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EXTENDED ABSTRACT

Impact of the spatial distribution of mor phological patternson
the efficiency of electrocatalytic gas evolving reactions®
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Abstract: The efficiency of electrocatalytic gas evolving reactions (hydrogen,
chlorine and oxygen evolution) is a key challenge for important industrial
processes, such as chlor-alkali electrolysis or water electrolysis. The central
issue for the aforementioned electrocatalytic processes is their huge power
consumption. Experimental results accumulated in the past, as well as some
predictive models (“volcano” plots) indicate that altering the nature of the
electrode material cannot significantly increase the activity of the mentioned
reactions. Consequently, it is necessary to find a qualitatively different strategy
for improving the energy efficiency of electrocatalytic gas evolving reactions.
A usually disregarded fact is that gas evolution is an oscillatory phenomenon.
Given the oscillatory behavior, a key parameter of macrokinetics of gas elec-
trode is the frequency of gas-bubble detachment. Bearing in mind that gas evo-
Iution greatly depends on the surface morphology, a methodology is proposed
that establishes a rational link between the morphological pattern of an elec-
trode with its activity and stability. Characterization was performed using
advanced anaytical tools. The frequency of gas-bubble detachment was
obtained in the configuration of scanning electrochemical microscopy (SECM),
while the corrosion stability was analyzed using a miniaturized scanning flow

electrochemical cell connected to a mass spectrometer (SFC-CPMS).

Keywords. energy efficiency; electrocataysis; morphology; SECM; activity;

stability.

Due to their technical importance, electrocatalytic gas-evolving reactions
(hydrogen, chlorine and oxygen evolution) have been the subject of investigation
for decades.1-3 From well-established large scale industrial processes, such as
chlor-alkali technology towards water electrolysis and electrochemical CO»
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reduction, the efficiency of electrocatalytic gas evolving reactions (GER) has
been a major chalenge due to the large amount of electricity necessary to con-
duct electrode reactions at a desirable rate.# Energy efficiency in one electroche-
mical reactor is usually monitored by the voltage corresponding to the predefined
turnover of product controlled by the imposed current intensity. An essential task
is to minimize the overvoltage, which represents the difference between the
actual voltage and the voltage in the state of equilibrium (reversible voltage).

The energy efficiency during one electrocatalytic process strongly depends
on the design of the electrochemical interface. The functionality of an electro-
chemical interface is largely influenced by the nature of the material of the
chosen electrode that belongs to the scope of electrocatalysis.?2 Electrocatalysis
essentially deals with the impact of the electrode material on the rate of an elec-
trode reaction. The predictive bases on which electrocatalysis rests are empirical
or theoretical models known as “volcano” plots, in which the kinetics of the
electrode reaction is expressed as a function of some catalytic descriptor, which
is in fact some physicochemica property of the material (binding energy of
intermediates, number of outer electrons, etc.).> The apex of “volcano” responds
to the maximal kinetics, which is essentialy determined by the optimal value of a
catalytic descriptor (Sabatier Principle). For example, a noticeable fact is that
RuO; is at the apex of the “volcano” plot for the oxygen evolution reaction
(OER) and the chlorine evolution reaction (CER).6:7 If a material whose activity
responds to the maximum of the “volcano” plot is identified, the question that
would naturally arise is: how to improve further the efficiency of the given
reaction?

A high intrinsic activity of the chosen electrocatalyt, reflected by the high
turnover per active site, however, goes hand in hand with a certain self-inhibiting
effect. Namely, the phenomenon of supersaturation with the product is actually a
prerequisite for the gas formation.8.9 The formed gas-bubbles cover a fraction of
the active surface area and induce additional overpotential. It is important to
mention that the gas bubble effect was detected to be the magjor source of over-
potential in a case of chlor-alkali technology.2 Consequently, this issue requires
serious investigations, which could be beneficia for all gas-evolving reactions,
even for those that are not driven by the electrode potential. At the same time,
electrode materials, especially those used as catalysts for anodic electrocatalytic
reactions, are subjected to intensive corrosi on.10 The electrode materials used to
catalyze the mentioned electrode reactions usually originate from the family of
noble metal oxides. Considering that the price of noble metalsis subject to unpre-
dictable fluctuations (for example, the price of Ru jumped in 2007/2008 by 1000
%11), it is of major importance to find strategies to 1) stabilize electrocatalytic
materials, 2) reduce the loading with noble metals and/or 3) replace noble metals
with cheaper and more abundant materials.
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A promising approach to address the above-mentioned issues is a rational
design of the surface morphology. Namely, morphology has strong impact on the
gas evolution (for example, it influences the contact angle at the triple phase
boundary) and influences the utilization of the active surface area by determining
the accessibility of active sites.12 Additionally, expecting that high local over-
potentials and current densities could enhance degradation of electrocatalysts,13
it is essential to investigate to what extent the stability of electrocatalysts is
influenced by the morphologica pattern. State of the art anodes for the electro-
catalytic gas evolution are DSA (dimensionally stable anodes)-type electrodes.
Usualy, “valve” metd-like titanium is coated with a mixed transition metal
oxide. Catalytically, the active component is a noble metal-based oxide (for
example ruthenium oxide), the long-term stability of which is assured by mixing
with a “valve” metal-based oxide (for example titanium oxide). An important
pre-condition for mixed oxide formation is that the parameters of the crystal lat-
tice match (according to the Hume Rothery Rules).14 A typical morphological
pattern of DSAS, the so-called “mud-crack” structure, contains two interesting
features, namely “islands’ and “channels’, which could be potentially beneficial.
The edges of the islands can alow high local activities, while the channels can
contribute to mass transport by allowing certain internal hydraulic regimes via
microconvection.

