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EDITORIAL 
 
Czech - Austrian workshops „New trends in application of photo and electro catalysis“ 

represent a successful series of the conferences organized jointly by the Institute of Chemical 
Technology, Prague and Vienna University of Technology. The first Czech – Austrian 
workshop was held in November 2006 in Hnanice, Czech Republic. The 2nd workshop was 
held in December 2008 in Telč, the 3rd , 4th and 5th workshops were held in in Hnanice in 
2009,2011 and 2012, respectively 

The 6th Czech - Austrian workshop „New trends in application of photo and electro 
catalysis“ was held in Hnanice, Czech Republic from 2nd to 4th December 2013. Participants 
were from six Czech institutions: Institute of Chemical Technology, Prague; Jaroslav 
Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic; 
Institute of Chemical Process Fundamentals, Academy of Sciences of the Czech Republic; 
Faculty of Chemical Technology, Technical University Brno and Institute of Physics, 
Academy of Sciences of the Czech Republic and three Austrian institutions: University of 
Vienna; Vienna University of Technology and Austrian Institute of Technology GmbH Tulln. 
Beside this there were participants from other European countries: France (CNRS/Université 
de Versailles), Slovakia (Slovak University of Technology in Bratislava) and Germany 
(Friedrich-Alexander University, Erlangen). 

The objective of the workshop was to further intensify the exchange of experience and new 
ideas in the field of semiconductor photocatalysis, EPR spectroscopy, dye sensitised solar 
cells, electrochemically prepared self organised structures, corrosion, fuel cells, 
electrochemical engineering and modelling of electrochemical processes. Workshop was 
especially useful for students, for most of them it was one of the first opportunities to present 
their results at the international forum.  

The positive aspect of the workshop was the participation of prof. Diebold and few other 
colleagues from her research group at TU Wien. The number of participants from other 
European countries remained fairly similar (Slovakia, France and Germany) as at previous 
workshops (4th and 5th) which confirms the fact that originally bilateral Czech – Austrian 
workshop changed to a small special European conference. The next (7th) workshop is 
preliminary planned to be in organised in May 2015.  
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ON THE PHOTOACTIVITY OF ANATASE NANOPLATES WITH EXPOSED {001} 
FACETS (AN IN SITU EPR STUDY) 

Z. Barbierikováa, M. Bobeničováa, D. Dvoranováa, V. Brezováa, C. Trapalisb   
a Institute of Physical Chemistry and Chemical Physics, Slovak University of Technology in 

Bratislava, Radlinského 9, SK-812 37 Bratislava, Slovak Republic. 
(zuzana.barbierikova@stuba.sk) 

b Institute of Advanced Materials, Physicochemical Processes, Nanotechnology and 
Microsystems, National Center for Scientific Research "Demokritos", 153 10 Attiki, 
Greece. 

Even though titanium dioxide nanoparticles possess a large application potential in 
photocatalysis, several limitations occur, namely undesired charge carrier recombination, and 
the band edge absorption threshold hindering the use of visible light. To overcome these 
drawbacks various strategies have been applied in the attempt to improve the photocatalytic 
activity of TiO2. Photoinduced processes of titanium dioxide are substantially influenced by a 
number of factors including the photocatalyst crystal structure, particle size, morphology and 
porosity. Consequently the attention is focused on the modification of electronic and optical 
properties by non-metal and metal doping or the morphology and microstructure of TiO2 is 
controlled during the synthesis to achieve enhanced photocatalytic effectiveness. Recent 
theoretical and experimental studies have shown that {001} surface of the anatase crystal is 
more reactive compared to the {101} surface [1, 2]. TiO2 structures with exposed {001} 
crystal facets doped with alkaline earth ions may achieve high photocatalytic activity [3, 4].  

Magnesium ions doped TiO2 anatase nanocrystals with exposed {001} crystal facets were 
prepared by a solvothermal method, where the hydrofluoric acid was used as the capping 
agent to achieve the dominant formation of the {001} crystal facets [4]. Two methods for the 
removal of the residual fluoride anions were used; washing with the NaOH aqueous solution 
or calcination at 600 °C. TiO2 and magnesium ions doped TiO2 nanocrystals with dopant 
content in the range of 2–6.2 at% were studied as-prepared, and also after fluoride removing 
via both methods. Magnesium ions doping in the anatase lattice leads to differences in the 
morphological structure and as the percentage of the dopant increases the nanocrystals 
become denser [4]. The photocatalytic activity of the prepared titanium dioxide nanopowders 
was previously studied by the decomposition of the acetaldehyde gas and the oxidation of the 
NO gas [2, 4]. The application of the fluoride removal methods caused surface modifications 
of the samples influencing the photoactivity [2]. The calcination altered the structure of the 
TiO2 anatase nanoplates by expanding the {101} crystal facet and simultaneously shrinking 
the {001} crystal facets. Contrary, washing the TiO2 anatase nanoplates with a NaOH 
aqueous solution had no effect on the structure of the as-prepared nanoplates. The 
enhancement of the photocatalytic activity was observed for small amounts of magnesium 
doping comparing to the pure TiO2 nanoplates [4]. 

