
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

14
. D

ow
nl

oa
de

d 
on

 1
1/

14
/2

02
4 

1:
27

:1
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
aDepartment of Interface Chemistry and Sur

Eisenforschung GmbH, Max-Planck-Strasse

zeradjanin@mpie.de; mayrhofer@mpie.de
bInstitute of Mechanics, Materials and Civ

Louvain, Place sainte-Barbe 2, B-1348 Louv
cAnalytische Chemie – Elektroanalytik &
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The fundamental understanding of the electrode/electrolyte interface is of pivotal importance for the

efficient electrochemical conversion and storage of electrical energy. However, the reasons for the low

rate of electrocatalytic oxygen evolution and issues of long-term material stability, which are central

constraints for attaining desirable efficiency for sustainable technologies like water electrolysis or

electrochemical CO2 reduction, are still not completely resolved. While a lot of attention has been

directed towards the search for new materials with unique (electro)catalytic properties, experimental

results accumulated during the last four decades and prediction from models suggest that RuO2

possesses superior activity for oxygen evolution under acidic conditions. Considering that RuO2 is a

material of choice, we show that tailoring the surface morphology on the meso- and macroscale has

great potential for the improvement of the efficiency of this gas evolving reaction. Advanced analytical

tools have been utilized for the combined investigation of both activity and stability. Namely, the

potential dependent frequencies of gas-bubble evolution, an indicator for the activity of the electrode,

were acquired by scanning electrochemical microscopy (SECM), while the dissolution of RuO2 was

monitored using a micro electrochemical scanning flow cell combined with an inductively coupled

plasma mass spectrometer (SFC-ICP-MS). The obtained fundamental insights will aid improving the

design and thus performance of electrode materials for water oxidation.
1. Introduction

Recently, the production of chemicals for energy storage
(hydrogen, methanol, methane.) has received a lot of attention
as an integral part of a renewable energy concept.1–6 The (elec-
tro)chemical energy conversion conceptually relies on postu-
lates of (electro)catalysis, which are typically based on the
impact of the nature of the electrode material on the rate of the
reaction.7 Considering the limited amount of available mineral
resources,3 additional aspects of crustal abundance, price and
especially long-term stability of the materials are of at least
equal importance within the concept of catalyst performance.
The most substantial barrier towards targeted efficiencies for
cathodic production of hydrogen (and methanol or methane) is
still the high energy demand for electrolysis, particularly the
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high overpotential during the counter oxygen evolution reaction
(OER).8Moreover, the highly corrosive conditions during anodic
water oxidation are a crucial factor for the material stability and
thus the long-term performance, which will certainly affect the
implementation of new technologies.9

The high overpotential for the OER originates in the necessity
to exchange four electrons during the (electro)catalytic process
and the formation of at least three adsorbed intermediates.10 The
preferences of different materials for the adsorption/desorption
of these oxygen containing intermediates are believed to be the
determining factors for the reaction rate. Several catalytic
descriptors (for example, binding energies of key intermediates,
O*, OH*, and OOH*) have been used to theoretically predict and
explain the extensively studied activity trends, which are usually
represented in the form of so-called “volcano” plots.11–14 The
general perception is that RuO2 is positioned at or close to the top
of the “volcano”, since it does not bind the reaction intermedi-
ates too strongly nor too weakly, so that according to the Sabatier
principle the kinetics for generation of molecular oxygen during
the water oxidation is at a maximum.12

Besides the OER activity, a key challenge to be addressed in
the evaluation of electrocatalyst performance is the stability of
the electrode material under relevant operational conditions.
RSC Adv., 2014, 4, 9579–9587 | 9579
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The degradation of materials used for electrocatalytic OER is
strongly inuenced by the pH, applied potentials/currents,
impurities etc.15 At the highly positive potentials during the
OER, dissolution of electroactive material is a detrimental
process that has to be considered for any catalyst material.

