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∇Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana,
Slovenia
§Department of Analytical Chemistry, National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia

*S Supporting Information

ABSTRACT: Understanding of less-noble-metal (M) dis-
solution from Pt-alloy-based oxygen reduction reaction
(ORR) electrocatalysts, as well its interaction with Pt surface,
is crucial for maximizing their performance. In pursuing this
goal, two ORR electrocatalystsa benchmark Pt−Co/C and
an in-house designed Pt−Cu/C materialsare investigated.
Both are characterized with a range of standard techniques,
such as X-ray diffraction (XRD), transmission electron
microscopy (TEM) combined with energy dispersive spec-
troscopy (EDX) and thin film-rotating disc electrode (TF-
RDE) measurements. A special focus is put on combining the
latter with a highly sensitive electrochemical flow cell (EFC)
online connected to inductively coupled plasma mass
spectrometry (ICP-MS) measurements. A combination of standard and novel techniques provides unprecedented insights
into the dissolution behavior and dynamics of metals, as well as their subsequent surface interactions and effects on the
electrochemical performance. A special focus is devoted to the significance of electrocatalyst activation protocols and their
effects on metal dissolution. Distinct differences in the behavior of Pt−Cu and Pt−Co alloys are revealed, which will help
develop proper protocols for practical implementation of Pt-alloy electrocatalysts.

KEYWORDS: oxygen reduction reaction, proton exchange membrane fuel cell, platinum alloy, metal dissolution,
electrochemical flow cell coupled to inductively coupled plasma mass spectrometer

■ INTRODUCTION

Being one of the cornerstones of the sustainable energy
politics, hydrogen technology is believed to play an essential
role in the near future. Especially low-temperature proton
exchange membrane fuel cells (PEMFC), together with
batteries, are expected to compete with and eventually replace
conventional energy infrastructure.1 In the recent years, two
major challenges, such as high cost of Pt and sluggish kinetics
of the cathode oxygen reduction reaction (ORR), have been
successfully tackled,2 bringing this technology on the doorstep
of commercialization.3 The progress is mainly attributed to the
successful use of nanoparticulate Pt-based alloys (Pt−M) with
less expensive 3d transition metals (M = Cu, Co, and Ni to
mention the most common ones), which are currently
considered as state-of-the-art ORR electrocatalysts. They not
only enable better utilization of Pt atoms by wasting a lower
number of core Pt atoms inside the nanoparticles4 but can also
substantially enhance ORR specific activity by the well-known
ligand or strain effect.5 This enables a decrease of the Pt

loading without losses in the overall PEMFC performance and
thus substantially reduces the cost. Along these lines, recent
reports have demonstrated activities that dramatically surpass
the proposed performance targets (0.44 A mgPt

−1 DOE
target).4,6−8 However, these excellent performances are yet
to be translated to the real application. One of the major
drawbacks of Pt-alloy (Pt−M) electrocatalysts is the
insufficient stability of M at the ORR working potentials in
acidic PEMFC environment,9 which results in leaching/
dealloying of M.10−12 Although some corrosion is initially
even desired to form a Pt-rich overlayer over the PtMx core
and enhance the ligand and/or strain effect, any further
corrosionespecially in the membrane electrode assembly
(MEA) environmentleads to significant drop of ORR
specific activity.13 In a previous study by General Motors,14
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the MEA performance of a Pt−Cu/C and a Pt−Co/C
electrocatalyst has been compared. Both electrocatalysts were
acid leached prior to MEA fabrication to achieve sufficient
removal of the sacrificial less-noble-metal. Initially, the Pt−Cu/
C electrocatalyst outperformed the Pt−Co/C analogue.
However, further stability testing caused dealloying of
additional amounts of M (M = Cu or Co). In the case of
Pt−Co/C electrocatalyst, the MEA-in-operando-dissolved
metal ions resulted only in a drop of specific activity (most
likely because of the weakening of ligand or strain effect). By
contrast, the effect was much more devastating in the case of
Pt−Cu/C electrocatalyst: Cu2+ ions were shown to interact
with both the electrodes, as well as the membraneworsening
significantly the PEMFC performance over time.14

While it is well-known that subsurface atomic structure
defines the Pt-alloy ORR activity,13,15,16 the importance of
surface impurities (M) is often overlooked.17,18 M can interact
with the Pt surface either via noncovalent interactions19,20 or
via electrodeposition, also referred to as the overpotential
deposition (OPD) or the phenomenon of underpotential
deposition (UPD).9 In the case of UPD, the deposited species
usually cover the substrate metal surface in the form of up to
one monolayer. Importantly, it occurs at potentials more
positive compared to the OPD of less-noble-metals.21 For Cu
on Pt these potentials are 0.34 VRHE (OPD) and 0.45/0.6−0.7
VRHE (UPD),22,23 whereas for Co on Pt the respective values
are −0.45 VRHE (OPD) and 0.5 VRHE(UPD).

9 In one of the
rare studies,21 it was shown that Cu at concentrations as low as
10 μM (subsequently acting as OPD and UPD species) can
dramatically worsen electrocatalytic performance of Pt nano-
particles by drastically inhibiting the hydrogen oxidation
reaction (HOR). Additionally, as part of the same study, Cu
adatoms were shown to impact the mechanism of ORR at the
cathode side by changing the four-electron pathway of ORR to
two-electron mechanism (peroxide production).18,21 Further
insights in Pt−Cu interaction were obtained by X-ray
absorption (XAS) revealing presence of Cu at the surface at
potentials even as high as 0.84 VRHEfor example, potentials
relevant for operating conditions of PEMFC.21 Furthermore, a
study by Durst et al. provides insight into vastly different
behavior of M in the presence of either Pt surface|polymer-
(Nafion)|liquid interface (such as typically found in TF-RDE)
or Pt surface|polymer(Nafion)|gas interface (such as typically
found in PEMFC).19 Not taking into account this important
fact may lead to erroneous conclusions as regards the effect of
interaction between M and Pt in the surface layer, which is
expected to be highly significant.14,19,21,24

In the present work, the interaction between M and Pt is
investigated through dissolution dynamics of M which could
help explain why Pt−Cu and Pt−Co ORR electrocatalysts
behave differently. This is targeted by using highly sensitive
online measurements of electrochemically dissolved Pt, Cu,
and Co in a configuration of electrochemical flow cell (EFC)
connected to an inductively coupled plasma mass spectrometer
(ICP-MS).12,25−28 For this purpose, the following electro-
catalysts are investigated: (i) in-house designed, highly active
Pt−Cu nanoparticles dispersed on high surface area carbon
(hereinafter referred to as Pt−Cu/C electrocatalyst) and (ii)
the state-of-the-art commercial benchmark alloy catalyst
consisting of Pt−Co nanoparticles on high surface area carbon
(TEC36E52, Tanaka, Japan, hereinafter referred to as Pt−Co/
C electrocatalyst). Dissolution dynamics obtained by the EFC-
ICP-MS methodology are complementary compared to the

TF-RDE ORR performances and provide new insight into
surface dynamics of M (Cu or Co).