The electron paramagnetic resonance (EPR) spectroscopy, as a powerful tool for the 
identification of free radicals often applied in various fields of research including the 
photochemistry, was used to monitor the reactive intermediates generated upon the 
photoexcitation of the TiO2 suspensions. However, due to the high reactivity of the 
investigated species, indirect techniques had to be applied. The character and the amount of 
the reactive radical intermediates formed can provide the assessment of TiO2 photoactivity 
and possibly also explain the origin of either high or low photocatalytic activity of the 
individual samples. 

The stock suspensions of the anatase nanocrystals were prepared in water or acetonitrile 
(ACN) and contained 1 g TiO2 per L. The suspensions were homogenized in ultrasound and 
mixed with the detection agent immediately before the measurement. Experiments undertaken 
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in the inert atmosphere in the ACN required the addition of silver nitrate providing the 
effective charge carriers separation. The photoexcitation took place directly in the cavity of 
the EPR spectrometer Bruker EMX working in the X-band. Monochromatic LED source 
Bluepoint LED with the wavelengths of 365 nm was used as the irradiation source. 

Formation of the reactive radical intermediates in the irradiated TiO2 suspensions was 
monitored by three different indirect techniques employing EPR spectroscopy. By the EPR 
spin trapping technique, radicals are trapped to the diamagnetic spin trapping agent, in our 
case 5,5-dimethyl-1-pyrroline N-oxide (DMPO), forming an EPR detectable spin-adduct. 
Series of experiments was conducted in the aqueous TiO2 suspensions in the presence of 
DMPO under air. Immediately after the irradiation start (λ = 365 nm) the signal of •DMPO-
OH spin-adduct occurred, and its intensity increased upon prolonged irradiation (Fig. 1). The 
EPR spectra for all TiO2 samples were analogous, however their intensities differed. Highest 
concentrations of the •DMPO-OH spin-adduct generated upon a defined exposure were 
obtained for the fluoride-free TiO2 anatase nanoplates (i.e. calcined and washed samples) with 
the 5.1 at% of the Mg2+ dopant, which correlates well with the data from the photoactivity 
testing done on the investigated samples previously [2,4]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1: (a) The time-course of the EPR spectra (magnetic sweep width, SW = 8 mT) monitored upon 
continuous photoexcitation of aerated aqueous Mg2+/TiO2 (calcined; 2 at% Mg) suspension in the presence of 
spin trapping agent DMPO. (b) Experimental (solid line) and simulated (dotted line) EPR spectra (SW = 8 mT) 
obtained in the aerated aqueous suspension of the Mg2+/TiO2 anatase nanocrystals (calcined; 2 at% Mg) in the 
presence of the DMPO spin trap after 3 min irradiation. Simulation parameters: •DMPO-OH (aN = 1.499 mT, aH

β 
= 1.485 mT; g = 2.0058). Initial concentrations: c0(TiO2) = 0.3 g L–1, c0(DMPO) = 0.03 M; irradiation 
wavelength 365 nm.  

 
When using indirect methods the application of various approaches is necessary to confirm 

the obtained results. Consequently, we performed the oxidation of sterically hindered amine 
(4-oxo-2,2,6,6-tetramethyl-piperidine, TMPO) in the irradiated TiO2 suspensions, described 
recently in detail [5]. Herein the TMPO is oxidized to the paramagnetic 4-oxo-2,2,6,6-
tetramethylpiperidine-N-oxyl (Tempone) by various reactive intermediates formed in the 
studied systems (photogenerated holes, singlet oxygen and hydroxyl radicals). The character 
and level of the involvement of these intermediates in the oxidation process is strongly 
affected by the experimental conditions used (solvent, atmosphere). TiO2 suspensions 
prepared in ACN were monitored in the presence of TMPO and AgNO3 under argon and the 
EPR spectra were measured upon continuous irradiation. Unlike in the previous method the 
highest concentrations of paramagnetic Tempone were observed for the as-prepared samples, 

(a) (b) 
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containing fluoride ions. Considering the dopant content, TiO2 anatase nanocrystals with 2 
at% Mg2+ showed the best results. The significant difference in the results obtained by these 
two techniques can be explained by the complexity of studied reactions, revealing a 
complicated set of competitive reactions, where the balance is significantly affected by 
various factors including the morphological features of studied nanocrystals and among others 
also experimental conditions.  

To acquire more information on the studied 
systems and explain the variety of results another 
indirect method employing EPR spectroscopy 
was used. In this case the reactive intermediates 
were detected by the scavenging of the stable 
radical cation of 2,2-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) diammonium salt 
(ABTS). In the irradiated TiO2 suspensions the 
decrease of the ABTS•+ EPR signal reflects its 
reduction to the diamagnetic parent compound 
ABTS [6]. TiO2 suspensions prepared in water 
were mixed with the ABTS•+ aqueous solution 
under air and the EPR spectra were recorded 
upon continuous irradiation. Effective 
photocatalytic elimination of ABTS•+ was 
observed under given experimental conditions 
for all studied nanostructures. The most distinct 
decrease of the ABTS•+ EPR signal was obtained 
for the as-prepared samples comparable for all percentages of the dopant, which correlates 
well with EPR data gathered by the sterically hindered amine oxidation.  

