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1. Introduction

Water electrolysis is set to play a key role in the provision of
solar fuels, as a sustainable substitute for fossil fuels.[1] Polymer
electrolyte membrane (PEM) electrolysers are particularly well-
suited towards the localised storage of renewables such as
wind or solar, which are inherently intermittent. It turns out
that the majority of the efficiency losses on these devices can
be traced back to the oxygen evolution reaction (OER).[2, 3] Con-
sequently, it is critical that the OER catalyst has a sufficiently
high activity, to minimise these losses, and that this activity is
stable over the whole lifetime of the catalyst. This is particular-
ly challenging, not only because the anode operates at inher-
ently oxidising potentials, but also as a result of the acidic elec-
trolyte of PEM electrolysers. At present, only IrOx and RuOx

based materials show reasonable activity and stability under
such conditions.[4, 5] The best-performing catalysts in acidic
media are shown in the Tafel plot in Figure 1 a, which provides
an overview of the current state of the art, clearly dominated
by oxide catalysts based on the scarce elements Ru and Ir.
However, should PEM electrolysis make a true impact to the
global energy landscape, it will need to be scaled up to the
terawatt level ;[6] consequently, the loading of the precious
metals required to catalyse the OER should be decreased dras-
tically or eliminated altogether.[7, 8] In principle, the proton-con-

Because of the rising need for energy storage, potentially facili-
tated by electrolyzers, improvements to the catalysis of the
oxygen evolution reaction (OER) become increasingly relevant.
Standardized protocols have been developed for determining
critical figures of merit, such as the electrochemical surface
area, mass activity and specific activity. Even so, when new and
more active catalysts are reported, the catalyst stability tends
to play a minor role. In this work, we monitor corrosion on
RuO2 and MnOx by combining the electrochemical quartz crys-

tal microbalance (EQCM) with inductively coupled plasma mass
spectrometry (ICP–MS). We show that a meaningful estimation
of the stability cannot be achieved based on purely electro-
chemical tests. On the catalysts tested, the anodic dissolution
current was four orders of magnitude lower than the total cur-
rent. We propose that even if long-term testing cannot be re-
placed, a useful evaluation of the stability can be achieved
with short-term tests by using EQCM or ICP–MS.

Figure 1. Overview of the state of the art for the oxygen evolution reaction:
a) In acid media. Data adapted from: Present work for sputtered RuO2,[16] for
Ru, Ir and Pt polycrystalline (pc) and nanoparticles (NP),[17] for Ru0.7Ni0.3O2�y

nanocrystals,[18] for RuCo and RuIr NP,[19] for IrO2 film and[7] for RuO2 and IrO2

NP (# normalised to oxide area). b) In alkaline media. Data adapted from:
Present work for sputtered MnOx, from this group for sputtered RuOx,

[20] for
Ni0.9Fe0.1Ox,

[21] For Ni0.95Fe0.05(OH)2,[22] for Fe0.3Co0.3Ni0.3Ox,
[9] for Ba0.5Sr0.5Co0.8Fe0.2

(# normalised to oxide area),[10] for Pr0.5Ba0.5CoO3�d (# normalised to oxide
area),[11] for Ir/C and Mn2O3 E-dep,[23] for Co3O4 NP,[24] for RuO2-Ni and[25] for
RuO2 (100) (normalised to oxide area).
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ducting polymers used in PEM electrolysers could be replaced
by hydroxide-conducting membranes; indeed, several materi-
als have recently been discovered in alkaline electrolytes with
a catalytic activity at least as high as that of RuOx and IrOx.

[9–12]

In Figure 1 b, the best-performing OER catalysts in alkaline
media are shown in a unified Tafel plot (it should be noted
that in this plot the activity of some of the catalysts has been
reported as a current density normalised according to the mi-
croscopic surface area, denoted by the symbol # in the plot,
whereas other catalysts have been normalised according to
the geometric surface area). It is clear from the plot that the
most active catalysts are primarily based on Ni or Co. Even so,
the use of alkaline polymeric membranes comes at the cost of
increased overpotential for hydrogen evolution, and lower
membrane conductivity and stability.[13–15]

Regardless of the pH of the electrolyte, robust OER catalyst
benchmarks are required that allow a straightforward compari-
son of catalyst performance between different experimental
groups.[4, 7] Critical parameters include: 1) the geometric activi-
ty, that is, the current normalised according to the geometric
or projected area, 2) the mass activity, that is, the current per
unit mass precious metals, 3) the specific activity, the current
normalised according to the microscopic area, and 4) the sta-
bility of the catalyst.