A crucial factor for the performance of catalyst materials is
the evolution of gases during the reaction. Namely, at respect-
able reaction rates the interfacial concentration of oxygen
molecules becomes so high that the water at the electrode/
electrolyte interface is not sufficient to create solvation spheres
around each produced oxygen molecule. This phenomenon
known as supersaturation is causing the formation of gas-
bubbles at the interface.16 The effective detachment of these
gas-bubbles is essential for the mass transport in a reactor.17,18

In contrast, the adhesion of gas-bubbles at the electrode surface
blocks fractions of the active surface area and thereby induces
additional overpotential. Thus the overall efficiency of the
detachment of gas-bubbles during gas evolving reactions is at
least of equal signicance as the electrocatalysis of the reac-
tions.7 The rational strategy in promotion of gas-bubble
detachment relies on tailoring of the electrode surface
morphology, which has proven to be a very efficient approach in
accelerating the anodic gas evolution in the case of chlorine
evolution reaction (CER).19,20 As for a series of transition metal-
oxides the CER and the water oxidation exhibited the same
activity trend, i.e. for the same current density the potential of
the CER and water oxidation are linearly scaled with a slope
equal to one,21 and respecting the fact that gas-bubble detach-
ment is a process predominantly driven by the surface physics,
it is justied to assume that surface morphology will inuence
both reactions in a similar manner.

In this study we investigate the impact of the surface
morphology on the OER activity and the catalyst stability of
RuO2 samples. The structure–activity relationship for water
oxidation is established by the employment of a recently
developed analytical approach based on the scanning electro-
chemical microscopy (SECM). Namely, considering that oxygen
evolution during water oxidation is an oscillatory process, the
SECM microelectrode tip was used as a sensor for measuring
the frequency of gas-bubble detachment.22,23 The dissolution
behavior of RuO2 during the OER is monitored with a scanning
ow cell and online inductively coupled plasma mass spec-
trometer (SFC-ICPMS).24,25

2. Experimental

Conductive atomic force microscopy (c-AFM) was used to obtain
information about the morphological pattern and about the
spatial distribution of conductivity. c-AFM measurements were
performed in contact mode in air using Pt/Ir coated silicon
cantilevers from AppNano, USA (ANSCM-PC � 12 kHz,
�0.2 N m�1) with a NanoWizard III (JPK, Berlin, Germany). X-
ray photoelectron spectroscopy (XPS) measurements were per-
formed using a spectrometer PHI Quantum 2000 (Physical
Electronics, USA) with a source analyzer angle of 45�. The base
pressure in the spectrometer was 2 � 10�8 mbar. X-rays were
obtained using a monochromatic AlKa source (energy of
9580 | RSC Adv., 2014, 4, 9579–9587
1486.6 eV) at pass energy of 23.5 eV, and a energy resolution of
0.2 eV. The position of the carbon peak C 1s was at 284.1 eV. To
avoid contamination, the samples were sputtered with an argon
plasma with an energy of 1000 eV. An energy neutralizer was
used to eliminate charging of the surface. The obtained XPS
spectra were compared with spectra available in literature.26

A special conguration of the scanning electrochemical
microscopy (SECM) was adopted in order to estimate the
frequency of gas-bubble detachment. An aqueous solution of
H2SO4 (0.1 M, 99.5%, J. T. Baker, Deventer, Netherlands) was
used as electrolyte solution. All electrolytes were prepared by
using de-ionized water (SG Ultra Clear UV, Barsbüttel, Ger-
many). The SECM tip was a Pt microelectrode with a diameter,
dt, of 25 mm. The reference electrode was an Ag/AgCl/3M KCl
electrode [0.207 V vs. a normal hydrogen electrode (NHE)], and
the counter electrode was a Pt mesh. Before each measurement,
the microelectrode was polished with 0.3 mm alumina paste,
cleaned in an ultrasonic bath, and rinsed with acetone and
water. The Pt wires, the Pt mesh, and Ag wires were provided by
Goodfellow (Bad Nauheim, Germany). SECM experiments were
performed by using a four-electrode system consisting of two
WEs (sample and tip), a RE, and a CE controlled by a bipo-
tentiostat/galvanostat (Jaissle PG 100, Waiblingen, Germany).
The position of the tip was adjusted in the x, y, and z directions
by a stepmotor-based SECM system (Sensolytics; Bochum,
Germany). Prior to measurements, the microelectrodes were
characterized by cyclic voltammetry to control their surface
status. The feedback mode of the SECM was used to record the
approach curves and pre-position the SECM tip at a distance h,
which was approximately 1 mm from the sample surface. The
potential applied to the tip was 400 mV, while the sample
potential was adjusted in the range from OCP till 1.8 V vs. Ag/
AgCl/3M KCl with increments of 100 mV. The current at the tip
was monitored with a frequency of 100 Hz over 60 s. All
measurements were performed at 25 �C.