■ EXPERIMENTAL SECTION
Synthesis. Pt−Cu/C. Intermetallic ordered PtCu3 nanoparticles

that are tightly embedded (anchored) into a modified carbon support
were prepared via patented, but upgraded modified sol−gel synthesis
using a gelatin precursor.13,29−31 Briefly, the synthesis consists of two
vital steps, the first being annealing of a Cu salt precursor together
with gelatin and carbon black to obtain Cu particles in a porous
carbon matrix. In the second part, the Cu from the composite is partly
galvanically displaced by a Pt precursor (K2PtCl4) and annealed for
the second time. The “as prepared” Pt−Cu/C electrocatalyst was
prepared in a 2 g batch.

Pt−Co/C (TEC36E52). The electrocatalyst has not been modified
prior to any electrochemical measurements and was used “as
received”. The electrocatalyst already shows evidence of acid leaching
(visible porosity on larger particles) in the “as received” state (see
Figure S5).

XRD Analysis. The powder X-ray diffraction (XRD) measure-
ments of all samples were carried out on a Siemens D5000
diffractometer with Cu Kα1 radiation (λ = 1.5406 Å) in the 2θ
range from 10° to 60° with the 0.04° step per 1 s. Samples were
prepared on zero-background Si holder.

TEM Analysis. Transmission electron microscopy (TEM) was
carried out in a probe Cs-corrected scanning transmission electron
microscope Jeol ARM 200 CF equipped with an SDD Jeol Centuria
Energy-dispersive X-ray (EDX) spectrometer. The operational voltage
was set to 200 kV. High-angle annular dark field (HAADF) images
were taken with 68 and 180 mrad for inner and outer semiangles.
Convergence angle was set to 25 mrads.

Electrochemical Evaluation via Thin Film Rotating Disc
Electrode (TF-RDE). Preparation of Thin Films and the Setup.
Electrochemical measurements were conducted in a two-compart-
ment electrochemical cell in a 0.1 M HClO4 (Merck, Suprapur, 70%,
diluted by Milli-Q, 18.2 MΩ cm) electrolyte with a conventional
three-electrode system controlled by a potentiostat (CompactStat,
Ivium technologies). Ag|AgCl was used as a reference and a Pt wire as
a counter electrode. The working electrode was a glassy carbon disc
embedded in Teflon (Pine Instruments) with a geometric surface area
of 0.196 cm2. The Ag|AgCl reference was separated from both the
working and the counter electrode via a salt bridge to avoid Cl− ions
contamination. Prior to each experiment, the two-compartment
electrochemical cell was boiled in Milli-Q water for 1 h, and the
electrode was polished to mirror finish with Al2O3 paste (particle size
0.05 μm, Buehler) on a polishing cloth (Buehler). After polishing, the
electrodes were rinsed and ultrasonicated (Ultrasound bath Iskra
Sonis 4) in Milli-Q water for 5 min. Twenty microliters of 1 mg mL−1

water-based well-dispersed electrocatalysts ink was pipetted on the
glassy carbon electrode completely covering it and dried under
ambient conditions. After the drop had dried, 5 μL of Nafion solution
(ElectroChem, 5% aqueous solution) diluted in isopropanol (1:50)
was added. Such preparation resulted in the electrocatalyst loading of
20 μg for both electrocatalysts and a loading of approximately 6.2 μgPt
cmgeo

−2 in the case of Pt−Cu/C electrocatalyst and 47 μgPt cmgeo
−2 in the

case of Pt−Co/C electrocatalyst.
Electrochemical Potential Hold Activation. After it was dried, the

electrode was mounted on a rotator (Pine Instruments). The
electrode was placed in Ar saturated electrolyte under potential
control at 0.05 VRHE. Both electrocatalysts were first subjected to a
potential hold activation (0.6 VRHE) for 30 min under the rotation rate
of 600 rpm (hereinafter referred to as PHA). After PHA activation,
the electrolyte was exchanged with a fresh one. ORR polarization
curves were measured in an oxygen saturated electrolyte with a
rotation rated at 1600 rpm in the potential window 0.05−1.0 VRHE
with a scan rate of 20 mV s−1. At the end of ORR polarization curve
measurement, the electrolyte was purged with CO under potentio-
static mode (0.05 VRHE) to ensure successful CO adsorption.
Afterward the electrolyte was saturated with Ar. CO electrooxidation
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was performed using the same potential window and scan rate as in
ORR but without rotation and in an Ar saturated electrolyte.
Electrochemical surface area (ESA) was determined by integrating the
charge in CO electrooxidation experiments as described in ref 32.
After subtraction of background current because of capacitive
currents, kinetic parameters were calculated at 0.9 VRHE. Ohmic
resistance of the electrolyte was determined and compensated for as
reported in ref 33.
Electrochemical Potential Cycling Activation. Both electro-

catalysts were electrochemically activated for 200 cycles between
0.05 and 1.2 VRHE with a scan rate of 300 mV s−1 under a rotation rate
of 600 rpm (hereinafter, referred to as PCA). After PCA, the
electrolyte was once again exchanged for a fresh one. All potentials are
given against the reversible hydrogen electrode (RHE), which was
measured before the start of the experiment and at the end. ORR
polarization curves (including ohmic resistance and compensation),
and CO stripping measurements were repeated using the same
process as described above.
EFC-ICP-MS. Electrochemical Flow Cell Setup. The working and

counter electrodes in the electrochemical flow cell (EFC) were glassy
carbon discs (3 mm diameter) embedded into PEEK material (BASi).
The discs were aligned in series; the counter electrode was placed first
and the working electrode second in the direction of the electrolyte
flow. The sample was deposited on the electrode by drop casting 5 μL
drop of the ultrasonically homogenized catalyst ink (1 mg mL−1).
Such preparation resulted in the electrocatalyst loading of 5 μg for
both electrocatalysts and a loading of approximately 4.3 μgPt cmgeo