Two studies provide particularly interesting insights into the behavior of
DSAs. Trasatti and co-workers derived a method to distinguish easily accessible
“outer” surface area from the hardly accessible “inner” surface area (originating
in nanopores, etc.).15 In the mentioned work, the authors stated that only the
outer surface is functional and accessible for the reaction. Simultaneously, Evdo-
kimov reported that at very high current densities (up to 4 A cm2), the inner
surface area starts to participate in the reaction.16:17 The results of Evdokimov
could be understood in terms of an increase of the interfacial overpressure, which
allows solvent penetration towards the nanopores (according to the Y oung—L aplace
Equation for capillary forces).18 While Evdokimov was increasing the imposed
intensity of the process (rate of reaction) at the analyzed electrode, the question
was whether the opposite was possible. Namely, whether it is possible for the
pre-defined intensity of the process to gradually change the morphology and cause
activation of the inner surface area or at least increase its utility. To achieve
better utility of surface area, it is important to bear in mind that gas evolution is
an oscillatory phenomenon.1® Thermal oscillations of the gas-bubbles cause peri-
odic displacement of the surrounding liquid, which in return influences the root
of the surrounding gas-bubbles and ultimately cause their detachment. The
smaller the gas-bubbles are, the more frequently they oscillate and finally detach.
Consequently, given the oscillatory behavior, a key parameter of the macroki-
netics of a gas-evolving electrode is the frequency of gas-bubble detachment. In
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this sense, the goal was to find away to generate gas-bubbles with small radius at
electrode/electrolyte interface. Knowing that gas bubble evolution consists of
three processes: 1) nucleation, 2) growth and coalescence and 3) detachment, it
seems rational to design electrodes with adequate thickness of the catalyst layer
and size of the “channels’ so the gas bubbles can nucleste inside the “channels’
that would limit their growth. In this respect, the thickness of the coating and size
of the “channels’ should be similar to the critical radius of gas-bubble nucle-
ation.20 To achieve the targeted pattern, the synthesis was based on controlling
the tensile stress in the catalyst layer. The tensile stress delivered to the coating
could be controlled by adeguate thermal treatment (calcination temperature, rate
of heating/cooling...) and by creating mismatch in the coefficients of thermal
expansion between support and catalyst layer. In this sense, the “breakage” of the
catalyst layer is under certain measures of control asis the size of the “channels’.
Besides the design of the morphological pattern, it was important to ensure that
the desirable surface features are uniformly distributed over the surface.21 While
DSA coatings were usually synthesized using the thermal decomposition proce-
dure, important progress was made through the introduction of sol—gel route, as
shown by Nikoli¢ and co-workers.22 The sol—gel procedure allowed coatings to
be obtain with significantly reduced surface inhomogeneities in the morphology
and/or composition. Reducing surface inhomogeneities is already recognized as
an important aspect of electrode design and as one of the potential strategies for
further improvement of DSA performance.23 Although, the impact of the spatial
distribution of activity on electrode performance is still not adequately under-
stood, it has been proven to be of major importance for efficient gas evolution.21
Besides the design of the features of the electrode surface, of major impor-
tance is ssimultaneously to have a redlistic insight into the catalytic performance
of a particular material, which further strongly depends on the employment of
adequate analytical tools and procedures. Particularly important was to characte-
rize and adequately interpret gas-bubble evolution. The frequency of gas bubble
detachment at various potentials was monitored using scanning electrochemical
microscopy (SECM).24 Thisisthe first work in which an SECM setup was adopted
for the characterization of GER by recording potential dependent frequency spec-
tra. From the recorded spectra, the point of transition from pseudo-periodical to
periodical behavior could be detected, which was related with a drop in the
efficiency. All the tested DSA coatings for which a characteristic frequency of
the gas-bubble detachment could not be estimated exhibited relatively low acti-
vity. This could be related to the spatial distribution of the activity, which can
also be visualized in situ using SECM.21.25 Finally SECM in combination with
cyclic voltammetry (CV) was used for the most challenging task, namely to
develop a methodology that quantifies what fraction of the catalyst layer (what
percentage of overall active sites) really participate in the reaction in dependence
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on the applied potential. Finally, as a part of an analysis of catalyst stability, time
resolved dissolution profiles were recorded using a recently developed setup
based on the coupling of electrochemistry with mass spectrometry (SFC—
—ICPMS).26.27 From the dissolution profiles, it was clear that the more active
sample, due to the morphological pattern that promotes efficient gas evolution
and assures a larger effective surface area, at the same time could be more stable,
which is of major importance on atechnical scale.