The micro-electrochemical scanning ow cell (SFC) was
described in detail before.27 The microcell was mounted on a
force sensor (MEMesssysteme, Germany) that adjusts the force
to 400 � 5 mN in contact mode. The contact area of the elec-
trolyte on the substrate was thus reproducibly 1.1 mm2. The
sample positioning is achieved by a XYZ-translation stage
(Physik Instrumente, Germany). An in-house developed Lab-
VIEW program controls all hardware components simulta-
neously.28 Electrochemical measurements were performed with
a potentiostat (Gamry Reference 600). The electrolyte pumped
through the microcell and over the working electrode is
subsequently introduced into the inductively coupled plasma
mass spectrometer (ICP-MS, NexION 300X, Perkin Elmer),
equipped with a cyclonic spray chamber and a Meinhard
concentric nebulizer. The RF power for the plasma generation
was held at 1300 W with argon ow of 15 L min�1. The disso-
lution rate of ruthenium was monitored over the two isotopes
102Ru and 104Ru with respect to 5 mg L�1 internal standard 89Y,
mixed into the electrolyte directly aer the SFC with a ratio of
1 : 1. The acquisition parameters of the ICP-MS were set to
100 ms dwell time and 5 sweeps per reading. The detected
intensities were quantitatively evaluated using a calibration of
This journal is © The Royal Society of Chemistry 2014
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the ICP-MS for the Ru isotopes, which was performed prior to
each measurement.
3. Design and synthesis of catalyst

The rational design of an electrode surface requires a certain
theoretical basis that can help us to establish a more exact link
between synthesis procedures and desired properties. Although
it is usually assumed that catalyst coatings have relatively
uniform distribution of active sites, surface inhomogeneities
can be quite severe.19 Reducing surface inhomogeneities is
therefore recognized as one of the benecial perspectives for the
design of electrodes for efficient gas evolution.29,30 Moreover,
based on our previous works,19,22 the morphological pattern of
the electrode surface is crucial for the nucleation, limited
growth and fast detachment of gas-bubbles. In particular,
evenly distributed “cracks” having a size that corresponded to
the critical diameter of the gas-bubble nucleation can enhance
the activity signicantly.19,22

The formation of “cracks” in a catalytic layer during
synthesis is typically achieved by inducing a large enough
tensile stress in the layer.31 During sol–gel synthesis a wet layer
of salt precursors of the catalyst is deposited on a solid
substrate. Aer drying, the catalyst is exposed to thermal
annealing to transform it into the active state. The volume
change of the gel-body during the drying and thermal treatment
steps is restricted by the substrate, which results in an internal
stress that depends on the density change of the coating during
drying and the mismatch in the coefficients of thermal expan-
sion between thin coating and thick substrate. If the internal
stress is large enough, surface cracks or channel cracks may
nucleate and release energy.32 The internal stress s in a thin
coating can be estimated by:

s ¼ Yf

1� nf
3

where 3 is the mismatch strain between the coating and the
substrate and Yf and nf are the Young modulus and the Poisson
ratio of the coating, respectively. The mismatch strain can be
estimated by:

3 ¼ 3drying + (af � as)(T0 � T)

where 3drying is the strain induced by drying of the lm, af and as

are coefficients of thermal expansion (CTE) of coating and
substrate, respectively, T0 and T are nal annealing and room
temperature. To produce cracks in the coating, it is necessary
that the internal stress is tensile (s > 0). It is however not a
sufficient condition. For cracks to nucleate, the lm thickness
must be higher than a critical value hc given by:32

