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STELLINGEN

1. KolloIdaal rutheniumdioxide is een goed alternatief voor kolloIdaal

platina als katalysator van de fotochemische produktie van waterstof.

Dit proefschrift, hoofdstukken 3, 4 en 5

2. Methylviclageen 13 een verre van ideale elektronenmediator in foto-

chemische systemen voor watersplitsing.

Pit proefschrift, hoofdatuk 5

3. TIn "sacrifici¥le” modelsystemen voor fotochemische watersplitsing wordt

geen water gesplitst.

4. Grensstromen voor protonreduktie vanult gebufferde systemen worden

primair bepaald door de hufferkapaciteit en niet door de pH.

Dit proefschrift, hoofdstuk 3

5. Bij de interpretatie van gegevens omtrent ilonadsorptie in het grensvlak
tusgen een gedispergeerde katalysator en een oplossing dient men zich
ervan bewust te zijn dat tijdens het katalytisch proces de potentiaal
van de katalysator bepaald kan zijn door redoxkoppels.

6. De door Galizzioli et al. gevonden helling van de Tafellijn wvoor de
waterstofvormingsreaktie aan rutheniumdioxide-filmelektroden is eerder
een aanwiljzing voor het optreden van het Volmer-Tafel mechanisme dan

van het Volmer-Heyrovsk$ mechanisme.

D. Galizzioli, F. Tardinl en 5. Trasatti, J. Appl. Electrochem. 5
(1975) 203-214

7+ De door Thibault en Rinaudo gegeven analyse wvan hun geleildbaarheidsme-
tingen aan pectine-oplossingen met verschillende tegenionen 1s onzorg-
vuldig, omdat de eventuele invloed van de aard van de tegenionen op het

molair geleidingsvermogen van het polyion niet is nagegaan.
J. F. Thibault en M. Rinaudo, Bilopolymers 24 (1985) 2131-2143
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10.

11.

12.

13.

Trifunac et al. leggen ten onrechte verband tussen de di¥lektrische
verliezen in een microgolf-trilholte en de "kapaciteit” van die tril-
holte.

A. D. Trifvunac, R. G. Lawler, D. M. Bartels en M. C. Thurnauer, Prog.
Reaction Kinetics 14 (1986) 43-156

Neeman et al. interpreteren hun L3c-mr spektra van plantecelprotoplas~

ten van Nicotiana tabacum onjuist, omdat ze geen rekening houden met de

omzetting van het aangeboden substraat glucose tot fructose en sucrose.

M. Neeman, D. Aviv, H. Degani en E. Galun, Plant. Physicl. 77 (1985)
374-378

Bij zelfdiffusiemetingem met behulp van NMR wordt ten onrechte het

relaxatiegedrag van vloeistoffen aan wanden verwaarloosd.

J. E. Tanner, J. Chem. Phys. 69 (1978) 1748-1754
G. van Woensel, proefschrift, Katholieke Universiteit Leuven (1985)

Het lezen van sclence fiction verruimt het wereldbeeld.

Invoering van een basisinkomen woor iedereen versterkt de hestaande

man-vrouw rolpatronen.

Omdat er voor een volledige embryonale ontwikkeling zowel paternale als
maternale chromosomen nodig zijn, is de suggestie in de feministische
literatuur dat kinderen krilgen zonder tussenkomst van een man mogelf jk

is dankzij de moderne voortplantingstechnieken, onjuist.

J. McGrath en D. Solter, J. Embryol. Exp. Morph. 97 Suppl. (1986) 277~
289
J. Zipper, Lover 87/1 (1987) 23-31

Mieke Kleijn
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CHAPTER 1

GENERAL INTRODUCTION

1.1 THE CONVERSION AND STORAGE OF SOLAR ENERGY

The conversion of solar energy 1into electrical and chemical energy
might be an important option to meet the world's future needs. The earth

receives at 1its surface about 3 x 102&

J per year (1}, which is roughly
10,000 times the current anmual energy demand. However, the low power den-
sity of the sun's radiation (100-300 H/mz) and the necessity to convert and
store the sclar energy in a readily availahle form have always stood in the
way of large-scale utilization.

The energy crisis of the seventies, which led to a substantial increase of

the costs of fossil fuels, resulted In extensive programs for research and

development of alternative energy sources. The possibilities to use solar
energy were re—examined.

The subject of the present thesis is motivated by solar energy conver—
sion problems and therefore, some of the current systems and methods will
be briefly reviewed. For further information, we will refer to more compre-
hensive reviews and major papers.

Solar energy conversion systems can be roughly divided in three cate-
gorlen:

- Photovoltalc solar cells, which convert inecident light into electricity.
The devices are all-solid. The absorption of photona by a semiconducting
material leads to excitation of electrons from the valence band to the
conduction band; the positive hole left hehind in the valence band and
the electron in the conduction band are then free to move through the
semiconductor and the external circuit until they recombine [2,3].

=~ Photochemlical and photoelectrochemical systems: absorption of photons by
dye molecules or semiconductors (dispersed or as electrodes) in solution,
leads to useful chemical and electrochemical reactions. In this way,
fuels or other (bio)chemical compounds and/or electricity can be produced
[4-13].



- Thermal systems: (concentrated) sunlight generates high temperatures,
which can be used for heating or to drive chemical reactioms [13,14].

The development of photovoltaic solar cells has progressed so well that
they are commercially available for several years already. Especially the
amorphous silicon cells are well-known.

In contrast to solar heating and photovoltaic cells, rtesearch into the
photochemical conversion and storage of solar enerpgy 1s largely at the
basic stage. Nevertheless, there is certainly potential for important ad-
vances, and the solution of sowe of the fundamental problems involved will
have implications for a much broader range of applications than Just solar
energy conversion. (For example, for heterogeneocus catalysis processes in
general, and for the selective gynthesis of fine chemicals.)

Within the area of photochemical solar energy conversion, considerable

attention has been paid to the production of hydrogen and oxygen from water
in heterogeneous photosystems (suspensions of catalyst particles or seml-
conductor powders). Harriman [10,11,15] has degseribed the main developments
in this field during the last 15 years. We will return to this subject in
section 1.3.
As a fuel, hydrogen 1s cleaner and more efficlent than fossil fuels. The
necessity to store hydrogen at very low temperature or under high pressute
makes its application less convenlent, but alternative ways to store 1t are
being developed (e.g. storage of hydrogen as a metal hydride [16-18]).
Hydrogen 1s alsc needed in the production of ammonia, fertilizers, fats aand
ollg, and in the refining of fossil fuels [19,20].

