the RT-RDE data at high I/C ratio might be
closer to high temperature performance, strongly suggesting
the practical value of utilizing higher I/C ratios in RDE studies
in the future. These RDE data would more accurately reflect
the activity at high temperature of single cell environments.
Conversely, translating catalytic ORR activity from RDE condi-
tions into MEA set ups might be better achieved using lower I/C
ratios in MEA. Therefore, a strategic balance must be sought,
favoring operation using lower temperature and reduced I/C
ratios compared to tests of conventional PtNi alloys.

Effect of higher current densities

Another obstacle to successful deployment of highly RDE-active
PtNi alloys in equally active MEAs is the high acidic environ-
ment, inducing the leaching of transition metals, therefore

causing damage to the morphology and metal cation poisoning
into the ionomer and membrane. The high current densities in
the MEA environment could accelerate further degradation pro-
cesses. To study this, we adopted the floating electrode technique
(FET), which allows electrocatalysts to achieve high current
densities in liquid cell with highly concentrated acid electrolyte
(41 M). In contrast to RDE, where the finite solubility of O2 in the
liquid electrolyte gives rise to mass transport limitations, the gas-
permeable electrode of FET enables sufficient gas supply resulting
in lower mass transport limitation (essentially negligible for the
achieved current densities), as well as low proton resistance due to
high electrolyte concentration.21,28,29 In Fig. 6a, it is clear that
unlike RDE, no diffusion limited current due to mass transport
limitation is observed. We note that our oh-PtNi(Ir) catalyst was
able to achieve current densities above 1 A cm�2

geo. Moreover, in
Fig. 6b, the mass activity obtained by FET of our oh-PtNi(Ir) is
compared with the reference PtNi alloy/C catalyst and the Pt/C.
The PtNi catalyst displayed mass activity that is double the one of
Pt/C, which is similar to previous RDE reports. In contrast, the oh-
PtNi(Ir) was 5� more active than Pt/C, while in RDE oh-PtNi(Ir)
showed activity enhancement of a factor of 7�. This demonstrates
that in FET as well as in RDE, oh-PtNi(Ir) catalysts showed
significant activity advantage over pure Pt catalyst and PtNi alloys
and validates their potential benefits in single cells.

Furthermore, the 5� activity enhancement factor vs. Pt/C in
FET is in contrast with our MEA test results, where oh-PtNi(Ir)
catalysts exhibited similar Pt mass activities as pure Pt. Thus,
our FET measurements demonstrate that high acidity and high
current densities alone do not account for, nor explain, the
performance decrease in MEA environment. Notably, the I/C
ratio of the inks of the FET measurements was B1.1. The
absence of a large activity decrease at such high I/C ratio seems
at first surprising considering the results of Fig. 5. However, a
direct comparison with the I/C RDE study might not be justified
here, due to the distinct way of depositing the catalyst in FET vs.
RDE that results in much lower I/C ratios on the working
electrode than in the ink in FET. While high temperature
operation and more pronounced ionomer poisoning at higher
I/C ratios have a significant impact on the MEA performance of

Fig. 6 FET data of Pt/C, PtNi and PtNi(Ir). (a) Comparison of specific ORR polarization curves for Pt/C, PtNi/C and oh-PtNi(Ir) catalysts. (b) Comparison of
MAs at 0.9 VRHE and 0.65 VRHE. Pt loading of Pt/C, PtNi/C and oh-PtNi(Ir) catalyst is 4.8, 1.0 and 1.1 mgPt cm�2, respectively, electrolyte 1.6 M HClO4,
sweeping rate 10 mV s�1. The I/C ratio of the inks of the FET measurements was B1.1. Measurements were conducted at room temperature.
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the oh-PtNi(Ir) catalysts, we suspect that there are more to date
elusive reasons, likely related to the electrode fabrication.
Studies on catalyst coated membranes (CCM) using PtNi(Ir)
nanoparticles have found a drastic compositional decrease in
Ni,38 while in the present study, the ICP-OES (Table S2, ESI†)
data exhibited nearly constant nickel content after making and
drying the MEA ink. The difference between these FET and MEA
results can possibly be ascribed to the elevated temperatures
during CCM fabrication via hot pressing.