hc ¼ GYf

Zs2

where G is the fracture resistance of the coating and Z is equal to
3.951 for surface cracks and 1.976 for channel cracks. For brittle
coatings on compliant substrates, the separation between
cracks is found to decrease proportionally to 1/s2.32,33
This journal is © The Royal Society of Chemistry 2014
From the relations shown above, different morphologies can
be obtained by varying the synthesis parameters such as the
synthesis temperature, coating composition (thus modifying af)
or substrate composition (this modifying as). In this initial
study on the OER on RuO2 we focused on two clearly distinctive
cases, a cracked electrode with a targeted “crack” size that
corresponds to the critical diameter of gas-bubble nucleation,
and a crack-free electrode morphology, in order to obtain rst
insight into the performance differences. The synthesis of the
samples was done according to a previously reported procedure
based on a sol–gel route.31 Briey, Ti substrates (diameter
15 mm, Goodfellow, USA) were drop-coated with a mixture of
adequate precursor solutions. The wet coated surface was dried
in air and thermally treated until a mixed oxide of RuOx/SnOx

was formed. The procedure was repeated until a Ru loading of
5.78 g m�2 (metal basis) was achieved. To prepare a “crack-free”
coating with the same loading, a diluted sol solution (diluted in
1 : 31 ratio in isopropanol) was used and the number of the
coating–drying–sintering cycles was increased accordingly. The
different morphologies result from the deposited layer thick-
ness during each step being larger and smaller than the critical
thickness for the cracked and crack-free morphologies,
respectively. The synthesized electrodes were of the dimen-
sionally stable anodes type (DSA),7 with RuOx as the active
component and SnOx as the matrix with a similar crystal lattice
to the active component.34 The role of the SnOx matrix is to
improve the stability of the catalytic component, while SnOx

itself is electrocatalytically inactive for the OER.35 Dependent on
the details of the thermal treatment, the obtained phase was
predominantly rutile.31

4. Results and discussion
4.1. Surface characterization (morphology, composition and
number of active sites)

In Fig. 1 the two targeted morphological patterns obtained
during the synthesis can be clearly distinguished. The “cracked”
surface, made out of a relatively small number of coating cycles,
contains “terraces” and “cracks”, while the “crack-free” surface,
made out of larger number of coating cycles with a diluted
coating solution, exhibits agglomeration of active material and
microcluster formation, similar to the coatings previously
obtained via electrochemical deposition.20 The “crack-free”
surface is a typical example of an on-top deposited catalytically
active material, manifested in particles or clusters distributed
randomly at the electrode surface. In contrast, the “cracked”
surface has unique properties due to terraces of a width of ca.
10 mm in diameter. The exposed edges of the “terraces” are
regions where locally very high activities can be obtained,
concomitantly causing high local current density. At the same
time, “cracks” can behave like channels that enable certain
specic internal hydraulic regime. The conductivity distribution
in Fig. 1 is well in relation with the morphological pattern. Note
that the obtained conductivity values are presented on a relative
scale, nevertheless they are sufficiently descriptive to illustrate
local surface heterogeneities. While for the “crack-free” sample
the most conductive regions are microclusters, in the case of
RSC Adv., 2014, 4, 9579–9587 | 9581
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Fig. 1 AFM micrographs of (a) the “cracked” electrode in tapping mode (a-1), conductive mode (a-2) and overlapped tapping and conductive
mode (a-3); (b) the “crack-free” electrode in tapping mode (b-1), conductive (b-2) mode and overlapped tapping and conductive mode (b-3).

Fig. 2 (a) Wide-scan XPS spectra of the “crack-free” (black) and
“cracked” (red) sample after ion sputtering, (b) XPS spectra of the Ru 3d
core level for “crack-free” (1) and “cracked” (2) sample, (c) XPS spectra
of the O 1s level for “crack-free” (1) and “cracked” (2) sample.
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“cracked” electrodes the most conductive regions are mainly
situated close to “cracks” or more precisely at the edges of the
“terraces”.