1.2 NATURAL PHOTOSYNTHESIS

Storing solar energy as a chemical fuel, derived from readily avall-
able compounds like water, 1s a well-established phenomenon and green
plants, algae, and some types of bacteria have done so for about a billion
of years.

In the photosynthetic process of green plants and algae, water 1is
decomposed into oxygen and reduction equivalents, the latter being used for
production of carbohydrates (e.g. glucose):

Co, + H,0 + (CHOH) + 0O

2 2 2



In attempts to construct scelar energy devices for water-dissoclation, 1t is
useful to look towards the mechanism of photosynthesis [21-25].

Figure 1.1 gshows a schematic view of the thylakold membrane of a plant

chloroplast. The reaction center proteins I and IT span the membrane. Each
reaction center contalns an electron donor {chlorophyll a, P680 and P700; P
denctes “primary electron donor") and electron acceptors (Ql' a plaste-
gquinone, in photosystem II}; AI-AZ, a complex contalning chlorophyll a and a
Fe—S center, in photosystem II). Light is absorbed by an antenna system of
plgments, mostly chlorophylls, which transfer the excitation energy to P680
or P700, followed by a highly efficient charge separation process within
the reaction centers. The latter process provides the oxidative power for
the splitting of water at the donor side of the reaction center.
The primary photochemical wveactions within the reaction centers result in
vectorial electron transfer to the electron acceptors, ylelding an electri-
cal potential across the membrane [23)]. This potential 1z used to drive
biochemical reactions. At the acceptor side of photosystem I reduction of
NADP occurs. Reduced NADP is a prerequisite for the conversion of Coq into
carbohydrates.

Not only H,0 1s used as the source of electrons in natural photosyn-
theais; photosynthetic bacteria use more strongly reduced compounds, e.g.

HZS or succinate.

(THYL AKOID}
Lghr

FIGURE 1.l: Schematic crogs section of the thylakoid menmbrane showing the various

components involved in electron transport from Hy0 to NADP+. (Taken from reference

(3.



1.3 THE PHOTOCHEMICAL SPLITTING OF WATER IN HETEROGENEOUS SYSTEMS

From the natural photosynthesls process, it becomes clear that gener-
ally the following components are necessary for the photochemlical decompe-
sition of water into oxygen and hydrogen (the latter instead of reduction
equivalents in the biological system): 1} a light absorbing compound, 2) a
charge—separating device acting as an electron pump, 3) two catalysts, one
for oxygen production and one for hydrogen productlon.

Production of hydrogen from water in a photochemical system was first
achieved by Shilov et al. [26] and Lehn and Sauvage [27]. Hydrogen forma-
tion occurred at the expense of some added electron donor. The work of
Shilov and Lehn and Sauvage generated world-wide interest, and since then
many studies of modified and improved versions of the system have been
published [28-50]. The basic concept 1s to use a finely dispersed catalyst
as the medium to couple one-electron reactions in solution with the two-
electron process of hydrogen formation. The following steps lead to hydro-
gen evolution (figure 1.2}:

- 1ight excitation of a photosensitive compound, the semaitizer S

- quenching of the excited electron of S* by an electron—transfer compound,
the electron relay R (charge separation)

- electron transfer from R~ to H" via the catalyst

~ formation of Hy at the catalyst surface and subsequent desorption

- geavenglng of the oxidized sensitizer st by the sacrificial electrxom
donor D

= irreversible decomposition of the oxidation product o*.

light

products «—1[J" ?\S-

FIGURE 1.2: Scheme for sacrificial photoproduction of hydrogen.




An overview of varlous substances used In these so~called "sacrificial
systems™ as sensitizer, electrom relay, electron donor, and catalyst can be
found in reference [51].

Among the possible photosensitizers, the ruthenium trisbipyridyl complex
(Ru(bipy)32+; figure 1.3a) has arcused the most interest. This complex is
very stable in aqueous solution, does not undergo ligand photadissoeciation,
and shows a large molar absorptivity in the visible region of the solar
spectrum (hp,. = 452 nm). The life time of the excited state 1s relatively
long (0.6 ps [29,33]) and allows participation in redox reactions, in which
it can act either as a reductor or as an oxidator (standard redox poten—
tiala: E°(Ru(bipy)y>t/Ru(bipy)4***) = -0.86 v/mE,
E®(Ru(bipy) 32" /Ru(bipy)s*) = 0.84 v/mEE [52,53]).

The most commonly used and one of the most efficient electron relays 1s
methylviologen (NV2+; figure 1.3b}, also known under the name paraquat if
used 28 a herblcide. The ease of reduction of MVZY (EO(MyZt vty = -0.45
V/NHE [54]), the stability of the wte radical, end the strong absorption
of 1light in the wvisible spectrum range by MV+', make methylviologen a con—
venient candidate for fundamental studies.

Popular electron donors are EDTA {(ethylenediaminetetraacetic acid) and TEOA
{triethanolamine), which are rapidly decomposed when oxidized. In most
systems for sacrificial hydrogen production, Pt is used as the catalyst.

({OF— Bt{ﬁ-—N:O RO —(OF—+;

ruthenium trisbipyridyl methylviologen
(a) b

FIGURE 1.3: The most commonly used photosensitizer (a) and electrom relay (b) in
systems for photogeneration of hydrogen.



In the general scheme of figure 1.2, the first steps can be replaced
by direct excitation of electrons in suspended semiconductor materials
[55,56). The catalyst for hydrogen production, e.g. Pt, can be dispersed on
the semiconductor surface. For excltation of electrons from the valence
band into the conduction band, photons with an appropriate energy are re-
quired and only a narrow band of the solar spectrum is effective. Moreover,
the radiation required 1s generally in the UV range (for semiconductors
with a band gap of ca. 3 eV, like TiO,, W03, and SrTi04), although some
less photostable semiconductor materials have a small band gap and absorb
visible light (e.g. CdS, a-Fey04, and GaAs). Use of a semsitizer which
injects electrons into the conduction band of the semiconductor, can en-
large the coverage of the sgolar spectrum [55,57]. The study of semiconduc—
tor suspensions fs at the moment by far the most popular area of solar
photochemlistry [10,11].