−2 in
the case of Pt−Cu/C electrocatalyst and 32.8 μgPt cmgeo

−2 in the case of
Pt−Co/C electrocatalyst. After the drop had dried, 5 μL of Nafion
solution (ElectroChem, 5% aqueous solution) diluted in isopropanol
(1:50) was added. The Ag|AgCl reference electrode potential against
RHE was determined before the start of the experiment. The housing
of the cell was made from PEEK material and the design was modeled
after a commercial cross-flow cell (BASi, MF-1092, cross-flow cell).
The volume of the cell was established with a homemade silicon
gasket with 1.0 mm thickness and 1.5 cm2 ellipsoidal cut. For better
visualization of the setup see Scheme S1. The carrier solution (0.1 M
HClO4) was pumped through the cell at a constant flow of 400 μL
min−1. Two glass syringes, two syringe pumps (WPI sp100i and
Harward apparatus 11 PLUS) and a diagonal 4-way flow valve (Idex,
V-100D) were used to enable a continuous flow of the solution.
ICP-MS. The EFC was coupled with an ICP-MS detector, namely,

Agilent 7500ce ICP-MS instrument (Agilent Technologies, Palo Alto,
CA), equipped with a MicroMist glass concentric nebulizer and a
Peltier cooled Scott-type double-pass quartz spray chamber. A

forward radio frequency power of 1500 W was used with Ar gas
flows: carrier 0.85 L min−1; makeup 0.28 L min−1; plasma 1 L min−1;
and cooling 15 L min−1. The signals were recorded for Co59, Cu63,
and Pt195 with 0.3 s integration per data point. To convert the ICP-
MS signals to concentration (ppb), standard solution of Cu, Co, and
Pt in 0.1 M HClO4 were recorded with the following concentrations:
0.5, 1, 2, 5, 10, 20, 50, 100, and 200 ppb.

Electrochemical Protocol. Electrochemical experiments were
performed with a BioLogic SP-300 potentiostat with a typical three-
electrode setup. No ohmic drop compensation was used. Initially,
Milli-Q water was pumped through the cell and potential control
(0.05 VRHE) was established 3 min prior to switching the carrying
solution to 0.1 M HClO4. After 5 min of acid flow, the
electrochemical activation protocol was started; either potential
cycling (200 cycles between 0.05 and 1.2 VRHE with a scan rate of
300 mV s−1) or potential hold (0.6 VRHE, 30 min) activation.
Subsequently, 10 min of OCP was allowed before performing slow
potential cycles from 0.05 VRHE to increasing upper-potential limit
(UPL). Three cycles were repeated in each potential window. Either
20 mV s−1 or 5 mV s−1 scan rate was used. The protocol with the 20
mV s−1 scan rate had the UPLs 1.0, 1.1, 1.2, 1.3, and 1.4 VRHE, while
the UPLs of 5 mV s−1 scan rate were 1.0, 1.2, and 1.4 VRHE. After each
experiment a sequence of potential pulses was performed in order to
synchronize the electrochemical experiment with the ICP-MS signal.
For details see Tables S1−S3, for the differences in the chemical
compositions between Pt−Cu/C and Pt−Co/C electrocatalysts after
PCA see Figure S1 and for the reproducibility of the EFC-ICP-MS
measurements, see Figure S6.

■ RESULTS AND DISCUSSION

The mail goal of the present study is to elucidate the
mechanistic differences in dealloying of M and its surface
interactions with Pt. For this purpose, two well-defined Pt-
alloy-based carbon-supported electrocatalysts are compared
an in-house designed Pt−Cu/C electrocatalyst and a
commercial Pt−Co/C benchmark electrocatalyst.
It is important to note that while ideal, such a comparison

can hardly be carried out on samples with identical
composition and/or morphologically featuresone of many
reasons being largely different alloy thermodynamics (phase
diagrams), which, in turn, for example, require different
thermal treatment of both alloys to obtain electrocatalysts with
reasonably good electrochemistry. The present in-house

Figure 1. Structural and morphological characterization of the electrocatalysts used in this study. (a) Size distributions, (b) XRD spectra, and (c, d)
representative STEM/HAADF images of both electrocatalysts (Pt−Cu/C in “as prepared” state and Pt−Co/C in “as received” state). For
additional TEM analysis see Figures S1−S5.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b02142
ACS Appl. Energy Mater. 2019, 2, 3131−3141

3133

http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b02142/suppl_file/ae8b02142_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b02142/suppl_file/ae8b02142_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b02142/suppl_file/ae8b02142_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b02142/suppl_file/ae8b02142_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b02142


synthesis method was thus not used for preparation of Pt−Co/
C electrocatalyst and a well-defined and active commercial
reference was used for comparison instead. To account for the
complex nature of structure−stability relationship, such as
crystal structure ordering34−36 or particle size effect,37 we carry
out rather detailed structural and morphological analysis and
comment on the observed similarities and differences.
Both analogues have similar particle size distributions