To conrm that predominantly the geometric properties
(morphology and active surface area) inuence the efficiency of
the gas-evolution, the samples should have relatively similar
chemical behavior. The similar features for Ru, Sn and O in the
wide-scan XPS spectra (Fig. 2a) of both samples supports this,
although a complete quantitative overlap is missing.36

Since Ru centers are a key for the catalytic performance, it is
important to gain an insight about the amount of Ru (usually
various nonstoichiometric oxides RuOx where x < 2) at near
surface regions. The relative intensities in Fig. 2b suggest that the
“cracked” sample contains more Ru than the “crack-free” sample
at near surface regions. At the same time it seems from the O 1s
level (Fig. 2c) that the oxygen content in both samples is similar.
Note that the XPS spectra (Fig. 2b and c) are recorded aer
sputtering, which minimizes the interference of the carbon C 1s
peak (binding energy of 284.3 eV) on Ru 3d, but also Ru-oxides
can be partially reduced. Similar information on the Ru content
with respect to Sn and O was obtained from EDX mapping (not
shown): the “cracked” sample (11.5 at%) has a higher content of
Ru than the “crack-free” sample (8.5 at%). This relatively small
difference in the Ru content is not expected to have a signicant
inuence on the intrinsic catalytic properties of the electrode as
shown previously.19,37 In the mentioned works the established
activity trends could not be related with the loading, Ru content
or overall electrochemical active surface area.

While XPS provides an indication of the average surface
composition for several nanometers of the outer surface of the
catalyst layer, only the outermost atomic layer that is directly in
the contact with the electrolyte is relevant for electrochemistry.
Thus the surface composition has to be obtained ideally in situ,
utilizing for instance cyclic voltammetry (CV).38 The Brønsted
9582 | RSC Adv., 2014, 4, 9579–9587
type acid/base behavior of RuOx and its capability to reversibly
exchange protons can be used to estimate the electrochemically
active area:39–41
This journal is © The Royal Society of Chemistry 2014
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RuOx(OH)y + zH+ + e� $ RuOx�z(OH)y+z

Examples of CV's of the analyzed samples are shown in the
inset of Fig. 3. The integral of the area of the CV's divided by the
potential scan rate gives the voltammetric surface charge, which
corresponds to the electrochemically active surface area or
number of active sites on the observed geometric region.

The exchange of protons between the electrolyte and Ru-
centers from the catalyst layer is a time dependent diffusion
limited process. Therefore, an increase of the voltammetric
surface charge is observed with the decrease of the scan rate,
which is more pronounced in the case of the “cracked” sample.
Two regions can be distinguished in Fig. 3, one corresponding
to the “outer” surface area which can be probed at higher scan
rates and one to the “inner” surface area of the porous coatings
which can be quantied only at low scan rates (ideally on a scan
rate equal to zero).31 The formal point of distinction between an
“outer” and an “inner” surface area is its accessibility.42,43 The
easily accessible “outer” surface area is considered to partici-
pate in the reaction,43 while the “inner” surface area that
predominantly originates from nanopores is less or not acces-
sible for the reaction.44 The “outer” surface area for the
“cracked” and the “crack-free” sample is almost identical with
around 10 mC cm�2. However, the “cracked” sample contains a
signicantly higher “inner” surface area, due to the fact that
“cracked” electrodes are more porous.42 Practically, at a scan
rate of 1 mV s�1 (in a rst approximation considered to be
steady state) the surface area of the “cracked” sample is more
than two times larger than the area of the “crack-free” sample.

Note in this context, that while it was usually considered that
only the “outer” surface area participates actively in the elec-
trode reaction,20,43 it was suggested by Evdokimov that at very
high current densities (above 1 A cm�2) the porous parts of the
catalytic layer start to participate in the reaction due to
Fig. 3 Dependence of the voltammetric surface charge on the
potential scan rate. Inset: cyclic voltammograms of RuOx-based
samples in 0.1 M H2SO4 recorded at a scan rate of 100 mV s�1; values
of voltammetric surface charge corresponding to the electrochemi-
cally active surface area are indicated.

This journal is © The Royal Society of Chemistry 2014
accelerated mass transport inside the pores.45,46 The imposed
operation regime (in this case current density) can thus inu-
ence the effectiveness of the observed catalytic layer. At the
same time it was assumed that an activation of the “inner”
surface of the electrode at a dened regime of current density
can be achieved by gradually changing the morphological
pattern. Although gradual changing of the morphology (thick-
ness, “crack” size etc.19,22,31) has an inuence on the catalyst
performance, only one type of cracked coating has shown a
distinctively different behavior. This was due to the fact that the
thickness and crack size of this particular sample was similar to
the critical diameter of gas-bubble nucleation.19,22 Conse-
quently, instead of gradually changing the surface
morphology,19,22,31 in this work a more straightforward OER
analysis of two extreme patterns was performed.