For the sacrificial production of oxygen from water, also numetous
photochemical systems have been proposed |58-66). Here, the evolved gas 1s
produced at the expense of a sacrificial electron acceptor, e.g. 52082- or
Cea+ ions.

The main limitation of sacrificial systems is, of course, the consump-
tion of the sacrificial compounds. However, besides their scientific value,
these systems might be of practical interest for the destruction of waste
2= Jons [67]) ot as

electron acceptor. In this respect, we are close to mimicking bacterial

materials, which can functiom a8 electron donor (e.g. S

photosynthesis.

If, in the general scheme given in figure 1.2, the sacrificifal elee~
tron donor D is replaced by a catalyst which can oxidize water under redue-
tion of S+, then in theory one would obtain a "cyclic system” for complete
water dissociatiom. However, in practice substantial problems are encoun-—
tered: recombination of intermediate photoproducts should be prevented, the
catalysts mast be selective for H, and 0, production, respectively, and the
products mist be separated.

In natural photosynthesis, the abovementioned problems are bypassed
through a high degree of organization and compartmentalization in protein
matrices and phospho-lipid membranes [23,68]. Especially the well-defined
architecture of the protein matrix, recently unraveled by Delsenhofer et
al. [6%9), 18 not easily mimicked. However, the need for compartmentaliza-
tion in artificial systems has been recognized for some time [68,70,71];




micelles, micro-emulsions, monolayers, bilayers, organized mltilayers,
polymers, vesicles, and colloidal semiconductors have heen used to that end
[55,57,68,72,73].

All photochemical systems developed to decompose water into Hy, 0Oj, or
both still suffer from short 1life times and low efficiencles [10,21,74].
After the first rapid developments and optimigsm about their economical
impact, no breakthrough has come yet to construct a practical solar energy
storage device based on artificial photosynthesis, although there have been
many spin-off results and fundamental advances in the basis sclences [68}.
It 1s still a long way before the photolysis of water provides a realistic

alternative energy source.
1,4 OUTLINE OF THIS WORK

With methylviologen as the electron relay, the central process in the

photoproduction of hydrogen 1is

colloidal

catalyst
amv™ o+ 24 +

2 MV + H

and any factor affecting this overall reaction 1s of wide interest. The
objective of the present work 1s to gain insight into this heterogeneous
process. Especially the colloid~chemlical and electrochemical properties of
the catalyst, the Interactions between electron relay and catalyst surface,
and their role in the mechanism of hydrogen formation have been the subject
of our investigations.

From the various systems for saerificial photoproduction of hydrogen,
the one first described by Amouyal et al. [28] was chosen to study the
abovementioned overall reaction. Besides MV2+ as the electron relay, this
system consists of Ru(bipy)32+ as the sengitizer, EDTA as the. electron
donor, and colloidal Pt as the catalyst. This system is now well-character-
ized with reaspect to the homogeneous reactions. It ia generally used as a
reference for testing new sensitizers, electrom relays, electron donors and
catalystas [51].

A serlous disadvantage of Pt and w2t containing systems 1s the destruction
of the electron relay during the hydrogen evolutfon process; Pt catalyzes
the firreversible hydrogenation of methylviologen [33,36,51,54]. Colloidal



rutheafum dioxide, often used to catalyze the photo-oxidation of water
{58,59,61), can also be used for the water reduction reaction [32,37,41}.
Rqu 1s more specific than Pt, In the sense that it does not catalyze the
hydrogenation of methylviologen [37). Therefore, Ru0p was chosen as the

"model™ catalyst compound in the present study.

Colloidal Ru0, was prepared by thermal decompositien of RuCly and
characterized by various techniques, with emphasis on its surface proper—
ties. The colloidal stabllity and the effects of stabilizing agents are
briefly discussed (chapter 2).

Chapter 3 is concerned with the basiec interfaclal and electrochemical
properties of colloidal Ru0,. The electric double 1layer properties have
been studied by potentiometriec acid-base titrations 1in combination with
electrophoretic wmobility measurements. On this basis 1t will be demonatra-
ted how quantitative data on specific adsorption can be obtained by a ther-
modynamic analysis of the ionic composition of the electric double layer.
The specific adsorption of €1~ on Ru0; 1s taken as an example. To gain
Insight into the electrocatalytic properties of RuOy, RuOy film electrodes
have been prepared and their basic characteristics have been studied by
means of voltammetric experiments.

In chapter & the adsorption of the different components of the hydro-~
gen production system at the surface of the catalyst Ru0; is investigared.
Special attention will be paid to the interaction between methylviologen
and the Ru0, surface.

Experiments concerning the complete hydrogen evolution system are
described and discussed in chapter- 5. The influence of the composition of
the rezction mixture and other experimental conditions (e.g. light intensi-
ty and temperature) on the hydrogen production rate will be evaluated.

In chapter 6 a quantitative model for the water reduction system is
presented, based on flux equations for the formation and consumption of
MV'* in the solution and at the surface of the catalyst. The model 1s tes-
ted by using the experimental results of chapter 5.

Finally, in chapter 7 the conclusions of this work are summarized and

problems deserving further attention are indicated.
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CHAPTER 2

PREPARATION AND CHARACTERIZATION OF RUTHENIUM DICXIDE SAMPLES

2.1 INTRODUCTION

Ruthenium dioxide {Ru0,), an in water insoluble solid, Is the most
stable oxide of ruthenium and it decomposes fn Ru + 0y only at high temper-
atures (above 1000 *C, [1]). It crystallizes in the rutile structure, like
many other metal dioxides, e.g. T105 (rutile}, V0,, Cr0,, Ir0,, Pt0,, Sn0,
and 510, [2]. Its crystal structure is given in figure 2.l. Single crystals

of Ru0; have a rod-like morphology and are shiny dark blue [1].

FIGURE 2.1: Unit cell of ruthenium dioxide (two elemental formulas RuQ,). From ref.
[23-

¢ rutheniam atoms; () oxygen atoms.
The rutile-type crystal has a tetragenal symmetry; the metal atoms are positfoned in
the cornmers and the centre of the unit cell. Each metal atom is surrounded by six ¢

atoms. Lattice constants at room temperature: a = 0.449 pm, ¢ = 0.311 nm [1-4].