In a commercial device, it is essential that the geometric ac-
tivity is maximised, to minimise overpotentials. Moreover,
should precious metal oxides be employed, a high geometric
activity should not be reliant on significant loadings of scarce
elements, that is, the mass activity should also be maximised.
Both the geometric activity and mass activity can be maxi-
mised by employing materials with a high specific activity and
a high surface area. However, to judge whether a material is in-
trinsically active for a reaction, knowledge of the specific activi-
ty becomes important. This metric, in turn, is dependent on an
accurate knowledge of the electrochemically active surface
area, which is challenging to measure on oxides. Alternatively,
the catalyst activity can be assessed using smooth thin films,
where the microscopic surface area is as close as possible to
the geometric surface area.[20, 26, 27]

The procedures for assessing the stability of OER catalysts
are not well established in the literature; this is in contrast to
the reverse of the OER, the oxygen reduction reaction (ORR),
where detailed tests for assessing the catalyst stability have
been developed to simulate the conditions required for auto-
motive applications[28] . Thus far, most researchers have as-
sessed the stability under OER conditions for a limited number
of hours, by performing chronopotentiometry at a constant
current density or chronoamperometry at a constant potential.
However, it remains questionable whether such measurements
can provide the basis upon which one could judge the long-
term performance of a catalyst in a real device over the re-
quired lifetime, that is, a number of years.

A number of methods exist to monitor catalyst corrosion.[29]

Microscopic techniques, such as scanning tunneling microsco-
py[30, 31] and transmission electron microscopy,[32–35] can monitor
changes in the electrode morphology and structure. On the
other hand, macroscopic techniques can be applied to deter-

mine the corrosion rates; these include the rotating ring disk
electrode (RRDE; for example, for monitoring the anodic disso-
lution of RuO2

[36, 37]), the quartz crystal microbalance,[38] and in-
ductively coupled plasma mass spectrometry (ICP–MS).[39–41]

Nonetheless, as of yet, no standardized protocols for assessing
the stability under OER conditions have emerged.

Herein, we present guidelines for establishing the stability of
OER electrocatalysts. By combining standard RDE tests with
electrochemical quartz crystal microbalance[42] (EQCM) mea-
surements and inductively coupled plasma mass spectrometry
(ICP–MS), we provide a detailed description of corrosion pro-
cesses that take place in parallel to the OER. The catalysts in-
vestigated are RuO2 and MnOx. RuO2 is an extensively studied
material with a high activity in acidic electrolyte.[16, 43–45] Howev-
er, the stability of RuO2 is limited at high overpotentials. MnOx

has been proposed as a more abundant and inexpensive alter-
native to RuO2;[46–49] not only is it active for the OER, but also
for the ORR, opening up possibilities for its use in regenerative
fuel cells.[50] Manganese can form numerous oxides and many
of these have been reported active for OER in alkaline and
neutral electrolytes.[51] However, as for ruthenium dioxide, the
stability can be an issue at high overpotentials.

