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ABSTRACT: Securing the electrochemical durability of noble metal platinum is of central
importance for the successful implementation of a proton exchange membrane fuel cell
(PEMFC). Pt dissolution, a major cause of PEMFC degradation, is known to be a potential-
dependent transient process, but its underlying mechanism is puzzling. Herein, we elucidate a
chemical Pt dissolution process that can occur in various electrocatalytic conditions. This
process intensively occurs during potential perturbations with a millisecond timescale, which
has yet to be seriously considered. The open circuit potential profiles identify the dominant
formation of metastable Pt species at such short timescales and their simultaneous
dissolution. Considering on these findings, a proof-of-concept strategy for alleviating
chemical Pt dissolution is further studied by tuning electric double layer charging. These
results suggest that stable Pt electrocatalysis can be achieved if rational synthetic or
systematic strategies are further developed.
KEYWORDS: corrosion, fuel cells, heterogeneous catalysis, operando analysis, platinum

■ INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) have
attracted significant attention for implementation in green
and sustainable energy economies because they can generate
electricity from clean hydrogen fuels.1,2 Platinum is a core
element of commercialized PEMFCs and exhibits superior
activity toward both hydrogen oxidation (HOR) and oxygen
reduction reactions (ORRs).2−5 The initial catalytic perform-
ance of Pt electrocatalysts has recently reached a sufficient
standard by alloying with other transition metals or modifying
nanostructures and supporting substrates.5−9 Consequently,
securing their long-term durability is the next quest for
successful PEMFC distribution since Pt electrocatalysts are
often exposed to highly corrosive conditions. Especially
PEMFC electrodes encounter potential excursions or spikes
at highly anodic potentials, especially during fuel starvation and
start-up/shut-down (SU/SD) events (up to 2.0 and 1.6 VRHE
for fuel starvation and SU/SD, respectively), inducing severe
degradation of Pt electrocatalysts (and carbon support) and
ultimately deteriorating PEMFC performance.10,11

Therefore, a comprehensive understanding of Pt degradation
is critical to achieve durable PEMFC operation. Despite
significant efforts pioneered by Johnson et al. in 1970,12 the
insufficient resolution and sensitivity of spectroscopic analyses
hinder a solid grasp of the detailed Pt degradation mechanism.
Recently, great advances in operando spectroscopic analyses
have enabled more detailed understanding of the degradation
mechanisms of Pt electrocatalysts, particularly Pt dissolu-
tion.13−16 For instance, online inductively coupled plasma-
mass spectrometry coupled with an electrochemical flow cell

(EFC/ICP-MS) successfully detects Pt dissolution during
electrochemical operations, unveiling that Pt dissolution is a
transient process accompanying substantial changes in the
surface chemistry and structure of Pt (Figure 1a and Figure
S1).17−23 Moreover, it has been revealed that Pt dissolution
can be influenced by various parameters such as facet, reactant,
pH, temperature, etc.16−18,21,22 Although previous studies have
achieved a potential-resolved and quantitative understanding
of Pt dissolution, the underlying Pt dissolution mechanisms
during the transition process are highly vague.23−25 For
instance, a number of electrochemical and chemical Pt
dissolution reactions have been proposed as possible Pt
dissolution mechanisms, but their deconvolutions and even
verifications of any reaction paths have yet to be clearly
accomplished.

Herein, we demonstrate that chemical corrosion occurs on
electrochemically induced unstable Pt surfaces. This con-
clusion is supported by our Pt dissolution study using EFC/
ICP-MS under multiple potential pulses with different pulse
widths (t). In particular, an electrically disconnected condition
immediately after the potential pulses allows the distinction of
chemical dissolution from the complex convolution of
unknown dissolution pathways during the transient process.
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By taking advantage of the open circuit potential (OCP), the
formation of metastable Pt and its spontaneous dissolution can
be identified as the origin of the chemical Pt dissolution
process. We further confirm that chemical Pt dissolution,
which has not been seriously considered as one of Pt
dissolution pathways because this event occurs in electro-
chemical environments, is transposable to more practically
relevant conditions. Combined with the knowledge of the
electric double layer (EDL), we discuss a proof-of-concept
strategy for alleviating chemical Pt dissolution during rapid
potential disturbance.