Among the oxides of transition metals, RuOy, together with a few other
oxides (e.g. IrQy, Ti0), holds a particular position, because it exhibits a
metallic conductivity {1,2,5]. An overview of some of its physical and
chemical properties is given in table 2.1.
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TABLE 2.1: Physical and chemical properties of Ru0,.

property references
mol. welght 133.07 g/mole [6]
specific demsity 6.97 g/cm3 6]
erystalline form rutile-type, tetragonal, d. blue [1,2,4,6]
ceord. number of Ru 6
lattice constants a = 0.4491 nm, b = 0.3650 nm,
c = 0.3106 om
electron configuration Ru(4d4) [2]
solubility insoluble in hot and cold water, [61]
acld; soluble in fused alkali
electr. conductivity metallic [1,2,5)
single crystals 2-3 x 10% o7 len? (1,2}
{comp. Cu: 5.9 x 109 g~ lea!
Ru: l.4 x 10° ﬂ-lcm_l)
pressed powders 1077 @ len™! [1}
films on electrodes 102-10% @~len™? [2,7})
enthalpy of formation -AH? = 298-307 kJ/mole 11,2]
decomposition reaction Rubp ¥ Ru + 0y [t

{eq. p0y 13 1 atm at 1580 °‘c)

Ru0, is of considerable fnterest for the electrochemical industry as a
corrosion resistant materlal for amodic evolution of chlorine and oxygen,
due to its low overpotential for both procesges [B]. Since the early seven-
ties, the carbon electrodes traditionally used in chlorine industry are
increasingly replaced by titanium anodes coated with RuQp + Ti0; mixed
oxide layers [9]. Nowadays 80 % of the world chlorine production 1s based
on these new electrode materials [10]. Several comprehensive review arti-
cles concerning electrocatalytic and structural properties of Ru0, based
electrodes have been published [2,8,11].

Ru0, also finds a wide applicability as a chemically stable materfal
for making resistors and interconnections in integrated cirecuits [12,13].

Renewed interest in Ru0; has been stimlated by studies of water de~
composition processes to store solar energy (see chapter 1)}. Colloidal
RuOy, often dispersed on the surface of n-type semiconductor particlea, is

now generally used for catalytic oxygen generation from water in sacrifi-
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clal or cyclic model systems [l4-16]. Amouyal et al. [17,18] were the first
to report that colloidal Ru0; is also an effective redox catalyst for the
photogeneration of hydrogen from water. The reductive catalytic properties
of RuD; have alsc been recognized elsewhere in electrochemistry [19].

There are several procedures to prepare the compound which is usually
referred te as wuthenium dioxide [2,20]. It can be prepared as large single
crystals, as a powder, or as a layer on a support. Single crystals can be
obtained by chemical vapor transport [1]. In this precedure, Ru0, is trans-
ported in the vapor phase by oxygen at hipgh temperature and deposited at
lower temperature. This is the only known method to give the pure stoichio-
metric compound.

The RuOp to be used in this work as a catalyst for photo-induced hy-

drogen production, had to meet the following criterla: a large specific
surface area (colloidal size particles) and a well-defined solid phase and
surface. One of the methods to obtain colloidal Ru0,; iz chemical precipita-
tion from solution [21]. However, the resulting material is an hydrous
oxide with large deviations from stoichiometry. The method of preparation
chosen here is the thermal decomposition route as described by Ardizzone et
al. [22}. RuCly 18 decomposed at elevated temperatures under oxygen, giving
an oxide powder with an overall composition of RuoxC1sz [7,23]. As the
temperature of preparation is raised, the oxide particles grow better, a
fact which manifests itself in a decrease in specific surface area and an
increase in stoichiometry and crystallimity [2,7,22]. Therefore, by varying
the temperature of preparation, a compromise can be found with respect to a
large catalytic active surface area on the one hand, and a sufficient de—
gree of crystallinity and surface cleanliness on the other.
The procedure of preparation and specific thermal treatment also affect the
surface properties and catalytic properties. For example, the point of zere
charge of colloidal Ru0, depends slgnificantly on the preparation tempera-—
ture (20,22,24]. The catalytic activities of RuO, powders for 05 evolution
and their corrosion stabilities improve 1if they are heated at moderate
temperatures (ca. 150 °C); the catalytic activities decline if higher tem-
peratures are applied {[25,26). The effects of preparation procedure and
thermal treatment on the reductive catalytic properties of Ru0,; are not
clear.

15



2.2 MATERIALS

A1) chemicals used were analytical reagent grade. Solutions were pre-
pared with water that was purified by reverse osmosis and subsequently
passed through a millipore Super-Q system (conductivity < 0.8 pS/fem).

Oxygen gas used in the preparation of Ru0, was of technical quality
(> 99.5 volZ 0y, < 0.35 volX Ar, < 0.15 volX 820) and used without further
purification.

2.3 PREPARATION OF RUTHENIUM DIOXIDE
2.3.1 Preparation

Ru0, was prepared 1in small batches, from 1-5 g RuCl, as the starting
material. RuCly, a brown, strongly hygroscopic powder, was dried in an oven
at 90-100 °*C for 1-2 hours, and subsequently crushed and milled in an agate
mortar. Oxidation (upon therwal decomposition) to Ru02 was carried out
during 6 hours in a quartz crueible in a small furnace, at the selected
temperature and under an oxygen stream of ca. 20 1/hr. Temperatures applied
are 700 *C (the actual temperature in the furnace varied during preparation
from 700 to 715 *C), 600 *C (600-615 °C), 300 *C (307-314 °C), and 400 °C
(405-420 *C), respectivaly. After cooling down, the material was crushed
and milled again, and the oxidation treatment was repeated for anather 6
hours at the same temperature. This procedure was followed because the
material tends to form small aggregates, in the {interior of which some
undecomposed RuCly might be present [22}.

The total weight of the samples was measured before and after the heat
treatments. During the first treatment 0.64~0.67 g of material was formed
from I g of RuCl, (MRuOZIHRuCI3 = 0.642). The total loss of weight during
the second treatment was always less than 1 %. The Ru0, powder formed has a
blue color, which 1s darker as the applied decomposition temperature 1is
lower.