Experimental Section

Preparation of Thin Films

Thin MnOx and RuO2 films were prepared by reactive sputter depo-
sition on Au polycrystals and EQCM crystals. The deposition rates
were calibrated with an in-chamber QCM. Prior to deposition, the
samples were sonicated in acetone, isopropanol, and then Milli-
pore water (18.2 MW). RuO2 films were deposited at 300 8C and
3 mTorr with a power of 50 W using an argon and oxygen flow at
a ratio of 5:2, with a metallic Ru target. MnOx films were deposited
at 200 8C, 5 mTorr, and 140 W with an argon and oxygen flow at
a ratio of 5:1, and a metallic Mn target. The EQCM crystals were
purchased from Stanford Research Systems (QCM200) and consist
of a gold film deposited onto AT-cut quartz with a titanium layer in
between for improved adhesion. The top electrode, functioning as
working electrode for the electrochemical measurements, has
a geometrical surface area of 1.37 cm2. The bottom electrode is
smaller, 0.38 cm2, and the QCM is sensitive only in the overlapping
region of the top and bottom electrodes. This means that approxi-
mately 28 % of the electrochemically active layer is sensitive to the
QCM measurement. The frequency change is converted to mass
change using the Sauerbrey equation, as explained below. In this
equation, a homogeneous mass change across the electrode is as-
sumed. Because of the semiconducting nature of manganese
oxides, we used a mask to confine the MnOx area to where the
QCM is sensitive (the central 0.38 cm2 of the top electrode). This
was done to diminish effects of local potential differences, for ex-
ample, caused by gradients in film thickness. The remaining part of
the gold film was covered with TiO2, which introduced negligible
currents and no frequency change during the stability tests. As
RuO2 is expected to be a metallic conductor, all of the gold film
was covered with RuO2. The Au polycrystalline electrodes
(0.196 cm2) used in RDE tests were polished prior to deposition
with 0.25 mm diamond paste, then plasma cleaned in argon and
annealed to 700 8C in two consecutive cycles. The targets for sput-
tering had a 99.95 % purity and were purchased from AJA
International.
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Electrochemical Tests

The electrochemical tests on RuO2 were performed in a glass cell
with 0.05 m N2-saturated H2SO4 (Merck Suprapur 96 %, diluted with
18.2 MW Millipore water) at room temperature. The tests on MnOx

were performed in a two-compartment Teflon cell with 1 m N2-satu-
rated KOH (Merck Suprapur 99.995, diluted with 18.2 MW Millipore
water) at room temperature. For the tests in sulfuric acid, a Hg/
HgSO4 reference electrode was used, whereas for the tests in KOH,
a Hg/HgO in 20 wt % KOH reference electrode was used. The refer-
ence-electrode potentials were measured with respect to a reversi-
ble hydrogen electrode (RHE) by bubbling 1 bar hydrogen over
a clean Pt surface in the same electrolyte. In both electrolytes,
graphite rods were used as counter electrodes. All the data is pre-
sented using the RHE scale and corrected for Ohmic losses, found
from the fitted high-frequency intercept measured using electro-
chemical impedance spectroscopy over the range of 1–200 000 Hz
at a DC potential of 10 mV. The Ohmic drop for tests in 0.05 m

H2SO4 was in the range of 15–18 W, whereas the tests in 1 m KOH
comprised an Ohmic drop in the range of 3–5 W. For chronoam-
perometry measurements, the Ohmic drop was compensated at
85 % using the Bio-Logic software EC-lab method MIR. Mass
changes from EQCM measurements were calculated using the Sau-
erbrey equation with Cf = (56.6�2.8) Hz cm2 mg�1;[52] this value was
calibrated by the electrodeposition of silver onto the Au-coated
quartz crystal, repeated six times.[53] Each stability test performed
by both EQCM and ICP–MS was repeated four times.

Since gold is not expected to be stable at high oxidative poten-
tials,[40] we did not perform reference measurements with the bare
EQCM crystals. Instead, the gold was coated by the catalyst thin
film, as described above, and we measured the amount of gold in
the electrolyte after OER tests. Based on two-hour tests at 1.9 VRHE

for three MnOx samples, the in-
crease of gold was less than
9 ng cm�2 or equivalent to less
than 0.6 Hz. We therefore assumed
that Au is sufficiently masked from
the electrolyte.

At high current densities, gas for-
mation on the electrode affects
the frequency measurement; how-
ever, since the electrode was ori-
ented vertically, the bubbles
moved upwards and did not accu-
mulate on the active area. While
the bubble formation could cause
some noise in the measurement, it
would not have an effect on the
trends observed over two-hour
experiments.