4.2. Specic activity for OER

In order to resolve the impact of the real and effective surface
area for this gas-evolving reaction, and thereby estimate the
accessibility of the active sites, themeasured currents have to be
normalized.47–49 The normalization of current with the voltam-
metric surface charge representing the surface area yields a true
turnover frequency that reects the intrinsic activity. As the
“outer” surface area is approximately the same for both samples
(around 10 mC cm�2), the ratio between the normalized activ-
ities does not change. When the current density is normalized
for the “inner” surface area, however, the OER activity of both
samples becomes comparable (see Table 1).

In a rst approximation these results suggest that the higher
current intensity of the “cracked” sample can be due to the
superior “inner” surface area and a complete accessibility of
these sites for the reaction. This would conrm previous
studies, where the behavior of ”cracked” morphological
patterns was ascribed to the higher density of active sites in
comparison to “crack-free” electrodes.42 In contrast, however,
other studies on RuO2 based anodes have shown that a high
density of active sites is not a guarantee for efficient perfor-
mance during gas-evolving reactions.19,31 Certain “crack-free”
electrodes can exhibit comparable or even higher surface area
and enhanced nanoporosity to “cracked” electrodes at similar
loadings, but still be less efficient.31 Considering all of this it is
necessary to extend the analysis and nd an approach that
provides a deeper insight if indeed only the inner surface of the
reaction, or if more efficient gas detachment from the “outer”
surface is also strongly inuencing the activity (see Section 4.4).

4.3. Evaluation of electrode stability

The electrode stability during OER is not only equally important
for the catalytic performance as the activity, but can also aid the
understanding of the impact of the effective surface area. While
several deactivation mechanisms for the oxide electrodes are
discussed in literature15 (detachment of the coating, inuence
of impurities, passivation of the support etc.), the most crucial
from the (electro)chemical point of view is dissolution of the
catalytically active component. The dissolution of elements is
an integral part of the surface reconstructing during the OER
RSC Adv., 2014, 4, 9579–9587 | 9583
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Table 1 Summarized surface charges and activity values for the OER at 1.45 VRHE for the “crack free” sample (CFS) and the “cracked” sample (CS)

Sample jgeo/mA cm�2 q*out/mC cm�2 q*in/mC cm�2 jgeo/q
*
out/Hz jgeo/q

*
in/Hz

CS 15.5 10.0 170.1 1.55 0.091
CFS 8.5 10.0 77.8 0.85 0.11
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and in that sense insights can help us to nd means how to
passivate and/or protect the electrode surface from degradation.
Due to the similar chemistry, it is expected that the dissolution
rates for the two samples will depend on the overpotential for
the OER, which is strongly affected by the effective surface area
and consequently by the surface morphology.

The impact of the morphological pattern on the amount of
dissolved ruthenium during an identical electrochemical test
can be seen from the ICP-MS dissolution proles depicted as a
function of the applied potential and time in Fig. 4.

Initially, the samples are kept at open circuit conditions for
around 900 s (OCP at ca. 0.89 VRHE). Then the potential is cycled
in the region of thermodynamic stability of water (0.00–
1.23 VRHE) where particularly the rst cathodic sweep from OCP
to 0.00 VRHE causes massive dissolution. The onset of dissolution
is estimated around 0.50 VRHE, which corresponds to the redox
transition from RuO2(c) to Ru3+.50 While such low potentials do
not typically occur during oxygen evolution, still they can be
induced in case of cell shutdown due to hydrogen cross-over. The
integrated area beneath the initial dissolution peak (range 0.00–
1.23 VRHE) is around 43 ng cm�2 and 21 ng cm�2 for the “crack-
free” and the “cracked” sample, respectively. With continuous
potential cycling the amount of dissolved Ru decreases and
Fig. 4 Normalized dissolution profile of Ru to the geometric area for
the two samples with similar chemical composition and loading, but
different morphological pattern: “cracked” coating (red) and “crack-
free” coating (blue). The applied potential profile is shown on top. The
sweep rate in the cyclic voltammograms was 10 mV s�1. The dashed
line indicates the detection limit.