For slmplieity, the RuQ, samples will henceforth be designated as
Ru02(700), Ru05(600) etc., where the number in brackets denotes the prepa=
ration temperature.
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2.3.2 Washing procedure

Freshly prepared Ru0, powder was dispersed in water by ultrasonie
vibration. After settling of the Ru0, particles, the supernatant was re-
moved and examined with respect to pH, conductivity, and C1~ content. The
presence of C1~ was detected potentiometrically using an Ag/AgCl electrode.-
This first portion of supernatant generally had a low pH value (2-3). Clean
water was added to the RuO, powder, and it was dispersed again ultrasonic-
ally.

The washing procedure was repeated at high, low, and neutral pH values
(KOH and HNQO; were used to adjust the pH, and in some cases KNO5 was added
to promote the settling of the particles) until no C1~ could be detected
anymote and the conductivity of the supernatant was less than 2 pS/cm. The

Ru0) was dried at 80 "C and stored in an exsiccator.
2.4 TRANSMISSION ELECTRON MICROSCOPY (TEM)

Electron microscopy analysis was carried out using formvar-coated 200
MESH copper grids, covered with evaporated carbon to aveld charging and to
stabilize the membrane. Droplets of freshly prepared Ru0; suspensions,
adjusted to pH 3 and ultrasonically vibrated to promote dispersion, were
brought onto the grids and the particles were allowed to settle for some
minutes. The excess solutlon was soaked off and the grids were dried at
room temperature before being examined in a Philips T400 electron micro-
acope.

In all samples examined a considerable degree of aggregation was ob-
served, despite the sonification. Samples of Ru0,(700) and Ru0,(600) show
angular particles of irregular shape (figure 2.2a). The sizes of the parti-
cles range from 0.1 to 10 pm. The particles of Ru0,(300) are much smaller;
the sizes of most of them range from several nm to tens of nm. Thefir shapes
are not well-defined. Larger particles appeared to be lumps of small parti-
cles. Samples of Ru(,(400) show particles of s more or less rectangular
shape (figure 2.2b), with sides commonly between 5 and 50 nm (average size
25 x 15 nm, calculated from 30 well distinguishable particles). The crys—
tallinity of 1individual particles was investigated by electron microdif-
fraction. These particles appeared to be monocrystalline.

Neither addition of polymers {(PMA, PVA, dextran; see table 2.2) to
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(a) v

FIGURE 2.2: TEM wmicrographs of Ru0, particles. a) preparation temperature ca.
700 *C, the bar refers to 2 pm; b) preparation temperature ca. 400 °*C, the bar

refers to 100 nm.

RuOZ(QOO) dispersions, nor covering the grids with polymers (gelatine,
poly=-L-lysine) prior to deposition of the dispersions, nor varying the pX
of the dispersions, did affect the general picture of aggregation.

In order to find out if the size of the RuO; particles changes when
kept in solution, TEM micrographs were made of RuO,(400) dispersions, after
storage times of several days up to several weeks at different pH values.
No changes 1in size or morphology were observed at low or neutral pH, but at
pH values higher than 8, the boundaries of the particles become more vague

and edges are rounded.
2.5 X-RAY DIFFRACTION

X-ray diffraction diagrams were obtained with a Guinier camera (Enraf
Nonius FR 552) using cobalt K,q rediation (A = 0.178890 nm).

Ru0, samples prepared at 700 and 600 “C give sharp diffraction lines,
exactly positiomed st the literature latiice spacing values of RuQ, [27].
In the diagrams of Ru0,(300) and Ruoz(l&OO) samples, some line broadening ia
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observed, but the positions of the lines are not changed. This lime broad-
ening can be due to the small size of the crystallites [28], and may, to
some extent, also be attributed to local disorder.

Plzzini et al. [7] have reported X-ray diffractfon results on thick,
polycrystalline Ru0, films, obtained by thermal decomposition of RuCl, on
metallie and oxidie substrates. A shift of the diffraction lines with re-
spect to those for pure RuO, was found, which {ncreased as the preparatfon
temperature was lowered. This observation was attributed to incorporation
of Cl in the crystal lattice, changing the dimensions of the unit cell.
Chemical analysis revealed a Cl content of 4.77 and 3.85 wt% for layers
obtained at 300 and 400 °C, respectively. Since in the present study no
shift in the X-ray line positions could be abserved, it is concluded that
our Rqu samples are more stoichiometric tham the Rul; films of reference

(71
2.6 BET GAS ADSORPTION

The speclflec surface area and surface porosity of Ru02(400) gamples
were investigated by BET {Brunauer-Emmet-Teller) Nz adsorption and desorp-
tion in a Carlo Erba Sorptomatic 1800 apparatus. Before outgassing at
100 °C, the samples were dried at B80-100 °C.

2.6.1 Specific surface area

The BET surface areas (SBET) of Ru02(400) samples vary from batch to
batch, probably because it 1s not possible to create exactly identical
preparation conditions with respect to temperature and oxygen stream. The
values found for Sppp range from 21.5 to 28.3 mzlg. Within each bateh the
reproducibility of the adsorption isotherms and Sppq was satisfactory: the
values of Sppy from duplicate measurements differ 1-2 mzlg. No ageing phe-
nomena have been observed for dry nor wet stored samples.

From the BET surface area an equivalent radius for spherical particles
can be calculated. Using Sppr = 3/pr, where r 1s the particle radius and p
the specific density of the solid, the equivalent particle radius obtained
varies from 15 to 20 nm for the different batches.
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FIGURE 2.3: N, adsorption (O) and desorption (+) fsotherms for Ru0,(400).

2.6.2 Surface porosity

The R, adsorption isotherm (figure 2.3) may be characterized as a
type 1I isotherm in the BDDT (Brunauer-Demming-Demming-Teller) classifica-

tion [2%9]. This type of isotherm is generally found for non-porous sgolids.

The adsorption and desorption 1sotherms exhibit a slight degree of hystere-
sis 1in the range plpu > 0.7 (p/po is the relative wvapor pressure of the

adsorbate)}, which indicates capillary condensation in mesopores (width.2-

50 nm, [29]). The BET constant c, which 1s related to the difference in
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heats of adsorption in the first and subsequent adsorption layers, has a
rather high value (100 < ¢ € 300). In figure 2.3, this can be inferred from
the sharp knee in the isotherms in the low pressure range.