(Figure 1a); however, the Pt−Cu/C electrocatalyst still has a
higher fraction of sub 5 nm particles, as well as a smaller
fraction of particles larger than 10 nm which results in a big
difference in electrochemically active surface area (ESA) (see
Table S5). Furthermore, there are other differences between
the electrocatalysts. For example, the Pt loading of Pt−Cu/C
electrocatalyst is much lower−only 6.1 wt % in the “as
prepared” state, while the commercial Pt−Co/C electrocatalyst
has a Pt loading of 46.3 wt % in the “as received” state. XRD
analysis of Pt−Cu/C (Figure 1b) reveals a peak at around 25°
2θ that corresponds to the graphitic nature of our modified
carbon support. This peak is absent in the case of commercial
Pt−Co/C. However, TEM analysis (Figure 1c and d) shows
that both carbon supports have an “onion-like” structure
pointing toward the graphitic nature of both carbon
supports.38−40 In the case of Pt−Cu/C, both TEM and XRD
analysis (Figures 1b and c) consistently show the presence of
an ordered Pm3̅m structure, which is not present in Pt−Co/C.
While the overall composition of the latter is roughly Pt3M, the
transition metal (Cu) largely predominates in the present Pt−
Cu/C electrocatalyst with a general formula PtM3. Addition-
ally, while our Pt−Cu/C electrocatalyst was used in the “as
prepared” state (no preleaching was carried out), the Pt−Co/
C electrocatalyst was used “as received”. In other words, the
Pt−Co/C electrocatalyst had been subjected to a specific ex
situ activation by the producer (unfortunately the details are
not available, see also Figure S5). Interestingly, despite the
different history, both electrocatalysts lose significant amounts
of their less-noble-metal component during the present

activation protocols (see Figure S1), as well as form a very
similar Pt-rich overlayer (see Figure S2). The differences
summarized above will be appropriately accounted for when
evaluating and comparing the behavior of both electrocatalysts.

TF-RDE Characterization. To inspect the electrochemical
performance of the present electrocatalysts, a TF-RDE analysis
of both samples was initially performed by employing two
different activation procedures, namely the potential hold
activation (PHA)12 and the potential cycling activation
(PCA)35 protocols. These were chosen to exemplify the effect
of M. After the PHA, the initial ORR specific activity of Pt−
Cu/C at 0.9 VRHE was relatively low (1.30 mA cm−2), while
additional PCA led to a more than 200% improvement (2.62
mA cm−2) as shown in Figure 2a and b (see also Figure S7a
and Table S5a). However, only upon PCA, an excellent ORR
activity of the Pt−Cu/C electrocatalyst was achieved,
especially when compared to the Pt−Co/C and Pt/C
commercial samples having specific activities of 1.14 and
0.44 mA cm−2 after PCA, respectively (see Figure S7b and
Table S5b, as well as Figure S8 and Table S6). Additionally, an
in-depth discussion related to the comparison of the ORR
mass activities between Pt−Cu/C, Pt−Co/C and Pt/C
electrocatalysts measured after PCA is available in the text
related to Figure S9. This could indicate that PCA, in contrast
to PHA, ensured a more efficient removal of unstable
subsurface Cu. We presume this resulted in a lower degree
of Cu dealloying in each cycle after PCA and subsequently a
lower degree of coverage with CuUPD that can block the active
Pt surface and inhibit ORR. We observed almost no difference
in the low overpotential region which indicates that in this
region both PHA and PCA treatments resulted in a similar
ORR activity. This is in line with the fact that in this potential
region the coverage with Cu (θCu) is negligible (the surface is
almost completely covered with OHad species; Figure 2b and
see also Supporting Information, Table S4 for Tafel slope
values). To get a further understanding of the effects of Cu
ions on ORR, we performed an additional experiment on Pt/C

Figure 2. (a, d) ORR polarization curves (0.1 M HClO4, 20 mV s−1, 1600 rpm, ohmic resistance compensated), (b, e) Tafel plots, and (c, f) CO
electrooxidation experiments (with the follow-up cycle; 0.1 M HClO4, 20 mV s−1, no rotation) of our Pt−Cu/C and Pt−Co/C electrocatalysts
after PHA (dashed lines) and after PCA (full lines). The CVs for both electrocatalysts obtained during PCA are presented in Figure S7, while Tafel
slopes after PHA and after PCA can be found in Table S4. Statistically relevant measurements for both Pt−Cu/C and Pt−Co/C (TEC36E52) as
well as Pt/C (TEC10E50E-HT) after PCA can be found in Figure S9.
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electrocatalyst (TEC10E50E-HT, see Figure S10) whereby
ORR polarization curves in absence and in the presence of
different concentrations of Cu ions were measured. The ORR
polarization curve exhibited a similar trend as found in the case
of Figure 2a, while the effect on the overpotential was again
negligible. A further insight in the underlying mechanism can
be obtained by comparing CO electrooxidation curves, as well
as the follow-up cycles. Namely, a clear and significant
difference is visible between CO electrooxidation peak
obtained after PHA and the one obtained after PCA (Figure
2c). In general, for both electrocatalysts, the onset of CO
electrooxidation is shifted toward more negative potentials
after PHA (in other words, it seems that the shift of the onset
is independent of the type of alloying element itself). One
explanation for the shift in the CO electrooxidation onset
potential is a difference in surface roughness.41 However, we
once again performed an additional experiment on the Pt/C
electrocatalyst (TEC10E50E-HT, see Figure S11) in which we
compared CO electrooxidation curves, together with the
follow-up cycles, in absence and in the presence of different
concentrations of Cu ions. Both the results on Pt-alloy
electrocatalysts, as well as the supporting experiment on the
Pt/C electrocatalyst (TEC10E50E-HT) indicate that the shift
in the onset is most likely a consequence of the presence of the
less-noble metal. Durst et al. have shown that metal cations
result in a more facile (hydr)oxide formation at the Pt surface
induced by less-noble-metal cations (both Cu2+ and Co2+) in
the double layer.19 Hydrated cations are located between the
inner and outer Helmholtz plane where they partially lose their
hydration shell and come closer to the Pt surface, yielding
increased OHad coverage that can cause the shift in the onset
of CO electrooxidation.20 In addition, the CO electrooxidation
peak and both the hydrogen underpotential deposition
(HUPD) region and the Pt-oxide formation and reduction
region of the follow-up cycle are also much less pronounced
after PHA in contrast to PCA (Figure 2c). This also indicates a
higher degree of surface blockage after PHA with Cu species
(CuUPD or even CuOPD).