Characterisation Methods

ICP–MS experiments were per-
formed with equipment from
Thermo Fisher Scientific, model
iCAP-QC ICP-MS. Samples were
taken out of the electrolyte before
and after each measurement using
a pipette. For tests in 0.05 m H2SO4,
the samples were analysed with-
out further dilution, whereas for

1 m KOH, the samples were diluted to 0.1 m to protect the ICP–MS
components. For the quantitative analysis, calibration tests were
performed using diluted solutions of Mn or Ru, made from stand-
ards with 1000 mgmetal mL�1 purchased from SCP Science. Calibra-
tions were made with at least three concentrations. These were
prepared in the range of 0.1 to 10 mg L

�1 since the concentrations
of Mn and Ru in the investigated electrolytes are all within that
range. The calibration curves obtained could all be fitted to
a linear curve with an R2 of 0.99 or better. To calculate the total
mass loss with ICP–MS, the volume of the electrolyte was mea-
sured for each experiment. For measurements with the two-com-
partment Teflon cell, only the volume of the compartment contain-
ing the working electrode was used. It was confirmed with a sepa-
rate ICP–MS test that the amount of metal in the reference-elec-
trode compartment was negligible. The thin films were evaluated
by X-ray photoelectron spectroscopy using a Theta Probe instru-
ment (Thermo Scientific) where the base pressure was 5 �
10�10 mbar. The X-ray source was monochromatized AlKa

(1486.7 eV). Furthermore, the thin films were analysed by X-ray dif-
fraction (XRD) using a PANanalytical X’pert PRO equipment with an
X-ray wavelength of 1.54 � for the CuKa line.

2. Results and Discussion

To determine the structure of the two oxides, we performed
glancing-angle XRD measurements. In Figure 2 a, the diffracto-
grams for RuO2 and MnOx are shown, together with literature
references and a measurement for the glass substrate. For the
RuO2 film, the diffractogram obtained was consistent with
a rutile RuO2 structure,[54] whereas for MnOx, no significant
peaks were found, indicating that the film is amorphous. To

Figure 2. a) XRD diffractograms for RuO2, MnOx and the substrate, together with literature references. The litera-
ture data for RuO2 is from Ref. [54] and that for MnO2 from Ref. [59] . b) XPS spectra of the Mn 3s region for
a 40 nm MnOx on EQCM sample. The red arrow indicates the difference in binding energy for the Mn 3s multiplet
splitting. c) XPS spectra of the Mn 2p region for a 40 nm MnOx on EQCM sample. The red arrow indicates the dis-
tance from the Mn 2p1/2 peak to its corresponding satellite. d) XPS spectra of the Ru 3d core level region for
a 40 nm RuO2 on EQCM sample.
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further characterise the composition, XPS analyses were carried
out. The results can be seen in Figure 2 b–d for MnOx and
RuO2, respectively. The MnOx film was evaluated using the Mn
3 s multiplet splitting and Mn 2p1=2

distance between the main
peak and its satellite.[55, 56] The former was found to be 4.7 eV
and the latter 11.4 eV, suggesting that the stoichiometry is con-
sistent with MnO2, which is also the most stable surface for Mn
under OER conditions.[57] The RuO2 film was evaluated based
on the position and area of the Ru 3d lines, which matched
with RuO2 literature references.[58]

The electrochemical results are described in experimental
order to ensure ease of reproducibility. As a first step, the activ-
ity of each sample was evaluated by using standard cyclic vol-
tammetry at 5 mV s�1. Representative results can be seen in
Figure 3 for both RDE and EQCM setups. A useful figure of
merit is the overpotential needed to sustain 10 mA cm�2.[3] For
RuO2 in 0.05 m H2SO4 it is (354�8) mV whereas for MnOx it is
(494�6) mV, using the results from the RDE setup, based on
two independent measurements for each oxide. These overpo-
tentials are comparable to earlier reports in the literature, even
though the films are only 40 nm thick and deposited onto
smooth substrates, likely resulting in lower surface areas com-
pared to samples made by electrodeposition or thermally pre-
pared oxides. The activity obtained in the EQCM setup is
slightly lower at high overpotentials for both samples; this dis-
crepancy could result from a less facile bubble removal, com-
pared to the rotating disk. However, the onsets of OER are the

same in the two setups. Next, the Ohmic loss was evaluated
by using impedance spectroscopy, followed by a stabilisation
period during which the measured resonance frequency for
the EQCM settled at a constant level. We observed that the fre-
quency reading became stable after approximately 30 to
60 min, presumably due to temperature equilibration or equip-
ment vibrations from cell assembly. Our criterion for establish-
ing the stability was that the frequency would change less
than 1 Hz over 15 min, which corresponds to a lower change
than for any subsequent OER test. In the case of the RuO2, the
films were stabilised at 1.23 VRHE whereas the MnOx films were