The differences in the character and amount of reactive species observed in the irradiated 
Mg2+/TiO2 anatase suspensions by different indirect techniques (under different experimental 
conditions) can be related to the involvement of the fluoride ions in the complex set of 
reactions undergoing in the studied systems upon irradiation. The participation of F– in the 
photoinduced processes of the as-prepared Mg2+/TiO2 anatase nanocrystals was confirmed 
recently by performing the spin trapping experiments in the ACN with AgNO3 under inert 
atmosphere, where upon irradiation the •DMPO-F was observed.  
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THE INFLUENCE OF VARIOUS DEPOSITION TECHNIQUES ON THE STRUCTURAL 
AND PHOTOELECTROCHEMICAL PROPERTIES OF THE THIN TiO2 FILMS 

M. Morozováa,c, P. Klusoňa, P. Dzikb, M. Veselýb, M. Baudysc, J. Krýsac, O. Šolcováa  
a Institute of Chemical Process Fundamentals of the ASCR, v. v. i., Rozvojova 2/135, 165 02 
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The nanostructured electrode materials with uniform nanoparticles could be prepared by 
physical (PVD), physically-chemical (PECVD) or purely chemical methods. The sol–gel 
technique is the most common and successful method for the uniform nanoparticle 
preparation. This wet chemical method offers approaches to the synthesis of metal oxides 
with the controlled structure, morphology, particles sizes and even the chemical composition 
of the final material. Due to rheological properties of the liquid sol it is possible to create 
fibres by spinning or thin films by various deposition techniques. A number of articles 
concerning various deposition techniques of the thin layer preparation from liquid precursors 
have been reported [1-3]. Each of them refers to advantages and disadvantages of the applied 
method. The dip-coating belongs to the traditional and the widely used method of the thin 
layer preparation. It is based on dipping the substrate into the sol and pulling it out at constant 
and the well-defined speed. The layer thickness could be controlled by the pull-out speed, by 
the time interval which the substrate spends in a liquid and/or by the viscosity of the liquid 
sol. The spray-coating is the other elementary technique which applies liquid precursor on the 
substrate by the spray head with one three-axe system nozzle. The system is able to cover 
homogenously the large substrate areas by droplets of liquid solution. Usually, this technique 
is widely used in industry. Inkjet printing has appeared recently as a new way of the sol 
application. The inkjet print head contains an array of piezoelectric nozzles ejecting very 
small droplets of a low viscosity ink or other functional liquid. The possibility of a complete 
control over the deposition process parameters and precise patterning without the need of any 
mechanical or optical masking make this deposition method very appealing for the production 
of sensors, solar cells etc. This study is focused on comparison of the photo-induced 
conductivity of the thin TiO2/ITO electrode deposited by three various deposition techniques 
(dip-coating, spray-coating and inkjet printing) on conductive ITO glass.  

The thin TiO2 layers were prepared by the sol–gel method using molecular templating, 
which allows a production of uniform particles in layers. The prepared thin layers were used 
as photoanode in the three-compartment electrochemical cell. The thin TiO2 films were 
treated at 450° C and after calcination all samples possessed the crystallographic form of 
anatase. The surface properties of the calcined layers were determined by XRD, Raman 
spectroscopy, SEM, AFM, UV–Vis analyses and by the optical microscopy. The photo-
induced properties of nanoparticulate TiO2/ITO photoanode were studied by electrochemical 
measurements combined with UV irradiation. The relationship between surface structure and 
photo-induced conductivity of the nanostructured layers was investigated.  

It was found that the used deposition techniques significantly influenced the structural 
properties of prepared layers; mainly, the formation of defects and their quantity in the 
prepared films. The type of created defects similarly as their amount and ratio of the 
surface/bulk defects in the prepared thin films play an important role in the photo-induced 
properties [4]. These defects probably arise from the means of the sol deposition on substrates 
similarly as from the sol volume presented on substrate at calcination. By choice of the liquid 
sol deposition method the surface/bulk defect concentration in layers can be controlled. It was 
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proved that decreasing ratio of the bulk to surface defects improved the charge carriers 
(electron–hole pairs) separation efficiency. Thus, the photocurrent generation could be 
significantly enhanced. In general, it is obvious that structural properties, especially the 
surface morphology can significantly influence the local surface chemistry. To compare their 
photoelectrochemical properties TiO2 layers supported on ITO glass were tested as TiO2/ITO 
photoanode. All tested photoanodes possessed very good photo-induced properties; moreover, 
a very fast response to the light signal was proved even for the low light intensity. On the 
other hand, the observed differences in the reached IPCE values for the photoanodes prepared 
by dip-coating, inkjet printing and spray-coating were relatively low (Fig. 1).  

 
Fig. 1: The polarization curves of the TiO2/ITO anodes prepared by dip-coating, inkjet printing and spray-

coating techniques, scan rate 0.01 V/s, the incident light intensity 10 mW/cm2 
 

It can be summarized that each of the deposition techniques offers some advantages as well 
as disadvantages. The dip-coating method forms the best homogeneous thin film with 
minimum of the bulk defects and thus the highest IPCE values and the photogenerated 
current. The inkjet printing method also forms the homogeneous thin film with a low amount 
of the bulk defects and the high IPCE values. Moreover, this technique enables printing of the 
regular as well as the irregular patterns. The spray coating method reveals the rather lower 
IPCE values and the photogenerated current, but this method enables to cover any surface by 
the nanosized TiO2 layers even if the area would be larger. 
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NANOFIBROUS TiO2 COMPOSITE ELECTRODES FOR DYE-SENSITIZED SOLAR 
CELLS  

H. Krýsováa, J. Trčková-Barákováb, L. Kavana  

a J. Heyrovsky Institute of Physical Chemistry of the ASCR, Prague 8, Czech Republic.  
  (hana.krysova@jh-inst.cas.cz)      
b Elmarco s.r.o., Liberec, Czech Republic. 