The extent of microporosity can be assessed by comparing the adsorp-
tion data with those for a non-porous reference solid. An elegant way to
perform this comparison is by construction of a so-called t—plot [30}. In
such a plot the volume of gas adsorbed at a given relative pressure is
plotted against the average thickness t of the adsorbed layer on the non-
porous reference at the same relative pressure. (A monolayer of adsorbed N2
has a thickness of 0.354 nm.) When the sample under study is non-porous and
the surface has the same chemical nature as the reference solid, a straight
line through the origin 1s obtained. Microporosity results in a downward
deviation of the t-plot, whereas caplllary condensation leads to an upward
deviation [29]. Here, a standard isotherm 1s chosen on the basls of the BET
contant ¢, as recommended by Lecloux and Pirard [3l]. This isotherm resem—
bles the Ny adsorption isotherm of non~porous silica.

In figure 2.4 the resulting t-plot 1s shown. For low values of t, a

Vads (Mt Nz STP/g RuQy)
601

rd FIGURE 2.4: t-plot for Ru0,(400).
404 //
/

20 i

. t (nm)
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straight line through the origin is obtained, which implies that the appro-
priate standard is used. The surface area, St' calculated from thls part of
the plot is 29.9 mzlg (Sgpr = 28.3 m2/g for this particular Ru0, sample).
No indication for microporosity is found. Above t = 0.6 nm (p/po = 0.5) a
gradual upward deviation from the standard is observed, which indicates the
presence of pores with radii exceeding 2 nm [29). The t-plot does not be-
come linear again below t ~ 1.3 nm, corresponding to high values of 1:»/1:.Q
(> 0.9). Apparently, there 1s no upper limit to the pore sizes. Probably,
we are dealing with pores in aggregates and compacts of RuO, particles.

2.7 XPS/AES SURFACE ANALYSIS

A comprehensive evaluation of the XP5 (X~ray Photoelectron Spectro—

scopy }/AES (Auger Electron Spectroscopy) technique can be found, for exam—-
ple, in references [32,33]. Suffice it to say that under soft X-ray irradi-
ation in wultra high wvacuum photoelectrons are ejected from the so0lid,
having a kinetic energy, Ek, related to their binding energy, Ey, 1in the
solid. The XP3 spectrum 18 obtained by scanning E, of all ejected elec-
trons. Peaks are observed at discrete wvalues of Eps corresponding to par-
ticular values of Ey+ From these peaks the origin of the electrons can be
characterized, and information 1s obtained concerning the species being
fonized.
XPS/AES is a surface specific technique, since only electrons from the
outer 2-15 atom layers gain enough kinetic energy to eascape from the solid.
So-called Auger electrons have a relatively low kinetic energy and there-
fore are more surface specific than the photoelectrons.

Surface analysis of Ru0yp was carried out in a Leybold-Heraeus type
LES-10 XPS/AES apparatus, provided with a Hewlett-Packard dedicated com~
puter. A Mg K, excitatlon source was applied (energy 1233.6 eV) at the
operating conditions of 13 kV and 20 mA. Spectral lines were identified by
comparing them with standard values [34].

Two samples were analyzed: a freshly prepared (not washed) sample of
Ru02(400) {sample A) and a washed sample of the same material (sample B).
In figure 2.5 the corresponding XPS/AES spectra are shown. In sample A the
presence of Cl was clearly detectable; other impurities could not be detec—
ted. The overall composition of the surface, caleculated from the integrated
intensities of the spectral lines, is 62 atZ 0, 34 at® Ru and 5 at® Cl1 (+
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10 Z rel.). If there were a homogeneous disfribution of Cl throughout the
sample, the ratio of the integrated iIntensities of the Cl-Auger peak and
the C1-2p peak, I(Cl-Auger)/I{Cl-2p), would be 0.12 under the applied con-
ditions. However, the experimental I{Cl-Auger)/I{C1-2p) was found to be
0.6, which points to the Cl in the sample being mainly present at the sur—
face. This is confirmed by an XPS/AES spectrum obtained after Art fon bom-
bardment of the surface. Consequently, the Cl coverage of the very surface
layer must be greater than 5 atZ. Model calculations according to Gallon
[35,36] and Kuyers [37], assuming a moneclayer coverage, Indlicate that
30 at% of the surface is covered by Cl atoms.

The overall composition of the surface of sample B (waghed) is 65 atX
0, 34 at¥ Ru and 1 atX Cl. The ratio I{Cl-Auger)/I(Cl-2p) is ca. 0.4, in-
dicating that also in this sample there 1s some Cl surface enrlchment.

intensity {arb. units)

Ru(3d)

a1l

Rul3p}

Ru s, tip, td}
0lgs)

-Auger

0 % 50 70 10 10
k. energy (eV)

FICURE 2.5: XPS/AES spectrz for a freshly prepared (upper line) and a washed (lower
1ine) Ru0,(400) sample.
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2.8 COLLOIDAL STABILITY OF Rqu S0L5

In an aqueous system for photogeneration of hydrogen, the degree of
dispersion of the colleidal catalyst is of course of importance. Coagula-—
tion of catalyst particles might have 2 negative influence on the photoly-
gis efficiency by the loss of accessibility of catalytiec surface area.

Digpersions of Ru0,(400) appeared to be colloid-chemically very unsta-
ble. Withcut added electrolyte, the RuO, particles settle within a few
hours after being dispersed by ultrasonic vibration in the pH range 4&-6.
(The point of zero charge of Ru0,(400) is ca. pH 5.7; see chapter 3.) In
the presence of 0.1 M KNO4, a clear supernatant 1s obtained within & few
minutes over the whole pH range. This ionic strength is comparable to that
of the reaction solution for photoproduction of hydrogen {see chapter 5).

The strong tendency of RuQ, particles to aggregate could be due to a
large Hamaker constant, caused by the metallic conductivity and the high
specific density of the solid.