Acknowledgment. Bundesministerium fur Bildung und Forschung (BMBF) for financial
support within the framework of the Project ECCO2 (Kz: 033RC1101A).

H3BOJ

YTHUIAJ ITIOBPITMHCKE MOP®OJIOTHJE HA EOMKACHOCT PEAKITUJA CA
N3IBAJAILEM I'ACA

AJIEKCAHIAP P. XXEPABAHUH

Department of Interface Chemistry and Surface Engineering, Max-Planck-Institut fiir Eisenforschung, Max-
Planck-Strafe 1, 40237 Diisseldorf, Germany

EdukacHOCT enekTpoKaTaIUTHYKUX peakldja ca H3[BajakeM raca (uM3gBajame BOZIO-
HHKa, XJIopa U KACEOHMKA) je K/bYYHH M3a30B 3a BaKHE MHIYCTpPHUjCKe Ipoliece Kao LITO Cy
XJIOp—ajIKalHa €JeKTPOIN3a WK eleKTponu3a Bofe. LleHTpaaHu M3a30B 3a HaBeNEHE elek-
TPOKATAJIMTHUKE INpOliece je OrpoMHA IOTpOLIKkA eleKTpUUYHe eHepruje. ExcrepumeHTanHe
YHBEHULE aKyMyJIMDaHe TOKOM MPeTXOJHe YeTHPH [elleHHje, Kao U HEKH BaKHU eKCIepH-
MEHTAJIHU ¥ TEOPETCKH MOoZenH ("ByJlKaHCKe" KpHBe) yKasyjy la Memame MPUPOAE eeK-
TPOOHOT MaTepHjasia He Moke ODUTHO yBehaTH akKTHBHOCT TIOMEHYTUX peakuuja. CXooHO ToMe,
HEOIIXOIHO je MpoHahW KBaJTUTAaTHBHO OPyTauMjH MIPUCTYT 3a Modosbllalke eHepreTcke eu-
KaCHOCTH eleKTpOKaTaJUTHUKUX peakuyja ca u3jBajameM raca. YumweHuna koja ce 09MYHO
3aHeMapyje jecTe #a je usfBajame raca ocuuaatopHu ¢peHomeH. C 003MpoM Ha OCLMIATOPHO
NOHallake, K/BYYHH IlapaMeTap MaKpOKMHETHKe TacHUX eNeKTpofia jecTe (pexBeHLUja
u3fBajama MexypoBa raca. Mmajyhu y Bunmy na uspBajame raca y BelIMKOj MEpPH 3aBHUCH Off
MOBPUIMHCKe MOpdororyje, MpeioXkeHa je METOLOJIOTHja KOja yCIIOCTaB/ba PAllHOHATIHY Be3y
n3Mehy mopdornoruje enekTpone U HbeHe aKTHBHOCTH U cTaduimHOCTH. Kapaxrepusauuja je
U3BpLIEHA KOpUIThewmeM MOAEPHUX aHAIUTHUUYKUX MeToja. PpexBeHLMja M3[Bajama raca je
nobujeHa y koHdUrypauuju ckeHupajyhe enexrpoxemujcke mukpockonuje (SECM) pox je
KOpPO3HOHA CTaOMIHOCT aHaIU3UpaHa y3 MoMoh MHUHMjaTypHU30BaHOT IIPOTOYHOI €IEeKTpOXe-
MH]jCKOT PeaKkTopa MOBe3aHor ca MAaCEHUM CIeKTpoMeTpoMm. (SFC-ICPMS).

(ITpumreno 1. okrodpa 2013)
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