TiO2 nanofibers (NF) can provide interlinking between nanoparticles and improve 
the efficiency of electron transport towards the transparent conducting oxide electrode (TCO), 
reducing the time available for recombination with holes. This is why the titania nanofibers 
have been used for fabrication of photoanodes for dye-sensitized solar cells[1,2]. Titanium 
dioxide nanofibers were fabricated using the industrial NanospiderTM technology[3]. Its 
principal innovation consists in the fact that electrospinning is carried out directly from 
the surface of a liquid film. The preparative protocol was optimized by screening of various 
precursor materials to get pure anatase nanofibers. The porous structure of electrospun TiO2 
nanofibers was characterized in-depth and the best performing nanofiber structure for dye 
sensitized solar cell was identified. The key factor for the succesfull application of nanofibers 
is the way of their immobilisation. One approach is the preparation of TiO2 paste/nanofiber 
mixture and its deposition on TCO electrode by doctor blade technique[1], second one is 
preparation of mesoporous titania films by supramolecular templating with a block copolymer 
Pluronic P123 and its deposition by dip-coating[2]. Another approach is a direct deposition of 
nanofibers on conductive support. 

 

A B C 
 
Fig. 1:Top-view SEM images of TiO2 films: (A) 8-layer Pluronic-templated film with 15% ET20, (B) 20%  

            ET20 NF in ZA paste, (C) Pressed ET20 NF on FTO 
 
The annealed nanofibers were milled under liquid nitrogen, ultrasonically dispersed in 

ethanol and mixed with a paste of nanocrystalline anatase particles. The pastes were mixed 
with milled nanofibers (0%, 5%, 10%, 20%, 50%, 75% or 80% of nanofibers in wt%, 
calculated on TiO2 basis). The final mixtures were subjected to ultrasonic treatment and 
stirring to prepare homogenous pastes. The films were deposited by the doctor blade 
technique on F-doped SnO2 (FTO), with Kapton foil tape defining the TiO2 film borders and 
leaving a free FTO edge for electrical contact[1]. Pluronic templated films with addition of 
15% of nanofibers were deposited by repeating dip-coating procedure (up to 20 times). The 
films had good adhesion to FTO glass slides, films with 13 and more layers had small cracks 
near deposited nanofibers. The mass of the films prepared by doctor blade method was higher 
than that of films prepared by dip coating (and also film thickness). Film mass (and film 
thickness) increased with increasing amount of added nanofibers and with increasing amount 
of deposited layers (Fig.2).  
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A B 
 

Fig. 2:Film mass as a function (A) of amount of added NF in the composite (B) of number of deposited layers 
           (for Pluronic-templated films with 15% of NF)  

Precursor nanofiber coating (nanofibers before calcination containing carrier polymer) was 
deposited on baking paper. Then the electrospinned nanofiber mat was pressed on FTO glass 
and calcined at 450°C in the air. Nanofiber mats have thickness from 5 to 20 μm depending 
on the rate of electrospinning production. Adhesion of the nanofiber mat to the FTO substrate 
was improved by blocking layers deposited onto FTO glass before pressing the nanofiber mat. 
Mechanical stability of layers was improved by the subsequent deposition of mesoporous 
TiO2 film[2].  

 

 

Fig. 3: Top view SEM images of composites prepared with pressed NF covered with (A) 1-layer Pluronic 
            templated film, (B) 2-layer Pluronic templated film and (C) 3-layer Pluronic templated film 

 
Layers were characterised by SEM, BET, XRD and profilomety.  
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PREPARATION OF WO3 THIN FILMS BY PULSED PLASMA AND THEIR 
CHARACTERIZATION 

M. Brunclíkováa, M. Zlámala, P. Kšírováa,b, Š. Kmentb, Z. Hubičkab, J. Krýsaa 
a Institute of Chemical Technology, Technická 5, 166 28 Prague 6, Czech Republic 

(brunclim@vscht.cz) 
b Institute of Physics AS CR, Na Slovance 1999/2, 182 21 Prague 8, Czech Republic 

Tungsten oxide is an important material with electrical and optical properties 
that are exploited for a variety of applications such as photolysis [1], electrochromic devices 
[2-4] and gas sensors. Tungsten trioxide (WO3) is an indirect bandgap semiconductor with 
attractive electrical and optical properties [5]. 

The present work deals with photoelectrochemical properties of the layers prepared 
by magnetron sputtering deposition. The layers were prepared on FTO glass substrates 
(fluoride-doped tin oxide) at various deposition conditions. A high-power impulse magnetron 
sputtering (HiPIMS) system was used for the deposition of WO3 thin films. Tungsten target 
was reactively sputtered in atmosphere of Ar + O2 at constant gas pressure p = 2.18 Pa. 
Properties of deposited WO3 films were studied in dependence on pulsing frequency 
and pulse applied power. 