9584 | RSC Adv., 2014, 4, 9579–9587
approaches similar values, so that in the third cycle they are as
low as 13 ng cm�2 and 12 ng cm�2. According to this it seems that
the cathodic dissolution strongly depends on the prehistory of
the samples, particularly on the oxide coverage at OCP.

Aerwards the potential is cycled between a xed negative
potential limit of approximately 1.00 VRHE and a varying positive
limit (from 1.25 to 1.60 VRHE with increment of 50 mV for every
second cycle). The dissolution in this case appears at positive
potentials above approximately 1.25 VRHE, which coincides with
the reversible potential of the OER. Notice that the dissolution is
always higher for the “crack free” sample than the “cracked” one.
With increasing the upper potential limit the dissolution grad-
ually increases and becomes severe above 1.45 VRHE, which
corresponds to the redox transition between RuO2(c) and RuO4,
4H+.50 Ruthenium tetroxide formed during the OER has previ-
ously been identied in situ by Raman spectroscopy51 and is
known to be unstable/soluble in water.52 Moreover, studies based
on differential electrochemical spectroscopy using isotope
labeling53 substantiate that the OER on Ru based electrodes
proceeds through a surface oxide route, opposite to some other
cases as for example on platinum based electrodes.54 Thus, also
the disruption of the surface oxide during the OER on Ru-based
electrodes can cause enhanced dissolution at positive poten-
tials.25,53,55 Without a clear notion if the formation of RuO4

complemented by the disruption of the surface during the OER is
essential for dissolution, it can be concluded that any activity
improvement that can shi the operation potential below a
critical value for anodic dissolution (around 1.45 VRHE), will have
multiple implications; namely (i) reduction of the electrical
energy consumption, (ii) inhibition of Ru dissolution, and lastly
(iii) the reaction would become endothermic due to the fact that
the thermoneutral voltage is around 1.48 VSHE.56 In Table 2 the
most important conclusions for a conceptual understanding of
the process of Ru dissolution from RuO2 are summarized.
4.4. The impact of the surface morphology on the catalyst
performance

Relating the rate of dissolution with the rate of OER57 it seems
that for the two analyzed samples with similar chemistry the
turnover per available active site has to be very similar.
Considering that Ru dissolution of the cracked sample is half
compared to the crack-free sample and that the current inten-
sity for the cracked sample is two times higher, the effective
surface area of the cracked sample is approximately four times
higher. This suggests that in the case of the cracked sample not
only inner surface is utilized, but also its outer surface partici-
pates more frequently in the reaction. The gas-bubble behavior
of both samples is additionally studied to gain better insight
into this effect.
This journal is © The Royal Society of Chemistry 2014
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Table 2 Main conclusions on the dissolution of Ru based electrodes

Potential range,
vs. RHE/V Type of dissolution Onset of dissolution vs. RHE/V Coincident redox transition

0.00–1.23 Negative scan 0.50 RuO2(c), H
+/Ru3+

1.00–1.60 Positive potentials 1.23 H2O/O2, 4H
+

Fig. 5 Potential dependent frequency spectra of the (a) “cracked” and
the (b) “crack-free” RuO2 based electrodes, as measured via SECM.
Potentials are given with respect to RHE and without ohmic drop
correction (reference electrode however always at the same distance
from the working electrode).
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As it has been shown already for other similar reactions like
the chlorine evolution (CER), the evolution of gas-bubbles from
the surface is indeed one of the main contributors to the mac-
rokinetics. As a consequence a difference between the two types
of coatings should be reected also in different rates for gas-
bubble removal. The latter can be estimated from an experi-
mental approach based on monitoring of the pseudo-oscillatory
behavior of gas evolution using SECM.22 A periodical release of a
gas fraction from the surface causes local changes in the ohmic
resistance of the electrolyte between a positioned microelec-
trode tip and a reference electrode. The recorded temporal
uctuations of the current at the microelectrode tip can then be
processed using Fast Fourier analysis. The frequency of the gas-
bubble detachment can thus be monitored as a function of the
applied anode potential.