■ RESULTS AND DISCUSSION
Platinum dissolution on a polycrystalline Pt electrode was
investigated in Ar-saturated 0.1 M HClO4 using online EFC/
ICP-MS (Figure S2), during eight consecutive potential pulses.
The potential pulses were set to 1.5 VRHE, and their t was
varied from 0.2 ms to 1000 s. After the anodic polarization at
1.5 VRHE, the electrode potential dropped to 0.05 VRHE and
held there for 7 min to stabilize the ICP-MS signals. This series
of potential excursions is referred to as Protocol 1 (P1), and
each pulse of the protocol is denoted as Pt1, depending on its t.
It is worth noting that this protocol covers most of the
potential perturbation durations of the detrimental processes
of PEMFC operations, such as fuel starvation and SU/SD
events during real PEMFC operations (Figure 1b).26−33

In Protocol 1, no distinct Pt dissolution is found at P0.2ms
1

(Figure 2a). However, a trace amount of Pt (0.42 pg cm−2 s−1)
starts to dissolve at P1ms

1 , and dissolution becomes intensified
from 2.6 to 7.1 pg cm−2 s−1 as the t increased from 10 ms to
1000 s. This observation indicates that Pt dissolution can be
initiated at a very short potential perturbation (i.e., 1 ms),
which has not been rigorously addressed so far. For longer t of
P100s
1 and P1000s

1 , clear anodic and cathodic Pt dissolutions are
distinguishable at a potential jump to 1.5 VRHE and a sequential
potential drop to 0.05 VRHE, respectively. The cathodic
dissolution is more pronounced than anodic dissolution, and
negligible Pt dissolution is shown during the potential hold at
1.5 VRHE for P1000s

1 . This result is consistent with previous
reports, verifying that Pt dissolution is a transient process.14,16

However, the anodic and cathodic Pt dissolutions are hardly
distinguishable at t below 10 s, probably due to the insufficient

resolution of our EFC/ICP-MS system at a such short t, i.e.,
signal tailing.

To investigate the Pt dissolution behavior more clearly, we
performed an experiment analogous to Protocol 1, referred to
as Protocol 2 (P2). In Protocol 2, after the potential jump and
hold at 1.5 VRHE for t, the electrode potential was released to
an OCP for 5 min, followed by a potential hold at 0.05 VRHE
for 7 min. This additional OCP step was employed to
deconvolute the contribution of anodic and cathodic
dissolutions and further provided an opportunity to observe
possible chemical dissolution processes. It is of note that a
potential jump followed by the OCP is a practically feasible
event for PEMFCs during SU/SD operations.27−30

Interestingly, during Protocol 2, the Pt dissolution rate for
each potential pulse increases by approximately 1 order of
magnitude at t below 10 s compared to that during Protocol 1
(Figure 2b, c). Pt redeposition and cathodic dissolution hardly
govern the enhanced Pt dissolution rate because the
dissolution increment in Protocol 2 occurs prior to the
potential drop (from OCP to 0.05 VRHE). In addition, since Pt
electrode experienced an identical potential excursion at the
initial stage of all the potential pulses, i.e., the potential jump
from 0.05 to 1.5 VRHE (the potential rising time is shorter than
2 μs, much shorter than t for P0.2ms

2 ), increased anodic
dissolution can also be ruled out as the cause of enhanced Pt
dissolution during Protocol 2. For instance, for P100s

2 and P1000s
2 ,

the anodic dissolution rates are almost identical, i.e., 2.2 ± 0.2
pg cm−2 s−1, the values of which are also comparable with
those for P100s

2 and P1000s
1 of Protocol 1 (Figure S3).

Surprisingly, the amount of such anodic dissolutions is
quantitatively much lower than the Pt dissolution at short
durations of potential pulses in Protocol 2, i.e., Pt2 for t = 10
ms−10 s. This cannot be adequately explained by electro-
chemical Pt dissolution alone, because the charge passed at
P100s
2 and P1000s

2 (and also P100s
1 and P1000s

1 ) is much larger than
that at Pt2 for t = 10 ms−10 s. Nevertheless, nonelectrochemi-
cally driven chemical Pt dissolution is clearly identified during
the OCP step after the potential hold at 1.5 VRHE. Especially, a
non-negligible amount of Pt (∼1.7 ng cm−2) was dissolved
during the OCP step for P100s

2 . This Pt dissolution signal is not
an artifact induced by the signal tailing of anodic Pt dissolution
because anodic dissolution is undoubtedly distinguishable from
a subsequent plateau, and is much lower even than that of