42

In contrast to the Pt−Cu/C electrocatalyst, the Pt−Co/C
counterpart exhibits almost insignificant difference (within the
margin of error) in specific activity at 0.9 VRHEfrom 1.10 mA

cm−2 measured after PHA to 1.14 mA cm−2 measured after
PCA (Figure 2d, e and Table S5b). Surprisingly such a large
amount (i.e., as much as 40 at%) of dissolved total Co from
Pt−Co/C electrocatalyst (see Figures S1 and S12) did not
result in a change of ORR activity (which could either be
better due to a lower degree of dealloying of Co per cycle or
worsedue to expected loss of ligand or strain effect). This
indicates that Pt−Co/C is much less prone to the UPD
interaction of the less-noble-metal at the Pt surface|polymer-
(Nafion)|liquid interface, and thus to a smaller degree of
surface blockage than the Pt−Cu/C counterpart. Similarly as
in the case of Cu, the rather intense dissolution of Co should
worsen the PEMFC performance due to the higher OHad
coverage of Pt induced by Co2+ ions at the Pt surface|
polymer(Nafion)|gas interface where Co2+ ions reach the inner
Helmholtz plane.19 In the case of PHA a similar shift in the
onset of CO electrooxidation toward more negative potentials
(Figure 2f) can also be observed for Pt−Co/C electrocatalyst
(again due to a Co2+ ions).19 Again, this implies a higher
degree of noncovalent interactions. The value of ESACO
measured after both activation protocols also remained within
the margin of error (see Table S5b). This−together with the
fact that both HUPD and Pt-oxide features are much more
pronounced than in Pt−Cu/C already after PHAagain
proves that the Pt−Co/C electrocatalyst is much less prone to
surface blockage (UPD interaction) by its less-noble-metal
component than the Pt−Cu/C electrocatalyst.

EFC-ICP-MS Characterization of Pt−Cu/C Electro-
catalyst. To better understand the differences observed in
TF-RDE measurements, further investigation was performed
using the electrochemical flow cell connected to an ICP-MS
device (EFC-ICP-MS). As in the case of TF-RDE character-
ization, the electrocatalysts were first subjected to an
electrochemical activation protocol (either PHA or PCA).
Slow potentiodynamic treatment followed the activation
protocol to obtain clearly resolved dissolution profiles. Figure
3 shows examples of dissolution profiles of Pt and Cu after
PCA (see also Figure S12a) during slow potentiodynamic
cycles. During the anodic scan, the Cu dissolution profile
(Figure 3a, upper graph) reveals a single, clearly resolved peak.
However, upon careful inspection of a single slow scan (Figure

Figure 3. (a−c) EFC-ICP-MS measurements of metal dissolution (Pt and Cu) for our in-house designed Pt−Cu/C electrocatalyst after PCA
during slow cycles (0.1 M HClO4, 5 mV s−1, 0.05−1.X VRHE, X = 0, 2, and 4). Three consecutive cycles (upper graphs) and details within a single
cycle (lower graphs) for the upper potential limits (1.0, 1.2, and 1.4 VRHE) are displayed. Peak 2 corresponds to CuUPD, while peaks 3 and 4
correspond to anodic and cathodic corrosion of Pt and Cu, respectively. Each metal has its own Y axis to better compare the dissolution profiles
despite the detected concentration differences.
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3a, bottom graph), another Cu dissolution feature (shoulder
peak 3) positioned at the upper potential limit (UPL) is
observed. Peak 2 with the onset of approximately 0.6 VRHE

9

presents a stripping process of CuUPD from Pt surface,21,43

while peak 3 is ascribed to the well-known anodic Cu
dissolution (dealloying, Cuanodic) from Pt−Cu subsurface
alloy.12 Intriguingly, even after PCA, the Cu signal detected
at peak 2 is much higher than the shoulder peak 3. The
absence of CuOPD (peak 1) as well as a low degree of Cuanodic
(peak 3) can be considered as good indicators of successful
activation protocol in the case of Pt−Cu alloy system (either
ex situ chemical or in situ electrochemical). Figures 3b and c
show dissolution profiles of Pt and Cu upon increasing the
UPL to 1.2 and 1.4 VRHE, respectively. Apart from the already
mentioned peaks corresponding to CuUPD and Cuanodic, we
notice appearance of an additional Cu dissolution peak 4
(Cucathodic), as well as peaks 3′ and 4′ corresponding to anodic
and cathodic dissolution of Pt (Ptanodic and Ptcathodic). This is a
consequence of the reduction of Pt-oxide which is accom-
panied by restructuring of Pt surface and subsurface as well as
intensive Pt cathodic dissolution−the so-called oxide place
exchange.44 Upon careful inspection of a single slow scan
(Figure 3b and c, bottom), we notice that Ptanodic and Cuanodic
take place simultaneously (in other words, the maxima of peak
3-Cuanodic and peak 3′-Ptanodic are aligned). We could speculate
that the oxide place exchange44 simultaneously triggers
Cuanodic. On the other hand, the reduction of the Pt-oxide
accompanied by Ptcathodic seems to trigger subsequent removal
of the less-noble component (in other words, the onset of peak
4-Cucathodic occurs after the onset of peak 4′-Ptcathodic).26,44,45
Furthermore, a careful inspection of three consecutive cycles to
the UPL of 1.4 VRHE (Figure 3c, upper graph) reveals another
phenomenon that might explain the quite significant levels of
CuUPD (Peak 2). While in the first cycle up to UPL of 1.4 VRHE
the signals corresponding to peaks 2 (CuUPD) and 4 (Cucathodic)
(Figure 3c) show similar levels of Cu dissolution intensity, an
increase in peak 2 (CuUPD) and decrease in peaks 3 (Cuanodic)
and 4 (Cucathodic) is clearly detected in the following two cycles.
Both Ptanodic and Ptcathodic are damaging the protective Pt
surface layer (at higher UPLs the damage by Ptcathodic clearly
prevails), which causes dealloying of fresh subsurface Cu as
Cuanodic and Cucathodic. Some of this Cu is redeposited back to

the Pt surface as CuUPD. This Cu is then stripped and detected
in the next cycle as peak 2 (CuUPD). This might explain the
increasing dissolution trend corresponding to peak 2 within the
three cycles (Figure 3b, c). In short, one may speculate that the
actual dissolution mechanism is masked by the favorable Pt−
Cu interaction (CuUPD). Furthermore, the rather strong
presence of CuUPD provides an intriguing question: What is
the intrinsic activity of dealloyed PtCu3 nanoparticulate
system? In a model study by Bandarenka et al.46 it was
demonstrated that the Pt−Cu system should exhibit a superior
activity enhancement in comparison to other Pt-alloy systems.
Experimentally, however, the Pt−Ni system seems to be have
the best performance.4,6,7 On the other hand, we observe that
the activity of the present in-house Pt−Cu/C electrocatalyst is
highly dependent on the activation protocol itself (Figure
2a,b), which is not the case for the Pt−Co/C electrocatalyst
(Figure 2d,e). In addition, the present Pt−Cu/C alloy shows a
distinct superiority in terms of measured specific activity after
PCA in comparison to many reports on other variants of Pt−
Cu nanoparticulate systems found in the literature.14,47−50