Figure 3. Cyclic voltammetry curves at room temperature for: a) 40 nm RuO2

in 0.05 m N2-saturated H2SO4. b) 40 nm MnOx in 1 m N2-saturated KOH. The
scan rate was 5 mV s�1 and 1600 RPM (revolutions per minute) were used in
the RDE tests. The current was normalised to the geometric area. The first
anodic sweeps are shown.

Figure 4. a) Chronopotentiometry at 30 mA cm�2 for 40 nm RuO2 by using
EQCM in 0.05 m N2-saturated H2SO4 at room temperature. The black line indi-
cates the measured potential and the blue line indicates the change in mass
based on in situ resonance frequency measurements. b) Chronoamperome-
try at 1.8 VRHE for 40 nm RuO2 by using EQCM in 0.05 m N2-saturated H2SO4

at room temperature. c) Comparison of the mass change found from EQCM
and ICP–MS based on four separate experiments. The mass loss from the
ICP–MS measurements was adjusted to the equivalent RuO2 mass (rather
than the Ru mass) for more direct comparison to EQCM measurements.
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stabilised at 1.4 VRHE ; in both cases these potentials were
chosen on the basis that the dioxide phases would be
stable.[59] After the initial period of cycling, impedance mea-
surement and stabilisation, samples for ICP–MS analysis were
taken. From four measurements on each catalyst we found an
average of (123�60) ngoxide cm�2 RuO2 and (472�
240) ngoxide cm�2 MnO2 present in the solution prior to further
testing. These results indicate that the initial cyclic voltamme-
try induces mass losses for both materials, these losses being
more significant for MnOx. During subsequent corrosion meas-
urements, to assess the amount of Ru or Mn dissolved during
the test, the initial amount of dissolved Ru or Mn at the start
of the measurement was subtracted from the final amount.

Once the frequency had stabilised, first chronoamperometry,
CA, and then chronopotentiometry, CP, measurements were
started. For RuO2, we measured CA at 1.8 VRHE and CP at
30 mA cm�2. These parameters were chosen to ensure that the
potential was positive of the reversible potential for RuO4 for-
mation, 1.39 VRHE,[60] under standard conditions. For MnOx, po-
tentials at 1.8 and 1.9 VRHE and a current density of 20 mA cm�2

were chosen to be positive of the potential for MnO4
� forma-

tion.[60] All stability tests were carried out for 2 h. We have ob-
served that longer term tests tend to yield a poorer reproduci-
bility; this could be a result of thickness gradients giving rise
to local conductivity issues, exposed substrate, redeposition of
dissolved species or precipitation. It should also be noted that
corrosion mechanisms are highly dependent on the material.[39]

The degradation of some materials may actually be accelerated
by potential cycling (as shown by Mayrhofer and co-workers to
be the case for Pt, by combining cyclic voltammetry with
online ICP measurements[61]). Consequently, to study the resist-
ance to corrosion of such materials, potentiodynamic—rather
than potentiostatic—tests would be necessary.