Figure 1. Pt degradation process. (a) Real-time Pt dissolution measured by an online EFC/ICP-MS during a cyclic voltammetry (CV), with a scan
rate of 5 mV s−1 in a potential range of 0.05−1.5 VRHE in Ar-saturated 0.1 M HClO4 electrolyte. (b) Electrode potentials and potential perturbation
durations observed during or used for describing the SU/SD and fuel starvation events in the literature.26−33 For better identification, each event
accelerating the PEMFC degradation is grouped and indicated with a shaded area. Previous Pt dissolution studies using the EFC/ICP-MS cover
most conditions of the SU/SD and fuel starvation events, but unexplored conditions still remain, where the ringing effect possibly occurs when the
electrical circuit is connected or applied potential is changed.32,33
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chemical dissolution (max. ∼7 pg cm−2 s−1). For P1000s
2 ,

although it is relatively insignificant, the chemical Pt
dissolution during OCP step is also discernible (∼0.4 pg
cm−2 s−1), before which Pt dissolution signal converges to
almost zero value (baseline) during a 1000 s potential hold at
1.5 VRHE. These findings allow us to conclude that chemical Pt
dissolution indeed exists during the electrochemically driven
transient process of Pt. Therefore, we can reasonably deduce
that the origin of the unexpected larger Pt dissolution in
Protocol 2 than in Protocol 1 at a relatively low t is attributed
to chemical Pt dissolution. An identical conclusion was made
from control experiments with an O2-saturated 0.1 M HClO4,
which is a more realistic condition for the PEMFC cathode
than the Ar-saturated one (Figures S4 and S5), and with an
opposite order of potential pulses from 1000 s to 0.2 ms
(Figure S6).

The OCP profiles during Protocol 2 further reveal that the
slow kinetics of the stable Pt oxide formation results in
different amounts of chemical Pt dissolution depending on t. In
the literature, partially oxidized Pt species, e.g., PtOxHy, have
been proposed as the main cause of chemical Pt dissolution
(see the Supplementary Note for a detailed discussion).34−36

Unfortunately, the exact chemical nature of metastable Pt
species is not clearly understood (and even defined) owing to
their unstable and short-lived characteristics, which are hardly
measurable using typical ex situ analyses. Alternatively, the
formation of metastable species on Pt can be electrochemically
deduced from OCP profiles because it reflects the equilibrium
potential between the electrode and the electrolyte and is very
sensitive to the chemical nature of the electrode surface.37

Figure 2d shows considerable OCP changes of the Pt
electrode for 300 s after its potential hold at 1.5 VRHE for
different t. It is of note that, to avoid any interferences from

Figure 2. Stability evaluation of the polycrystalline Pt during pulsed potential disturbances. Real-time Pt dissolution measured by an online EFC/
ICP-MS during (a) Protocol 1 and (b) Protocol 2 in Ar-saturated 0.1 M HClO4 electrolyte. The pulse width, t, increases from 0.2 ms to 1000 s, and
the lowest t, where the Pt dissolution is discernible, is highlighted with a hollow circle. (c) Dissolved Pt amount at each potential pulse. (d) OCP
profiles just after potential pulses of the Protocol 2. Their inflection points are marked with hollow circles. As references, OCP values of PtO2 and
metallic Pt with and without HUPD are also shown by dashed lines.
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redox-active O2 and H2 molecules, in this measurement the
electrochemical cell and electrolyte were continuously purged
with Ar, and the counter electrode was physically separated
from the Pt working electrode using a Nafion membrane
(Figure S2). This result is in contrast to the case of the
potential perturbation-free metallic Pt and fully oxidized PtO2,
which show OCP values of 0.12−0.58 VRHE (depending on the
absence and presence of hydrogen underpotential deposition,
HUPD) and ∼1.1 VRHE, respectively (Figure S7). For P1000s

2 , at
which insignificant chemical Pt dissolution is observed (Figure
S3), its OCP value is stabilized at ∼1.1 VRHE, indicating
formation of a stable outer PtO2. On the other hand, for Pt2(t =
10 ms−10 s), the OCPs are quickly stabilized and reached a
potential range of 0.7−0.9 VRHE within a few tens of seconds.
Since these quasi-stabilized OCP values are located between
those of metallic Pt and PtO2, the result implies the formation

of partially oxidized Pt on the surface (i.e., PtOxHy) after the
potential hold at 1.5 VRHE for 10 ms−10 s. Afterward, their
OCP values converge to ∼0.3 VRHE, which is positioned
between OCP values of HUPD and its free Pt surfaces. In
addition, as t increases, the quasi-stabilized OCP values are
anodically shifted, and their windows (defined here as the time
at the inflection point of the OCP curves) become elongated.
Hence, the results reveal that the inner metallic Pt is gradually
exposed to the electrolyte through the continuous chemical
dissolution of the outer PtOxHy species, the amount of which is
magnified as the potential perturbation time, t, increases. We
note that the chemical Pt dissolution is a dominant process
under open circuit conditions since the OCP profile does not
originate from the self-discharge of the polarized Pt via the
Faradaic reactions (Figure S8).38−40 Nevertheless, for Pt2(t <
10 ms), their OCP values quickly rebounded to ∼0.1 VRHE,