Several effects associated with the use of Cu-based Pt alloys
in electrocatalytic applications have been identified in the
literature, such as the negative impact on long-term MEA
performance14 or the effects of CuOPD and CuUPD on the
performance of Pt/C in TF-RDE setup.21 This study
importantly complements the previous findings by providing
detailed Cu dissolution profiles obtained during slow
potentiodynamic cycles, as well as a correlation with their
ORR performance after two different activation protocols
PHA and PCA. Upon comparison of both protocols, Figure 4
reveals that the peaks of Cu dissolution profiles measured after
each activation protocol do not overlap. Furthermore, for every
UPL, there is about an order of magnitude higher signal for Cu
dissolution in the case of PHA in comparison to PCA.
Additionally, in the case of PHA, we notice the presence of
Peak 1 with an onset potential of 0.37 VRHE, which corresponds
to the dissolution of CuOPDpresence of Cu multilayersand
is absent in the case of PCA.9 Figures 3 and 4 thus clearly
support the main finding of Figure 2a and b, namely, that both
protocols have a decisively different impact on ORR activity of
Pt−Cu/C electrocatalyst which is a consequence of a
profoundly different degree of dealloying of Cu. In other

Figure 4. (a−e) EFC-ICP-MS measurements of Cu dissolution for our in-house designed Pt−Cu/C electrocatalyst after either PHA or after PCA
during slow cycles (0.1 M HClO4, 20 mV s−1, 0.05−1.X VRHE, X = 0, 1, 2, 3, and 4). Peak 1 corresponds to CuOPD, peak 2 corresponds to CuUPD,
while peaks 3 and 4 correspond to anodic and cathodic corrosion of Cu. Each activation protocol has its own Y axis to better compare the
dissolution profiles despite the detected concentration differences.
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words, more dealloying of Cu from the Pt−Cu nanoparticles
crystal structure results in a higher degree of CuUPD interaction
that blocks the active surface.21 This further helps explain the
observed difference in the Tafel slopes (Figure 2b, see also
Table S4), where the higher CuUPD coverage changes the slope.
In summary, (i) in contrast to potential-cycling-activated Pt−
Cu/C electrocatalyst, the potential-hold-activated Pt−Cu/C
electrocatalyst is dealloying an order of magnitude higher
amounts of Cu with every slow cycle, regardless of the UPL
(Figure 4). (ii) Dealloyed Cu can interact with the Pt surface
via noncovalent interactions or in the form of surface-blocking
CuUPDto the point of also forming multilayers of Cu
(CuOPD). (iii) In the case of PHA, the noncovalent interactions
of Cu ions are most likely responsible for the more facile CO
electrooxidation (Figure 2c); by contrast, surface blockage
(UPD interaction) is responsible for the less-pronounced CO
electrooxidation peak, as well as less pronounced HUPD and
Pt-oxide features in the follow-up cycle. Additionally, in the
case of PHA, Pt surface is being blocked by a much higher
amount of Cu than in the case of PCA, resulting in a lower
ORR specific activity at 0.9 VRHE. (iv) The goal of an activation
protocol in Cu-based Pt-alloy electrocatalysts therefore should
be to deplete the near surface area of unstable Cu. Effectively,
this can be done by creating an appropriately thick (e.g., a few
monolayers) Pt-rich overlayer (see Figure S2). An optimally
thick and for the most part Cu-depleted Pt-rich overlayer
should prevent further excessive dealloying of Cu from
subsurface regions, while not compromising the activity
improvement from the ligand or strain effect. A good
indication for the success of an activation protocol (be it ex
situ chemical or in situ electrochemical) can be obtained by
measuring EFC-ICP-MS less-noble-metal dissolution profiles.
(v) Peak 2 (CuUPD) is the dominant dissolution peak after
PCA until UPL 1.4 VRHE (Figure 3). This means that a
significant part of anodically or cathodically dissolved Cu ends
up interacting with the surface in the form of CuUPD. (vi) The
unusually wide range of reported activities in the case of Pt−
Cu/C systems14,47−50 could be a direct consequence of poor
control of the Pt−Cu surface interaction using inadequate
activation protocols. (vii) As regards to possible application of
the present findings on a commercial level, one might consider

to drastically reduce the degree of operando Cu dealloying/
leaching (for example via Au doping12,51−53) or effectively
avoid any potential jumps above 1 VRHE

54,55 (e.g., due to
start−stop conditions56,57), where Cuanodic or Cucathodic can
become significant. This could prevent or at least partly
mitigate the scenario presented in the work by Yu et al, where
Cu was found to not only significantly dealloy from Pt−Cu
nanoparticles (despite ex situ chemical activation prior to MEA
implementation) but also plate the anode by migrating through
the membrane, which resulted in a drastic inhibition of HOR.

EFC-ICP-MS Characterization of Pt−Co/C Electro-
catalyst. Figure 5 showcases obtained dissolution profiles of
Pt and Co after PCA (see Figure S12b) during slow
potentiodynamic cycles. According to the literature, the
onset for CoOPD dissolution occurs at −0.45 VRHE.

9 Since in
our case the potentials are always above the onset of CoOPD, we
do not detect this type of dissolution. Nevertheless, a small
peak 1 is in-fact present (Figure 5a). We speculate that this
peak could correspond to the dissolution of CoOPD or
alternatively CoUPD. A small peak 2 with the onset at
approximately 0.5 VRHE was also detected and could be
referred to as CoUPD, as already shown in the literature.

58,59 We
note that the reports of CoUPD on Pt are very scarce. A
maximum of 0.6 monolayer coverage is possible in 0.1 M
H2SO4.