2.1. Stability of RuO2

In the case of RuO2, the results from chronopotentiometry and
chronoamperometry can be seen in Figure 4 a,b. Chronopoten-
tiometry, as a technique, should correspond to the per-
formance for a constant hydrogen production load on an elec-
trolyser. The extra overpotential needed to sustain the hydro-
gen production is directly correlated to energy loss. In Fig-
ure 4 a, it can be seen that RuO2 can maintain a stable per-
formance, which changes only slightly during 2 h. However,
looking at the mass change associated with the test, it is clear
that there is a constant mass loss. This mass loss is equivalent
to 4.8 monolayers (ML) per hour assuming the density and lat-
tice parameters of (110) RuO2 layers.[54] Figure 4 b shows the re-
sults of the chronoamperometry measurement. The potential
is held constant throughout the measurement; since the cur-
rent depends exponentially on the potential, any deactivation
shows up more clearly than in a chronopotentiometry mea-
surement. A constant potential at 1.8 VRHE yields a mass loss
equivalent of 4.4 ML per hour. With this rate, it would take ap-
proximately 29 h to corrode all of the 40 nm film. Assuming
that the corrosion proceeds in accordance to RuO2 + 2 H2O!
RuO4(aq) + 4H+ + 4e� ,[36] a dissolution rate of 4 ML per hour

would be equivalent to 0.6 mA cm�2, that is, more than four
orders of magnitude lower than the oxygen evolution current
density. In principle, the transient formation of RuO4

[36] could
be detected with a rotating ring disk electrode setup; however,
the necessary current sensitivity would be unrealistic. We also
analysed the solution by ICP–MS after the electrochemical
tests ; Figure 4 c compares the EQCM and ICP–MS results. The
mass losses found from the ICP–MS measurements shown in
Figure 4 c are converted to RuO2 equivalent since ICP–MS is
only sensitive towards single elements and not the initial
oxides. Comparing the two methods, there are differences for

Figure 5. a) Chronopotentiometry at 20 mA cm�2 for 40 nm MnOx by using
EQCM in 1 m N2-saturated KOH at room temperature. The black line indicates
the measured potential and the blue line indicates the change in mass
based on in situ resonance frequency measurements. b) Chronoamperome-
try at 1.9 VRHE for 40 nm MnOx by using EQCM in 1 m N2-saturated KOH at
room temperature. c) Comparison of the mass change found from EQCM
and ICP–MS based on four separate experiments. The mass loss from the
ICP–MS measurements was adjusted to the equivalent MnO2 mass (rather
than the Mn mass), for more direct comparison to EQCM measurements.
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both tests. The losses evaluated by ICP–MS are higher than
what is seen from the EQCM method. This could be due to the
fact that EQCM is only sensitive to about 28 % of the catalyti-
cally active area, as descibed in the experimental section. We
assume a homogeneous mass loss across the electrode but an
inhomogenous current distribution could result in a wrong es-
timation. On the other hand, ICP–MS is sensitive to losses from
the entire electrode area, which is likely to give a more accu-
rate evaluation.

2.2. Stability of MnOx

Chronopotentiometry and chro-
noamperometry tests were also
carried out for MnOx in alkaline
solution, 1 m KOH, as shown on
Figure 5 a,b. Compared to the re-
sults for RuO2, the chronopoten-
tiometry test results in a larger
increase of potential during the
two hours. The graph in Fig-
ure 5 a also shows the impor-
tance of choosing an axis length
spanning only the relevant data
range so the change is easily
spotted. However, on the basis of the chronoamperometry
measurement in Figure 5 b, the deactivation is even clearer be-
cause of the exponential behaviour of the current density as
a function of the overpotential. However, in both measure-
ments, a constant mass loss takes place in parallel with the
oxygen evolution current. At 1.9 VRHE, the loss of 1128 ng cm�2

is equivalent to about 3.9 ML per hour, assuming the density
and lattice parameters of rutile (110) MnO2 layers,[59] while
a constant current at 20 mA cm�2 leads to a loss of about
2.6 ML per hour.1 Assuming that the losses are due to anodic
dissolution, that is, MnO2 + 2 H2O!MnO4