Figure 3. Verification of the broad applicability of the chemical Pt dissolution in more realistic conditions. (a) Summary of this work identifying
chemical Pt dissolution from unclear and complex Pt dissolution processes. Real-time Pt dissolution of Pt black, Pt/C, PtCo/C, and PtNi/C
measured by an online EFC/ICP-MS during (b) Protocol 1 and (c) Protocol 2 (see Figures S9−12 for the data of all t of 0.2 ms−1000 s). (d)
Real-time Pt dissolution of Pt black during 1000 potential pulses (t = 10 ms, E = 1−1.5 VRHE). For clear comparisons, a part of online EFC/ICP-
MS signals was collected and shown at each potential. (e) Accumulated amounts of Pt dissolved during the 1000 potential pulses with and without
the OCP steps.
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probably due to insufficient time duration for desorbing all the
HUPD generated during chronoamperometry (CA) at 0.05
VRHE prior to the potential perturbation.
To summarize our findings, the OCP step after the short

duration of potential pulses enables the deconvolution of
chemical Pt dissolution from the unclear and complex Pt
dissolution process during electrochemical Pt transitions
(Figure 3a), and the duration of the potential perturbation, t,
is identified as a key parameter governing the extent of
chemical Pt dissolution. For t less than 100 s, the chemical Pt
dissolution is intensified as the t becomes longer owing to the
increased formation of metastable PtOxHy. However, for t
longer than 100 s, PtOxHy further transforms to stable Pt
oxides, leading to a considerable suppression of chemical Pt
dissolution. This turning point, predicted here by the decline
of the chemical Pt dissolution, is well matched with previous
results reported by Imai et al., who showed a partially oxidized
Pt is fully converted to PtO2 after 100 s polarization at 1.4
VRHE through in situ X-ray absorption spectroscopy (XAS).36

We then studied the chemical Pt dissolution process under
various electrochemical conditions to understand whether this
event is only limited to the polycrystalline Pt electrode at the
potential pulse of 1.5 VRHE. Pt dissolution rates were measured
with Pt black nanoparticles during Protocols 1 and 2 (Figure
3b, c and Figure S9). Similar to the polycrystalline Pt, the
results show much magnified Pt dissolution at t = 0.2 ms−10 s
in Protocol 2 (rather than that in Protocol 1) and discernible
Pt dissolution during OCP steps. For PEMFC-relevant
catalysts (i.e., Pt/C, PtCo/C, and PtNi/C), such Pt dissolution
behaviors were also found in Protocol 2 (Figure 3b, c and
Figures S10−12), inferring that the chemical Pt dissolution

also occurs for the conventional Pt-based catalysts as well as
the polycrystalline Pt.

Online EFC/ICP-MS study of Pt black nanoparticles,
analyzed during repeated 1000 potential pulses with t = 10
ms, further reveals that the chemical Pt dissolution could occur
at much moderated potential pulses of 1−1.4 VRHE. With an
OCP step immediately after each potential pulse (analogous to
Protocol 2), considerably magnified Pt dissolution rates were
recorded at all potential pulses of 1−1.5 VRHE compared to
those without the OCP step (analogous to Protocol 1; Figure
3d, e). However, the dissolution rate is lowered as the potential
decreases (Figures S13 and 14). These control experiments
with various materials and potential conditions indicate that
the chemical Pt dissolution would be a ubiquitous event,
possibly occurring at a potential higher than 1 VRHE for
conventional Pt-based catalysts.