A variety of polymers and surfactants (table 2.2) was examined with
regpect to thelr ability to stabilize Ru0,(400) sols. The degree of stabi-

TABEL Z.2: Polymers and surfactants used to stabilize Ru0; sols,

polymer/surfactant mol. weight nature
{g/mole)
polyvinyl alcohol (PVA) /Konam 183,000 non-ionic, 88% =OH groups,
12 ¥ —-COOH groups
polyvinyl pyrrolidome (PVP) /BASF 933,000 non-ionie, cyclic amide
groups
polymethacrylic acid {PMA) /BDH 26,000 anlonic, at low pH
uncharged, =COOH groups
pelyethylene oxide (PEQ) /Hoechst 35,000 non—ionic, polyether
Polybrene /Aldrich ? cationic, quaternary n*
Synperomic NPE 1800 /ICI *) 2,180 non-ienic surfactant
dextran T70 /Pharmacia 64,400 non-ionic, polysaccharide
gelatine /Merck 67,000 protein, at low pH pos.

charged (1.e.p. at pH 6)

') See reference [3§]
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lization was measured qualitatively in coagulation tubes. Gepnerally, a
concentrated solution of the polymer in question was mixed with a RuO,
dispersion at pH 3.5 (no electrolyte present). Immediately before and after
mixing, the RuO, dispersion was ultrasonically vibrated for 5-10 mimutes.
The ratio polymer/Ru02 varied from 1 to 10 mg polymer per m2 Ru0, surface
area.

No difference in stabllity could be observed between RuQ, dispersions
with and without polymer. On addition of KNOy (final concentration 0.01-
0.1 M), none of the polymers used could prevent settling of most of the
RuOZ within a few hours, although in some cases (PVA, PVP, PMA, dextran)
the supernatant remained slightly turbld for longer periods. Changing of
the mixture procedure, pH, or sol concentration did not improve these
results.

In order to find out whether or not adsorption takes place, the amount
of PMA adsorbed on Rqu(loOO) was determined by depletion measurements. In
two 35 ml PMA solutions (initial concentration 450 mg/l; pH 3.85 and 0.01 M
KNO4) 25 resp. 9 mg Ru0; was dispersed. After equilibration overnight,
during which the tubea contailning the dispersions were rotated end-over-
end, the dispersions were centrifuged. The equilibrium concentration PMA in
the supernatants was measured by potentlomettic titration with 0.1 N KOH
under N, atmosphere. Adsorbed amounts of 0.78 and 1.3 mg Ii'M:’L/’m2 Ru0, were
found at equilibrium concentrations of 59 and 65 mg/l respectively. These
values are in general agreement with experimental data concerning polymer
adsorption on solid colloidal particles [39].

In conclusion, attempts to stabilize Ru0; sols with polymers were
unsuccessful, although -at least in the case of PMA~ adsorption at the Ru0y
surface does take place. It is not clear why the particles are not steri-
cally stabilized to an appreclable extent. Maybe the sonification process
does not break down the aggrepates 1Into primary particles due to strong
Vanderwaals forces, or the agpregation process 1s so fast that conglomer-
ates of particles are trapped within one polymer network. Perhaps prepara—
tion of RuC; by chemical precipitation in solution [21] in the presence of
stabilizing agents would result in a stable sol with separate primary par-
ticles, but thig preparation route was not tested (see section 2.1).
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2.9 CONCLUSIONS

On the basis of the TEM and X-ray diffraction results, it was decided
to use RuO, prepared at ca. 400 *C as the catalyst for the sacrifielal
photoproduction of hydrogen from water. Although the thermal decomposition
of RuCl, resulted in crystalline Ru0; at all preparation temperatures ap-
plied, the particles of the Ru0, samples obtained at 700 and 600 °C are
barely of colloidal size (0.1-10 pm), whereas the shape of the 300 °C par-
ticles is rather undefined. The RuO, prepared at 400 *C consists of amall
(5-50 nm), rectangular particles, the morphology resembling that of wunit
crystals grown by chemical vapor transport [1].

The BET surface area of Ru0,(400) varfes roughly from 20 to 30 nzlg.
The particles are not microporous; pores with radii larger than 2 nm are
probably 1interstitial holes 1in conglomerates of particles. Cl impurities
are mainly present at the surface of the partfcles and the larger part can
be removed by a simple washing procedure.

The celloidal stability of Ru02(400) dispersions 1s low and can hardly
be improved by adding polymers.
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CHAPTER 3

DOUBLE LAYER STRUCTURE AND HYDROGEN EVOLUTION REACTION AT THE
Ru0»/SOLUTION INTERFACE

3.1 INTRODUCTION

Measurement of the surface charge (o,) on colleidal particlea at vari-
ous electrolyte concentrations by means of potentiometric titration with
potential-determining ions, provides useful information on the basic double
layer properties. For example, one can determine the pristine point of zero
charge {(p.p.z.c.), a notfon of Bowden et al. [1,2] and reintroduced by
Lyklema [3]. For oxides it is defined as the pH where the surface charge 1is
zero in the absence of specific adsorption, and 1t reflects the intrinsic
protolytic nature of the Interface. It is also possible to study specific
adsorption of certain fons at the oxide/solution interface, because their
presence has a drastic effect on the o,-pH curves.

In this chapter the double layer properties of colloidal Ru0y; in in-
different electrolyte (KNO3) and the adsorption of C1” were studied, using
the potentiometric titration technique in combination with electrophoretic
mobility measurements. It is demonstrated how quantitative data on specific
adsorption can be obtained from o, and g-potential measurements without
Introducing an Inner layer model, like the ones based on surface complexa-
tion or site binding. The analysis is based on purely thermodynamic argu—
ments combined with diffuse double layer theory, and therefore has a gene—
ral validity. Double layer properties of colloidal Ru0, have been studied
before only by Siviglia et al. [4,5]. These authors have investigated the
dependence of the p.p.z.¢. on the procedure used In preparing this oxide.
Siviglia et al. have also reported the specific adsorption of Cl” ions on
Ru0y. Overviews on the basic properties of the oxlde/electrolyte interface
Iin general are given in references [6,7].

In additfon, the hydrogen evolution reaction (HER) at the surface of
Ru0y film electrodes was investigated, because of the basic role of RuOp in
the photolysis of water. The material used in preparing the films was -as
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mich as possible~ identical to the colloidal Ru0,s used in the water photo-
reduction experiments (chapter 5).