 

(a)  (b)   

(c)  (d)   
Fig. 1: Waveforms of pulsed reactive sputtering system used for deposition of WO3 thin films.  

Four types of waveforms of pulsed reactive sputtering system were used for deposition of 
WO3 thin films. Typical waveform for HiPIMS is ilustrated in the Fig. 1(a) there the 
frequency is 66 Hz. HiPIMS has high power in pulse and low mean power. Fifty percent 
of sputtered atoms are ionized. Waveform for repeatedly interrupted HiPIMS with frequency 
66 Hz is shown in the Fig. 1(b). Voltage is repeatedly interrupted for 5 µs. Fig. 1(c) shows a 
pulsed reactive sputtering waveform for frequency 40 kHz. In this case, thin non-conductive 
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layer of tungsten oxide is created on the tungsten target. Only a small part of sputtered atoms 
is ionized. Waveform for frequency 1 kHz is shown in the Fig. 1(d). Sputtered atoms are not 
as ionized as for HiPIMS. 

Crystallography of the samples was determined by XRD spectroscopy, the thickness of the 
layers was determined by profilometry and the surface morphology by SEM. 
The photoelectrochemical properties (OCP, photocurrent) were measured in a Pyrex three-
compartment cell with arc polychromatic high pressure mercury lamp (Arc Lamp - LSB64) 
and xenon lamp as solar simulator AM 1.5 G using three electrode arrangement (WE - FTO 
glass/ WO3; CE - Platinum mesh; RE - Ag/AgCl in 3M KCl). 0.1M Na2SO4 was used 
as an electrolyte. 

(a) (b)  
Fig. 2: Scanning electron microscopy images of the layers – (a) as deposited and (b) calcined at 

temperature 450 °C. The films are recorded at ×5000 magnification.  

Layers calcined at temperature 450°C have an increase of roughness, because of the growth 
of crystalline phase of WO3. Results of Raman spectroscopy of the WO3 thin layers shows 
that as deposited layers (not calcined) are amorphous (Fig. 3(a)). WO3 layers calcined at  
temperature 450 °C have monoclinic crystallographic structure as detected by Raman 
spectroscopy and shown in Fig. 3(b). The crystallographic structure of monoclinic WO3 was 
further confirmed by X-ray diffraction (Fig. 3(c)). 

(a) (b) (c)  
Fig. 3: Raman spectra (a) as deposited and (b) calcined at temperature 450 °C of the WO3 thin films 

deposited at guartz sustrate. (c) X-ray diffraction patterns of the WO3 films deposited at guartz 
substrate. 
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Fig. 4: Linear voltammetry of the WO3 thin films prepared by HiPIMS (temperature of calcination 450 °C) 

using solar simulator AM 1.5 G as a light source. 

Linear voltammetry of the calcined WO3 thin films (450 °C) was measured using solar 
simulator AM 1.5 G as a light source. Films prepared at frequency 66 Hz (HiPIMS) and 40 
kHz (pulsed) show the highest photocurrent values (Fig. 4).  

   
   (a) (b) 

Fig. 5: (a) Linear voltammetry of the WO3 thin films prepared by frequency 66 Hz with use of 
monochromatic filter 365 nm., effect of calcination, (b) Linear voltammetry of the WO3 thin films 
prepared by HiPIMS calcined at 450 °C with use of monochromatic filter 365 nm., dependence on 
various pulsing frequencies.  

Due to the amorphous phase of uncalcined layers these do not show photocurrent 
(Fig. 5(a)). Layers calcined at temperature 450 °C and prepared at frequency 66 Hz (HiPIMS) 
and 40 kHz (pulsed) show the highest photocurrent values. 
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ALD Al2O3 / HIPIMS Fe2O3 PHOTOANODES FOR PEC WATER SPLITTING 

Š. Kmenta, Z. Hubičkaa, D. Sekorab, J. Olejníčeka, M. Čadaa, M. Brunclíkováa, 

 M. Zlámalc, and J. Krýsac 
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Iron oxide (α-Fe2O3) in hematite crystalline structure has recently attracted much attention 
as possibly convenient material to be used for hydrogen production via photoelectrochemical 
water splitting. It is due to its favorable properties such as a band gap between 2.0 - 2.2 eV, 
which allows absorbing a substantial fraction of solar spectrum, chemical stability in aqueous 
environment, nontoxicity, abundance, and low cost. For such band gap and assuming the 
standard solar illumination conditions (AM 1.5 G, 100 mW cm-2) theoretical maximal solar-
to-hydrogen (STH) conversion efficiency can be calculated at 15 % [1].  

We report on preparation of hematite thin films by means of novel plasma-assisted 
deposition technique the so called High Power Impulse Magnetron Sputtering (HiPIMS). The 
HiPIMS discharges are operated in pulse modulated regime with a low repetition frequency 
(typically about 100 Hz) and a short duty cycle (~1 %) with applying high peak powers (~ 
kW/cm2) during the active part of the modulation cycle. A distinguishing feature of HiPIMS 
is its high degree of ionization of the sputtered metal and a high rate of molecular gas 
dissociation due to very high plasma density near the target (order of 1013 ions cm−3). 