The time constant (τ) is a key physical parameter describing
the electrode−electrolyte interface properties, which basically
represents the characteristic time required to charge a
capacitor (Cdl) connected to a resistor (R) in series.41 Once
the potential changes, the non-Faradaic current first dominates
the overall current flow for charging EDL, and afterward by the
Faradaic process (Figure S15). We surmised that this well-
known phenomenon might offer an opportunity to prevent
undesirable chemical Pt dissolution by delaying the formation
of metastable Pt species, if EDL charging process becomes a
major event during potential perturbations with short
durations. To confirm this hypothesis, we prepared a Pt
black electrode, and its τ was sequentially tuned by mixing it
with different amounts of the activated carbon (AC). The Pt
black electrodes with low and high amounts of AC were

Figure 4. Proof-of-concept strategy for mitigating the chemical Pt dissolution. (a) CVs and (b) calculated τ of the Pt black electrodes with different
AC amounts in Ar-saturated 0.1 M HClO4 electrolyte. (c) Real-time Pt dissolution signals of the Pt black electrodes monitored by online EFC/
ICP-MS during Protocol 2 (see Figure S16 for the data at t > 10 ms). The lowest t where the Pt dissolution is discernible is highlighted with a
hollow circle. (d) Dissolved Pt amount at each potential pulse for the Pt black electrodes.
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denoted as “Pt black + AC-L” (mass ratio = 4:6) and “Pt black
+ AC-H” (1:9), respectively. It is of note that increasing R can
also increase τ but this is not beneficial for efficient PEMFC
operations.
Their CV profiles show an almost identical HUPD response

with a similar electrochemical surface area (ECSA) value of
12.5 ± 1 m2 gPt−1 (Figure 4a), implying no chemical
modifications of the Pt black after the physical mixing with
AC. Nevertheless, a clear increase in the double layer
capacitance is found in the presence of AC on the electrode.
The estimated τ values for Pt black, Pt black + AC-L, and Pt
black + AC-H are 0.2, 0.9, and 3 ms, respectively (Figure 4b),
suggesting that their Faradaic processes can be postponed to
the millisecond timescale. The effect of τ on the chemical Pt
dissolution was then investigated during Protocol 2 (Figure 4c
and Figure S16). AC-free Pt black reveals discernible Pt
dissolution at P0.2ms

2 . However, this signal disappears for Pt
black + AC-L, and more interestingly, Pt black + AC-H
confirms negligible Pt dissolution even at P1ms

2 . The suppressed
chemical Pt dissolution is not an artifact induced either by a
decrease in the active Pt surface area, or by the increased
diffusion path for Pt ions after the introduction of AC, as
confirmed by the almost untouched HUPD values and Pt
dissolution rates at each potential pulse with t longer than 10
ms (much longer than τ) for all samples (Figure 4a, d).
Therefore, we identify a preceded non-Faradaic charging to be
a critical process governing the extent of followed metastable
Pt formation and consequent its dissolution.

■ OUTLOOK AND CONCLUSIONS
We demonstrated the presence of chemical Pt dissolution
process during its electrochemical excursion, which can
become dominant under certain conditions that accompany a
short duration of potential perturbations. The OCP profiles
identified relatively slow Pt oxidation kinetics, which led to the
formation of metastable Pt species, an origin of chemical Pt
dissolution, at such a rapid potential perturbation. Along with
the above understanding, our additional studies further
unveiled the markedly accelerated chemical Pt dissolution
even at t of 1000 s in the presence of methanol in acidic
medium (Figure S17), and that chemical Pt dissolution can
also be arisen in alkaline conditions (Figure S18). These
findings highlight that chemical Pt dissolution does not occur
in a limited manner under PEMFC conditions, but is likely to
be a ubiquitous path of Pt degradation in various electro-
chemical devices, implying the need for further investigation
under various experimental conditions reflecting a wide range
of electrochemical energy conversion systems for durable
electrocatalysis.
In addition, although we exemplified that mitigation of the

chemical Pt dissolution is achievable by introducing AC to
tune the EDL parameter τ, this strategy is not suitable for
immediate implementation in PEMFCs. This limitation
primarily originates from thickened catalyst layer, which
strongly affects both the performance and durability of
PEMFCs. As already well-understood by several previous
experimental and theoretical reports,3,4,42−44 the thickened
catalyst layer not only governs Ohmic loss and mass
transportation but also water flooding and even uniformity of
potential distribution in PEMFCs. In addition, at relevant
timescales of PEMFC operation, a practically nonfeasible
amount of AC may be needed to prevent the chemical Pt
dissolution (Figure S19). However, this proof-of-concept

strategy will provide a fundamental principle for developing
future rational strategies, for instance, tuning the internal or
external PEMFC components (e.g., additional potential load)
to buffer the unavoidable potential perturbations and to
minimize the undesirable chemical Pt dissolution.
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