The characteristic gas-bubble detachment during OER as
estimated from SECM is presented in the form of potential
dependent frequency spectra in Fig. 5. The two different
morphological patterns exhibit markedly different frequency
spectra. In the case of the “cracked” surface a denite frequency
of gas-bubble detachment can be extracted, which increases
with the applied electrode potential (Fig. 5a). The initial
potential of gas-bubble detachment is around 1.7 VRHE (without
ohmic drop correction), and the frequency increases from 2 Hz
towards 4 Hz in the potential range between 1.7 and 2.0 VRHE. In
contrast, no characteristic frequency could be detected in the
case of “crack-free” electrodes, and the spectra in Fig. 5b imply
only chaotic gas bubble detachment without any recognizable
pattern. A similar behavior was observed previously for the CER,
where only certain morphological patterns exhibited dened
frequencies for gas-bubble detachment.22 An uniform oscilla-
tory behavior of the system was strongly related with higher
activities and certain morphological features in this case, as it is
here for the OER. Comparing the absolute values of normalized
activity (1.55 Hz at 1.45 VRHE) and frequency of gas-bubble
detachment (2 Hz at 1.7 VRHE), it seems that the removal of gas-
bubbles markedly inuences macrokinetics of OER and
consequently the almost two times higher activity of the
“cracked” sample could originate from the faster and more
regular removal of the gas-bubbles from the “outer” surface.
This establishes a highly frequent contact between the electro-
lyte and the solid surface, and thus signicantly extends the
average availability of the active outer surface sites.

To comprehend why “cracked” electrodes exhibit more facile
gas-bubble removal than the “crack-free” electrodes it is
important to consider that gas evolution during OER can be
described with three processes: (1) nucleation of gas-bubbles (2)
bubble growth and coalescence and (3) bubble detachment.
This journal is © The Royal Society of Chemistry 2014
The radius of gas-bubble nucleation in typical acidic elec-
trolyte is around 1 mm at 25 �C and 1 bar.58 Thus, when the crack
width and the thickness of the catalyst coating allow gas-bubble
nucleation inside the cracks, their growth will be limited in
contrast to an open, crack-free surface (see scheme in Fig. 6).
Furthermore, during the growth phase the bubbles are in
constant oscillatory motion due to thermal uctuations (similar
to boiling) and cause an oscillatory motion of the surrounding
liquid. This in turn the root of the bubble and its contact with
the hydrophilic surface, what nally causes the bubble to
detach. The oscillations of smaller bubbles are more frequent
than in the case of larger bubbles, so that the detachment
probability of bubbles limited in size within cracks is higher.
This is in line with the theoretically established inverse
RSC Adv., 2014, 4, 9579–9587 | 9585
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Fig. 6 Illustration of the gas-bubble behavior at the “outer” surface of
the “cracked” electrode.
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proportionality between the radius of gas-bubble and frequency
of gas-bubble detachment,59 which suggests that particularly
small bubbles at the solid/liquid interface induce efficient gas
evolution. Certainly, the growth of gas-bubbles at “terraces” is
also possible in the case of “cracked” electrodes, but it will be
limited by the spacing between the cracks and frequent
microconvective ow of electrolyte towards the “cracks”. These
considerations suggest that controlling the size of the “cracks”,
their width and the thickness of the catalyst coating is a central
task for designing efficient electrode for OER.

5. Conclusions

The design of the surfacemorphology of the anode is shown to be
a very promising strategy to improve the efficiency of the oxygen
evolution reaction and thus the overall energy savings during
electrochemical fuel production. Simultaneous gain in catalyst
activity and stability was shown to be realistic consequence of
facile removal of gas-bubbles from the electrode surface. It was
essential to create morphological patterns that promote nucle-
ation of gas-bubbles with limited growth in conned regions and
that cause high detachment frequencies. It was shown that the
design of morphological patterns has a rational basis in the
control of the tensile stress in the catalyst coating during the
synthesis. Intentionally induced cracks in the surface with well
controlled spacing can indeed enhance the bubble detachment,
and thus improve the catalyst performance.
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