Moreover this work is focused on fabrication of a bilayer system of photoactive hematite 
films produced by HiPIMS and the passivating Al2O3 ultra-thin films deposited by Atomic 
Layer Deposition (ALD) method.  

The HiPIMS deposition employed a metallic target of pure iron (99.995 %, Plasmaterials) 
with outer diameter 50 mm and an Ar-O2 atmosphere as working gases mixture in an ultra-
high vacuum (UHV) reactor continuously pumped down by a turbo-molecular pump 
providing the base pressure of 10-5 Pa. As the substrates served carefully cleaned fused-silica 
(SiO2) and fluorine-doped tin oxide (FTO, TCO-7, Solaronix) and the depositin were carried 
out at room temperature. The operating pressure of 1 Pa was set. The pulsing frequency of DC 
HiPIMS discharge was in the range 70-1000 Hz with the “ON” time of 100 μs and the 
maximal current density achieved in a pulse was 5 ≈ Acm-2 at 70 Hz [2].  

The depositions of Al2O3 overlayers were performed using Cambridge Nanotech – Fiji 
commercial ALD system. As the precursors the trimethylaluminum and water were used. The 
temperature during the ALD coatings was around 150 °C. Coatings with 4 (~ 4 Å), 6 (~6 Å), 

10 (~10 Å), and 20 (~20 Å) ALD cycles were 
compared. The structural, morphological, 
electronic and optical properties of the deposited 
films were determined using X-ray diffraction 
(XRD), space resolved Raman spectroscopy, 
SEM, AFM, X-ray photoelectron spectroscopy 
(XPS), Auger electron spectroscopy (AES), UV-
Vis absorption spectroscopy. The 
photoelectrochemical measurements were 
performed using a standard three-electrode 
configuration. As the electrolyte 1 M NaOH was 
used. The system utilized simulated AM 1.5 (100 
mW cm−2) illumination.  

The crystalline structure of as-deposited 

 

Fig. 1: Raman spectra and AFM surface 
image (insert) of as-deposited HiPIMS hematite 
thin films. 
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samples was assessed by Raman spectroscopy (Fig. 1). The Raman spectrum denotes that the 
hematite crystalline phase was achieved already during the depositions. The database hematite 
spectrum is presented for the reference and it unambiguously matches the measured HiPIMS 
Raman spectra. With help AFM the surface morphology of the films was visualized (the inset 
of Fig. 1). From the captured images it was clearly seen that the HiPIMS films consist of very 
small densely packed particles. The measured surface RMS roughness was only ~ 2 nm for 
the HiPIMS films. The indirect band gap energy width of 1.99 eV, which is from the region of 
the theoretical values, was estimated based on a Tauc plot. 

 
Fig. 2:  The PEC analysis of the: a) as-deposited and annealed (650 °C/ 30 min) hematite films, and b)    

hematite samples covered by passivating Al2O3 overlayers. 
 

Fig. 2a shows photoelectrochemical performance of hematite films under the conditions 
simulating the PEC water splitting. The very thin films of 25 nm were fabricated for PEC 
water splitting. Although the as-deposited films were crystalline, they behaved almost inactive 
in the PEC system. The high density of defects and imperfections in crystalline structure, and 
thus a high extend of backward electron-hole pairs recombination of as-deposited hematite 
films, is probably the main reason for the poor photoactivity. Thus, in the next step the films 
were annealed in air at 650 °C for 30 min. The diffused tin ions provide for the extrinsic 
doping of hematite improving its electronic properties at this temperatute. A considerable 
increase of the phohoactivity is evident - 0.09 mAcm-2 at 1.23 V vs. RH. One of the reasons for 
the increased photoactivity of HiPIMS is apparently attributed to the much smaller grains, 
which are beneficial for the process in terms of reduced electron-hole recombination due to 
optimal matching of nanoparticle size with the hole diffusion length [1].  

In the next experiments the 25 nm HiPIMS hematite films were covered by Al2O3 ultra-
thin films deposited by ALD. In Fig. 2b the comparison of PEC activity of the bare hematite 
(without Al2O3) and with alumina overlayer films with various thicknesses is seen. The 
beneficial effect of the Al2O3 is evident. The presence of alumina passivating layers 
contributes to the better activity in two ways: i) the overpotential needed to initiate the PEC 
reaction is reduced, and ii) a higher photocurrents are reached [3].  
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ENHANCING THE WATER SPLITTING EFFICIENCY OF Sn DOPED HEMATITE 
NANOFLAKES BY FLAME ANNEALING 

L. Wanga, Ch. Y. Leea, A. Mazarea, K. Leea, J. Müllerb, E. Spieckerb, and P. Schmuki*a, c 
a Department of Materials Science and Engineering, WW4-LKO, University of Erlangen-

Nuremberg, Martensstrasse 7, D-91058 Erlangen, Germany 
 b Department of Materials Science and Engineering, Center for Nanoanalysis and Electron 

Microscopy (CENEM), University of Erlangen-Nuremburg, Cauerstrasse 6, D-91058 
Erlangen, Germany 

c  Department of Chemistry, King Abdulaziz University, Jeddah, Saudi Arabia  
* Corresponding author:  schmuki@ww.uni-erlangen.de 