43 Furthermore, as visible in Figure 5a, peak 2 rapidly
disappears and becomes almost negligible in the second and
third cycle. At more positive potentials with the peak
maximum at the UPL, another Co dissolution peak is detected
(Figure 5a, peak 3). By analogy to Cu, it is ascribed to anodic
Co dissolution (dealloying) from the Pt−Co alloy subsurface
(Coanodic). Rather surprisingly, already at the UPL of only 1.0
VRHE (Figure 5a), we have also detected peak 4 (Cocathodic). As
discussed in the case of our Pt−Cu/C electrocatalyst, the
cathodic corrosion of the less-noble component is a
consequence of Ptcathodic. Similar dissolution profiles for Co
have been reported before.60

Once the upper potential limit (UPL) is increased to 1.2 and
1.4 VRHE (Figure 5b and c), more Pt-oxide is formed/reduced
and an additional peak due to the dissolution of less-noble-
metal becomes more clearly resolved (peak 4, Figure 5b and c;
Cocathodic). Once again this is a consequence of the reduction of

Figure 5. (a−c) EFC-ICP-MS measurements of metal dissolution (Pt and Co) for the commercial Pt−Co/C electrocatalyst after PCA during slow
cycles (0.1 M HClO4, 5 mV s−1, 0.05−1.X VRHE, X = 0, 2, and 4). Each showcase three consecutive cycles, as well as a more careful inspection of a
single cycle for each of the upper potential limits (1.0, 1.2, and 1.4 VRHE). Peak 1 corresponds to CoOPD, peak 2 to CoUPD, while peaks 3 and 4
correspond to anodic and cathodic corrosion of Pt and Co, respectively. Each metal has its own Y axis to better compare the profiles despite the
detected concentration differences.
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Pt-oxide triggering a subsequent removal of the less-noble-
metal in the process.26,44,45 On the other hand, CoUPD
coverage is highly insignificant. In fact it could not be
associated with any detectable dissolution peak in our
investigation. This points out that more or less the entire
amount of anodically and cathodically dissolved Co was
flushed away from the active surface in the present flow-based
system (EFC-ICP-MS) and does not redeposit or interact with
the Pt surface in any significant way. As in the case of Pt−Cu/
C electrocatalysts, we notice that the maxima of peak 3-Coanodic
and peak 3′-Ptanodic are aligned, while the onset of peak 4-
Cocathodic occurs after the onset of peak 4′-Ptcathodic.26,44,45
Thus, the Pt-M interaction is significantly different in the case
of Pt−Co/C electrocatalysts than in the Pt−Cu/C counter-
part. By contrast, the behavior of dealloying (in other words,
removal of the less-noble-metal from the crystal structure in
the form of cathodic and anodic dissolution) is very similar for
both alloy systems and for both components (Pt and M).
It needs to be stressed again that the same trend is not

directly applicable to PEMFC since in this report we used a
flow system and thus the Pt surface|polymer(Nafion)|liquid
interface. We presume that in a real application, any effects due
to Co dissolution would be (much) more severe (e.g., due to
unwanted Fenton reactions61). Thus, there is a high need for
further development of ex situ chemical activation processes by
the producers, where EFC-ICP-MS can act as a tool for
detection of less-noble-metal “leakage”.
Comparison of Cu and Co Dissolution from Pt−Cu/C

and Pt−Co/C Electrocatalysts Based on the Results of
EFC-ICP-MS. Plotting dissolution profiles for Cu and Co on
the same graph (see also Figure S12c for comparison of both
less-noble-metal dissolutions during PCA) shows that both
metals behave completely differently already at lowest UPL of
1.0 VRHE (Figure 6a). As mentioned above, the main difference
can be ascribed to the thermodynamic interaction, that is, the
Pt-M interaction (MUPD, peak 2). Briefly, in the case of Pt
surface|polymer(Nafion)|liquid setup the Pt−Cu/C electro-
catalyst seems to have a much higher coverage of CuUPD, which
gets stripped upon the anodic scan. On the other hand, the
Pt−Co/C electrocatalyst material should not suffer from the
same issue. Interestingly, in this work, certain amount of CoUPD
has been detected which means that the interaction is present
at least to some extent, however not to the point of affecting
the ORR performance (Figure 2d and e).
Upon raising the UPL to 1.2 or 1.4 VRHE a difference in

detected MUPD species is noticed (Figure 6b and c, peak 2). In
the case of Pt−Cu/C electrocatalyst, peak 2 (CuUPD) remains
the dominant dissolution process to 1.4 VRHE. Furthermore, in
the case of Pt−Co/C electrocatalyst, Cocathodic has a higher
contribution to the overall dissolution than Coanodic, while the

actual contributions in the case of our Pt−Cu/C electrocatalyst
are masked by the Pt−Cu interaction (CuUPD). From
deconvolution of UPD dissolution peaks (peak 2) and
subsequent calculation, a surface coverage of Pt surface with
Cu or Co can be obtained (see also Figure S13). In this way,
an intrinsic interaction of dissolved less-noble-metals with Pt
surface can be estimated. From the coverages presented in
Figure 7, it is clear that Co is covering orders of magnitude

smaller portion of Pt surface compared to Cu. These very low
coverages indicate that Co ions are more effectively washed
out of the electrocatalyst compared to the Cu ions. Most likely,
this is due to the fact that Cu is stabilized via thermodynamic
deposition involving UPD monolayer coverage at the Pt
surface up to the potential of 0.84 VRHE and as OPD below
0.34 VRHE.

21 If we compare potential limits within which each
metal is stable (from 0.05 to 1.X VRHE, X = 0, 2, and 4) and
estimate the time available for the metal to be washed away, it
is straightforward to realize that Cu remains “trapped” longer
compared to Co, which is only stable below 0.6 VRHE and can
only form up to 60% of a monolayer,58 compared to Cu that is
stable at the very least up to 0.84 VRHE.