�
(aq) + 4H+ + 3e� ,[60]

this rate would be equivalent to a current density of
0.35 mA cm�2, more than four orders of magnitude lower than
the total current.2 The mass losses were also evaluated by ICP–
MS after each measurement, as shown in Figure 5 c. We note
that the error bars are rather large. Nonetheless, the two meth-
ods show an overall agreement. Extrapolating the data here,
the time required to completely corrode a 40 nm-thick MnOx

film would be approximately 36 h at a constant potential of
1.9 VRHE. From another perspective, a confirmation of stability
for a given catalyst would require that a specific lifetime can

be ensured. As an example, a lifetime of five years for a 40 nm
film corresponds to a maximum of 0.02 � dissolved material in
a two-hour test. This rate for a RuO2 catalyst on a 1 cm2 elec-
trode in 100 mL of electrolyte results in a less than 2 ppt con-
centration in the ICP–MS analysis. Such concentrations ap-
proach the limit of detection, that is, 0.4 ppt for Ru,[62] which
complicates meaningful extrapolation. Therefore, a comprehen-
sive lifetime evaluation should be accompanied by a long-term
test. In Table 1, the relevant stability metrics and standard devi-
ations are listed together with the OER activity of the thin
films.

From these measurements, it is clear that solely examining
current or potential changes for a small number of hours is in-
sufficient to establish the long-term performance of an OER
catalyst in an electrolyser. On the contrary, the anodic dissolu-
tion of a catalyst may actually manifest itself over a short-term
measurement as an improvement in current density or de-
creased overpotential, due to an increased surface area.[34] OER
conditions may lead to an increase in the microscopic surface
area, a decrease in the catalyst surface area and a structural
change to a more stable phase; without prior knowledge, it is
not possible to determine which of these processes would pre-
dominate. Therefore, we emphasise that explicit analyses of
mass changes are needed to quantify the stability of these
catalysts.

3. Conclusions

In conclusion, we have shown that the stability of catalysts for
the oxygen evolution reaction can be assessed by means of
short-term tests based on a combination of EQCM and ICP–
MS. It is clear that it is not possible to even roughly estimate
the long-term performance of a catalyst on the basis of short-
term chronopotentiometry or chronoamperometry measure-
ments alone. Benchmarking and standardising research efforts
are still at an early stage for this reaction. Nonetheless, when
a new catalyst is discovered, rigorous and transparent criteria
should be applied to establish whether or not the material is
stable. While the end goal should be to test catalysts over the
long term in actual devices, the quantification of mass losses
using well-defined electrodes combined with EQCM and ICP–
MS provides a less-time-consuming, albeit meaningful, alterna-
tive. Finally, although we have focused on the oxygen evolu-

Table 1. Stability metrics from EQCM and ICP–MS.

Sample[a] h10 mA cm�2 [mV]
from RDE

DM1.8 V(RHE) 2 h
[ngoxide cm�2]

DM1.9 V(RHE) 2 h
[ngoxide cm�2]

DM30 mA cm�2 2 h
[ngoxide cm�2]

DM20 mA cm�2 2 h
[ngoxide cm�2]

RuO2 360�8 EQCM �1464�13/ – �1566�110/ –
ICP-MS �1915�69 �2624�346

MnOx 490�6 EQCM �462�131/ �1128�229/ – �735�93/
ICP-MS �332�108 �1570�447 �793�194

[a] For both oxides the measured mass losses are shown with corresponding standard deviation from four in-
dependent measurements. The overpotentials listed here are from RDE tests based on two independent meas-
urements. Mass losses from EQCM are calculated from the frequency change using the Sauerbrey equation.
Values for ICP–MS are corrected to the corresponding dioxide masses.

1 We assumed a MnO2 composition on the basis of our XPS analysis. Although
the XRD experiments suggested that the films are amorphous, we take the
view that the rutile (110) plane provides a reasonable approximation of the
surface termination. Should we have chosen a different structure, the inter-
planar distance would always be between 2–4 �, varying the loss in monolay-
ers by less than a factor of two. The exact surface termination will not
change our overall conclusions.

2 It is conceivable that MnO2 dissolves via a two-electron process to MnO4
2�,[60]

which would lead to a corrosion current density of 0.26 mA cm�2, rather than
0.35 mA cm�2. Regardless, this will not change the picture presented herein, as
the anodic current would still be negligible in comparison to the overall dis-
solution current.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemElectroChem 2014, 1, 2075 – 2081 2080
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tion reaction, the findings of this report are general and could
be applied to many other electrochemical reactions, including
hydrogen evolution, oxygen reduction and CO2 reduction.
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