In the present work we investigate the effect of flame annealing on the water-splitting 
properties of Sn decorated hematite (α-Fe2O3) nanoflakes. It is shown that flame annealing 
can yield a considerable enhancement in the maximum photocurrent under AM 1.5 (100 mW 
cm-2) conditions compared to classic furnace annealing treatments. Optimizing the annealing 
time (10 s at 1000 °C) allows to reach 1.1 mA cm-2 at 1.23 V (vs. RHE) with a maximum 
photocurrent of 1.6 mA cm-2 at 1.6 V (vs. RHE) in 1 M KOH. The improvement in 
photocurrent can be attributed to the fast direct heating that maintains the nanoscale 
morphology, leads to optimized Sn decoration, and minimizes detrimental substrate effects.  
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DETERMINATION OF PHOTOCATALYTIC ACTIVITY OF SELF-CLEANING PAINTS 
USING SMART INKS  

M. Baudys, J. Krýsa  

Department of Inorganic Technology, Institute of Chemical Ttechnology Prague, Technická 
5, 16628 Praha 6, CZ 

Self-cleaning paints contain besides usual pigment and fillers also particles of 
photocatalytic material, mostly TiO2 in anatase modification or ZnO. The current commercial 
application of photocatalytic paints is manly with regard to exterior facade paints which, via 
the photocatalytic process, are not susceptible to soiling and so help to keep the surface of the 
building clean. Recently, photocatalytic paints for indoor use appear also on the market. The 
objective of this work is the application of a new rapid method of photocatalytic activity 
assessment based on smart inks.  

Applying of well-known commercial TiO2 photocatalyst P25 or photoactive ZnO Zano 30 
in aqueous acrylic dispersion with non-photoactive rutile pigment were prepared samples of 
interior paints containing 8 % of photocatalytic material. Results of photocatalytic activity 
were compared with two commercial photocatalytic paints-interior paint (German production) 
and with silicate exterior paint (Czech production). 

Determination of photocatalytic activity using smart inks is described in paper [1] and is 
based on the irreversible colour change of the ink on the photoactive surface. Photogenerated 
positive holes are traped by sacrificial electron donor (mostly glycerol) which is than oxidized 
to glyceraldehyde or glyceric acid, whereas excited electrons reduce dye for example 
Resazurin (blue) to reduced form called Resorufin which is pink. In the case of ink containing 
Acid Violet 7, the reduction process is accompanied with the colour change from violet to 
colorless. Compared to oxidative discoloration, photoreduction of dyes in inks is very quick 
process and takes few minutes.  

Ink containing resazurin or AV7 is deposited on the paint surface using 24 μm K-bar 
followed by drying to obtain homogeneous ink layer.  Upon irradiation to UV A light 
(intensity 2 mW/cm2) the film change color which is recorded periodically by hand held 
scanner. Captured images were analyzed by graphical software ImageJ, every image was 
decomposed to basic R G B color components.  Plot of given color component (depending on 
used ink) on time of exposition is usually characterized by a clear elbow at the point where 
the colour of the film has disappeared or stopped changing. The curve can be divided into two 
linear regions with the intersection being the point at which the color has stopped changing 
and this is the time to bleach (Ttb). Six identical samples plus two reference samples without 
photocatalyst are tested at the same time. The final Ttb value is given as an average of 6 
samples.  

Typical photobleaching curve of Resazurin ink on paint containing P25 is shown on Fig 1. 
Results of time to bleach on paints containing P25 and ZnO compared with Czech 
commercial silicate exterior paint and commercial self-cleaning glass are summarized in  
Fig 2. Highest photocatalytic activity was observed for German interior paint. It’s 
photocatalytic activity was so high than Ttb value cannot be determined. The highest 
measurable photocatalytic activity (shortest time to bleach) was observed for paints 
containing ZnO, while Czech silicate exterior paint shows the lowest activity with the Ttb 
longer than 1 hour. 

Photobleaching curve of Acid Violet 7 ink on P25 paint is shown on Fig. 3. Compared to 
Resazurin ink photobleaching time increases and is in the order of tens of minutes. 
Summarized results of photocatalytic activity are shown on Fig. 4. Highest activity was 
observed for German interior paint. Like in the case of Resazurin, paint containing ZnO show 
higher photocatalytic activity than P25. The highest activity was observed for German interior 
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paint for which Ttb value is 3 minutes. Bleaching curve for silicate exterior paint is not shown 
here hasn’t show because it does not show measurable activity on AV7 ink.  

 
 

Sample Ttb deviatio
n 

P25 paint 0:02:02 0:00:09 

ZnO paint 0:01:11 0:00:04 

Czech 
exterior paint 

1:10:00 0:06:00 

Fig. 1: Photobleaching curve of Resazurin ink on paint  
containing P25 

Fig. 2: Summarized time to bleach values using 
Resazurin ink 

 
 

Sample Ttb deviation

P25 paint 0:46:25 0:03:00 

ZnO paint 0:38:43 0:02:00 

German 
interior paint 

0:03:00 0:00:05 

Fig. 3: Photobleaching curve of 
Acid Violet 7 ink on paint containing P25

Fig. 4 Summarized time to bleach values using 
Acid Violet 7 ink. 