Conclusion

This study has addressed the physico-chemical and electroche-
mical origins of the insufficiently understood RDE-MEA fuel
cell cathode catalyst performance gap, which has been hamper-
ing the development of viable catalysts for realistic fuel cell
environments for the past decades. More specifically, we have
presented experimental results that correlated the RDE and
MEA performance of a family of shape-controlled octahedral
PtNi(Ir) catalysts, oh-PtNi(Ir). These catalysts were chosen
based on their extraordinarily high catalytic activity in RDE
environments. Our RDE-MEA correlations focused on the iono-
mer to catalyst ratio (I/C), temperature, and current density-
parameters as variables which usually vary widely between RDE
and MEA tests. We expect that this work and the general
findings about the origins of the gap between RDE and MEA
performance are valid for many other octahedral PtNi systems.
This is due to the fact that they mostly suffer from the same
main issue, which stems from the challenging retention of
Ni atoms.

The present study featured two 30 Pt wt% Ir-doped oh-
PtNi(Ir) alloys supported on Ketjen Black KB300 and Carbon
Vulcans XC72R using a novel particle seed-mediated prepara-
tion technique. This method offered improved particle size
distribution, surface enriched Ir atoms, and higher Pt weight
loading which contributed to higher beneficial ECSA values.
While a significant enhancement thanks to the surface Ir atoms
on the stability of the oh-PtNi(Ir) was not observed, and the
effect on the ORR activity was comparable to Rh doping, the
higher ECSA of seed-mediated synthesis method turned out to
be beneficial to their single PEM fuel cell performance under
high current density.

Our samples measured in MEA showed very high current
density performance for this family of shaped nanoparticle
catalysts. Interestingly, under H2/air, the V30 catalyst showed
the lowest activity at small current densities, but matched the
performance of K30 at 300 mA cmgeo

�2 and outperformed PtNi
at 1300 mA cmgeo

�2. Notably, V30 reached 1700 mA cmgeo
�2 at

0.6 V. This may be contributed both by the seed-mediated
synthesis and Ir dopant effect.

To investigate the mechanism behind the loss in activity
enhancement factor and shed light on the gap between RDE
and MEA performance of octahedral shaped nanoparticles, we
have conducted a I/C ratio study as well as a FET study and a
temperature study. The I/C ratio study showed that different

types of catalysts unveil different behaviors with increasing I/C
ratios. Unlike Pt-only catalyst, Ir doped octahedral PtNi nano-
particles lost not only surface-active area, but also mass activity
with more ionomer content in the inks. This could be because
of an ionomer poisoning effect on the catalyst active surface
and calls for future atomic-level element specific investigations
at the catalyst surface. The MA loss was estimated at B70%
with an increase of I/C from 0.14 to 1. Increasing temperature
to 80 1C also caused a decrease in activity, but mainly only at
low I/C ratio, while at high I/C ratio close to 1 the percentage
loss was similar to the one at RT at parity of I/C. Furthermore,
our FET data in concentrated electrolyte revealed that oh-
PtNi(Ir) still exhibited 5-folds of activity improvement than Pt.
This is interesting, since our MEA single cell tests reveal an
enhancement not larger than 2.

Our research reveals that in RDE measurements, the perfor-
mance of octahedral-shaped PtNi nanoalloys is significantly
affected by ionomer content and elevated temperatures, espe-
cially at low I/C ratios. Notably, at higher temperatures in RDE,
both ECSA and activity levels align more closely with room
temperature data at higher I/C ratios (Z0.6), and are more
representative of MEA performance. Therefore, for more accu-
rate preliminary RDE screening of the true potential of shape-
control nanocatalysts, it is suggested to adopt either high
temperature or medium/high ionomer content. Complementa-
rily, optimizing MEA performance might involve using lower I/C
ratios and temperatures. Additionally, for shaped PtNi alloy
catalysts, the use of very high temperatures in MEA fabrication
during hot pressing might cause significant challenges in terms
of both composition and morphology, as our RDE temperature
study suggests. In general, little research has been conducted on
this topic.49 Therefore, future research should focus not only on
optimizing catalyst stability, I/C layer composition and operating
conditions, but also on electrode fabrication procedure.

These approaches could benefit the community by providing
more reliable pre-screening methodologies and enhancing the
overall effectiveness of these catalysts in practical applications.

Data availability

The synthesis and characterization data, including XRD, ICP-
OES, UPS, TEM, SEM, EPMA, RDE, FET and MEA measure-
ments, have been included in this article or as part of the ESI.†
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