Over the past century, the HER at Pt and other electrodes has been

extensively studied and the discussion about the possible mechanisms of the
reaction 1s still going on (see for example references [9-12]). It goes
beyond the 1imits of this work to try to unravel the reaction path of hy-
drogen evolution at Rul; in detail. Attention is rather focussed on rela-
tlonships between the rate of Hy formation, the overpotential of the RuO,y
film electrode, and the proton availibility in solution, parameters that
can be exploited in modelling the hydrogen photoproduction system (chapter
6). The electrochemical investigations comprised the measurement of current
versus potential characteristics.
A number of studies concerning the behavior of certaln types of RuO; films
on metal supports have been conducted before by Trasatti and coworkers [13-
21] and the (photo)electrochemical behavior of semiconductors coated with
Ru®p has been studied by McEveoy and Gissler [22,23].

3.2 EXPERIMENTAL
3.2.1 Materials

All chemicals used were reagent grade. Water was purified by reverse
osmosls and subsequently passed through a Millipore Super-Q system (conduc-
tivity < 0.8 uS/cm).

Colloidal RuQy was prepared by thermal decompesition of RuClj under an
oxygen stream at 405-420 °C. After preparation it was washed thoroughly at
high and low pH to remove residual Cl. Details on the preparation and char-
acterization of colloidal RuCp are described 1n chapter 2. The BET specific
surface area of the Ru0y batch used here is 21.5 m*/g.

3.2.2 Potentiometric acid-bage titrations

Potentlometric acid-base titrations of aqueous dispersions of Ruly
were carried out at 20 °C in an air-tight titration vessel. Details of the
cell and procedure have been described previously ([24,25]. Each experiment
conglgted of a series of titrations on the same RuQp sample in at least

three different electrolyte concentrations, in order to determine the rel-
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ative position of the o,-pH curves.

The volume of the solutions was about 50 ml, containing 1-2 gram of
Ruly. At these low concentrations of solid, the suspension effect 1s negli-
gible [24]. The solutions were stirred magneticcally, except just before
and during pH measurements. Nitrogen was continuously flushed through the
system to purge the solutlons from COy. Before entering the system, the N,
was purified and moistened by passing over a soda-lime column and repeated
bubbling through pure water.

An HP (Hewlett-Packard) 3497A Data Acquisition Unit and an HP 85 mi-
crocomputer were used to control and monitor the experiments. Starting at
low pH, aliquots of 0.1 N KOH were added stepwlse by a Metrohm Multi-
Dosimat 655 automatic buret. For each polnt of the titratlon, a period of
at least 25 minutes was given for equilibration and after this time a pH
drift of less than 0.005 pH unit per 5 minutes was used as the criterion
for equilibrium. Back-titration to low pH was done in one or two steps with
0.1 N acid (HNO3 or HC1, equilibration overnight).

For pH measurements, a glass—electrode (Schott N1i80) and an
AgfAgC1/3.5 M KCl reference electrode (Schott B2920) were used. In the case
of titration in the presence of KNO4, the reference electrode was connected
to the cell through a salt-bridge, containing the same electrolyte solution
as the cell, tgo prevent leakage of KCl into the cell. For the titrations in
the presence of XC1l, no salt bridge was used, but a reference electrode
with a very low KCl leak was selected. In none of these cases stirring had
a slgnificant effect on the EMF of the cell. Before and after every experi-
ment, the electrodes were calibrated using two fresh buffers (pH 4.00 and
7.00, Titrisol, Merck).-

Blank titrations were carried out Iin the same way as dispersion titra-
tions and the experimental curves For all electrolyte solutions were found
to agree within 0.03 pH unit with curves calculated using tabulated activi-
ty coefficients [26]. The blank curves were reproducible within 0.01 pH
unfit. In KNOj the surface charge is defined as g, = F(THNO3-FKOH), where T

stands for the surface concentration of the substance named, in other elec-
Atrolytes the corresponding equation 1s used. The experimental blanks are
used to correct for the changes in i* and OH™ amounts in the solution.

After each experlment, the oxide sample was repeatedly washed at high
and low pH, to completely remove the electrolyte. In this way a RuQp sample
could be uged several times. It was found that during the first experiment

31



ot a Ru0y sample, equilibrium is scmetimes achieved only after a long time,
and the o, -pH curves then obtained are not reproducible. However, the re-
sults of second and later experiments are reproducible within 0.2 uc/cmz.
Only those results will be reported. During the course of many titratioms,

the BET surface atea of the Ru0O; particles did not change.
3.2.3 Electrophoretic mobility measurements

The electrophoretic mobility of Ru0, particles as a function of pH was
measured at 20 *C in a Mk II Zeta Sizer microelectrophoresis apparatus of
Malvern Instruments Ltd.

3,2.4 Preparation of Ru0y film electrodes

Ru0; film electrodes were prepared by depositing a layer of colloidal
RuOy particles on 0.1 mm thick Pt plates of 0.5 cnz total surface area. The
plates were connected to a glass tube with a thin Pt wire.

Prior to deposition the Pt support was etched in hot 20 % HCl and
rinsed with millipore water, to obtain a clean surface and a good acdhesion.
RuOjy particles were dispersed in 2-propanol and the Pt plate was repeatedly
dipped 1in this dispersion, the solvent being evaporated in a hot air
stream, until the surface of the plate was totally covered with Ru0p. To
prevent the RuOp from being washed off during experiments, the film was
sintered in a furnace at 700 *C for about 4 hours.

Electron micrographs of the qbtained surface are shown in figure 3.1.
The thickness of the RuQy films is approximately 6 pm, obtained by weighing
the material deposited on the supports (ca. 2 mg) and using the specific
density of crystalline RuD; (6.97 g/cma).

3.2.5. Voltammetric experiments

Experiments were carried out at room temperature in a three—electrode
cell with a Pt plate (ca. 3 cm? surface area) ags counter electrode and an
Ag/AgC1/3.5 M KC1 reference electrode (Schott B2920).

Single sweep and cyclic voltammetric curves were measured at various
scan rates, in 0.025 M KNO4/HNO3 solutions of different pH values and in &
0.05 M acetate buffer sclution of pH 4.6. Before each experiment, the solu-
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