21 Therefore, one can
use the present qualitative evaluation of conditions (potential
windows) within which the less-noble-metals are stable or
unstable. This has important implications for understanding
the effect of dealloyed less-noble-metal on ORR occurring in
PEMFC. The full effect of surface Pt-M interactions on specific
activity measured with TF-RDE, however, does not completely
reveal the issues present in the real application due to the
different behavior of inner and outer Helmholtz plane in the
case of Pt surface|polymer(Nafion)|liquid interface in contrast
to the Pt surface|polymer(Nafion)|gas phase interface.19

Figure 6. (a−c) EFC-ICP-MS measurements comparison of Cu and Co dissolution profiles for our in-house designed Pt−Cu/C electrocatalyst and
the commercial Pt−Co/C electrocatalyst after PCA during slow cycles (0.1 M HClO4, 5 mV s−1, 0.05−1.X VRHE, X = 0, 2, and 4). Peak 1
corresponds to OPD species, peak 2 to UPD species, while peaks 3 and 4 correspond to anodic and cathodic corrosion of Cu and Co, respectively.
Each metal has its own Y axis to better compare the profiles despite the detected concentration differences.

Figure 7. Percentage of Pt monolayer coverage as a consequence of
varying the UPL during slow potentiodynamic treatment (from 0.05
to 1.X VRHE, X = 0, 2, and 4, 5 mV s−1) in the case of (a) Pt−Cu/C
electrocatalyst and (b) Pt−Co/C electrocatalyst measured after PCA.
1, 2, and 3 represent each of the three slow cycles for each UPL (*the
contribution of the UPD peak for Pt−Co/C electrocatalyst was too
small for deconvolution and subsequent calculation). An example of
UPD peak deconvolution and subsequent calculation can be found in
Figure S13.
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Furthermore, the diffusion-limiting currents in the TF-RDE
setup are usually reached already at 0.8 VRHE. This prevents a
direct comparison with PEMFCs where high current densities
are observed at lower potentials, for example, 0.6 VRHE. At such
conditions, the kinetic ORR currents would most likely be
affected. Much work is still needed to answer the intriguing
question proposed recently by Stephens et al.,62 namely, if the
spectacular RDE-measured activities at 0.9 VRHE for Pt and Pt-
alloys4,6−8,63 can indeed be translated to the technological
application at higher current densities (above 1 A cm−2) and
high overpotentials (below 0.8 VRHE).

62 The present study
speculates that surface blocking of the dealloying/leaching less-
noble-metal is one of the main issues that needs to be
addressed along these lines.

■ CONCLUSIONS
Using a complementary analytical approach involving the
highly sensitive EFC-ICP-MS tool, we compared the detailed
dissolution behavior of two Pt-alloy systemsa commercial
Pt−Co/C electrocatalyst and our in-house designed Pt−Cu/C
electrocatalyst. The main conclusions are as follows: (i) Both
electrocatalysts lose significant amounts of their less-noble-
metal component (Co or Cu) during the electrochemical
activation protocol. While this was fully expected for the “as
prepared” Pt−Cu/C electrocatalyst, the result is rather
surprising for the “as received” Pt−Co/C electrocatalyst
which had already been ex situ activated by the producer.
(ii) In the case of Pt−Cu/C electrocatalyst, potential-hold-
activated electrocatalyst leaks about an order of magnitude
more less-noble-metal during each cycle in contrast to the
potential-cycling-activated electrocatalyst. Locally, this can lead
to high enough less-noble-metal concentrations to affect the
corresponding electrochemical reactions - due to either
noncovalent or thermodynamic (UPD) interactions. (iii) In
the case of Pt−Cu/C electrocatalyst, the degree of less-noble-
metal leakage influences ORR because of the Pt-M (UPD)
interaction. This interaction is far more detrimental for the Pt−
Cu/C electrocatalyst, where CuUPD has a significant con-
tribution to the overall dissolution profile of Cu (as detected
using EFC-ICP-MS). However, once adequately activated, our
in-house designed Pt−Cu/C electrocatalyst exhibited a notably
higher (200%) specific activity at 0.9 VRHE than the Pt−Co/C
electrocatalyst in TF-RDE setup. This demonstrates that ORR
and ESA are independent of the employed activation protocol
(PHA or PCA). (iv) Therefore, the main difference in
dissolution behavior between both electrocatalysts lies in the
Pt−M (UPD) interaction, while the anodic and cathodic
corrosion properties (dealloying) of both systems are
comparable. We argue that such a behavior could be extended
to other binary Pt-alloy nanoparticulate electrocatalyst,
regardless of their particle size, morphology, chemical
composition, and alloying (less-noble) element. Such a
generalization will be investigated in the near future. (v)
While the present findings provide evidence about much
different behavior of both Pt-alloy electrocatalysts studied at
the Pt surface|polymer(Nafion)|liquid interface, the rather
strong dissolution of any less-noble-metal at Pt surface|
polymer(Nafion)|gas interface should be prevented prior to
implementation in MEA (also due to the possible unwanted
Fenton reaction in the proton exchange membrane61). For
that, new strategies for ex situ activation64 are needed that take
into the consideration not only anodic and cathodic corrosion
of the less-noble-metal but also the noncovalent and Pt-M

(UPD) interactions for each Pt-M system individually. In this
sense EFC-ICP-MS as a complementary characterization tool
to TF-RDE could play a vital role in determination of the
degree of less-noble-metal leaking and thus the success of a
particular ex situ activation protocol.
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(31) Hodnik, N.; Bele, M.; Hocěvar, S. New Pt-Skin Electrocatalysts
for Oxygen Reduction and Methanol Oxidation Reactions. Electro-
chem. Commun. 2012, 23, 125−128.
(32) Mayrhofer, K. J. J.; Strmcnik, D.; Blizanac, B. B.; Stamenkovic,
V.; Arenz, M.; Markovic, N. M. Measurement of Oxygen Reduction
Activities via the Rotating Disc Electrode Method: From Pt Model
Surfaces to Carbon-Supported High Surface Area Catalysts. Electro-
chim. Acta 2008, 53, 3181−3188.
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A.; Bale, M.; Drazǐc,́ G.; Gabersčěk, M.; Hodnik, N. Insights into
Electrochemical Dealloying of Cu out of Au-Doped Pt-Alloy
Nanoparticles at the Sub-Nano-Scale. J. Electrochem. Sci. Eng. 2018,
8, 87−100.
(53) Ruiz-Zepeda, F.; Gatalo, M.; Jovanovic,̌ P.; Pavlisǐc,̌ A.; Bele,
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