 
Smart inks can be used to assess photocatalytic activity of various paints, interior and 

exterior paints with acrylate or silicate binders. Resazurin ink can be used for most of the 
paint, ink containing AV7 is suitable only for paints with high photocatalytic activity.  
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ELECTROCHEMICAL CHARACTERIZATION OF TiO2 BLOCKING LAYERS FOR 
DYE SENSITIZED SOLAR CELLS 

L. Kavan 

J. Heyrovský Institute of Physical Chemistry, v.v.i., Academy of Sciences of the Czech 
Republic, Dolejškova 3, CZ-18223 Prague 8, Czech Republic   

The dye sensitized solar cell (DSC) is a low-cost, highly efficient device to rival Si-based 
photovoltaics. It was discovered in 1991 by O’Regan and Graetzel [1]  and their work 
triggered great academic and technological feedback during the next two decades. [2-6] The 
generic concept of DSC is a liquid-junction photoelectrochemical cell with a dye sensitized 
nanocrystalline TiO2 photoanode. It contacts electrolyte solution with redox mediator, which 
transports hole from the photooxidized dye towards the counterelectrode.  An alternative of 
this device is the solid-state dye sensitized solar cell (SSDSC) in which the photogenerated 
holes are transported by a solid conductive material, like 2,2’-7,7’-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD).[2]  Recently, this concept 
attracted considerable interest in conjunction with a methylammonium lead iodide perovskite-
sensitized solar cell [7-9] achieving up to 15 % solar conversion efficiency. [9] 

The blocking layers in DSC prevent back reaction (recombination) of photoinjected 
electrons with the oxidized form of mediator or with the hole-transporting medium. The 
recombination current is significant, particularly in the solid-state DSCs, including the state-
of-art  perovskite-sensitized solar cells. For their proper function, a non-porous blocking 
underlayer of TiO2 must be deposited on top of FTO to prevent shunting of electrons from the 
FTO support to the hole-transporter. Thin compact layers of TiO2 are grown by thermal 
oxidation of Ti, by spray pyrolysis, by electrochemical deposition and by atomic layer 
deposition.  The spray pyrolysis was introduced in 1995 by Kavan and Graetzel [10] and later 
on, it has been used in almost all works on SSDSCs, starting from the pioneering work [2] up 
to the perovskite based DSCs [7-9,11-13] including even their variant without the hole-
transporting medium. [14]    

Thin compact layers of TiO2 were grown by four different techniques: (1) thermal 
oxidation of Ti, (2) spray pyrolysis, (3) electrochemical deposition and (4) atomic layer 
deposition (with two variants of the experimental conditions). The prepared layers were tested 
as blocking layers for photoanodes of SSDSCs. Here, they reduce recombination of electrons 
from the substrate (FTO or Ti) with the nearby hole-conducting medium. 

The blocking effect was evaluated electrochemically by cyclic voltammetry of three model 
redox probes: methylviologen and Fe(CN)3-/4- in aqueous electrolyte solution and by spiro-
OMeTAD in aprotic (CH2Cl2) electrolyte solution. While the redox reactions of 
methylviologen occur also on the TiO2 surface in aqueous neutral-acidic electrolyte solutions, 
the remaining two redox probes are inactive on the TiO2 surface. Consequently, they are 
selective for the naked substrate (FTO or Ti) which is exposed to the electrolyte solution 
through pinholes in the blocking layer. 

Two types of pinhole defects were classified. In defect A, the partly blocked electrode 
behaves like a clean substrate (e.g. FTO), but with a proportionally smaller effective area. In 
defect B, the partly blocked electrode still mimics the redox reaction on the substrate, but with 
marked slowdown of the charge transfer kinetics as compared to that of the redox reaction at 
clean substrate. In both cases, the cyclic voltammograms of model redox probes allow 
estimation of the effective area of pinholes. The area ‘seen’ by spiro-OMeTAD is 
substantially smaller than the area ‘seen’ by Fe(CN)6

4-/3- which is ascribed to different 
molecular volumes; in other words, the spiro-OMeTAD molecule does not penetrate the 
ultrasmall pores in the blocking layer. 
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The Mott-Schottky plots from electrochemical impedance spectroscopy indicate the donor 
densities in TiO2 around 1020 cm-3 for all films made by spray pyrolysis, electrodeposition and 
atomic layer deposition. The flatband potential of electrodeposited and spray-coated 60-nm 
films are almost identical to that of single crystal anatase electrode. [15] On the other hand, 
the layers grown by atomic layer deposition show more positive flatband potentials, 
dependent on the layer thickness, which is attributed to the prevailingly amorphous nature of 
these films. The ALD/ALDP films of certain thicknesses (several nm) allow distinguishing of 
the space charge (depletion) layer formation both in the TiO2 film and in the FTO substrate, 
which represents another method for determination of the film thickness. 

The TiO2 films made by thermal oxidation of Ti, the films made by electrodeposition (60 
nm), the ALD films (thickness >5 nm) and the ALDP films (thickness >6 nm) exhibit very 
good blocking function: the effective area of pinholes is below 1 % of the total film area. 
However, the blocking behavior of electrodeposited, ALD and ALDP films is strongly 
reduced upon calcination at 500oC.  The blocking function of spray-pyrolyzed films is less 
good, but also less sensitive to calcination. The thermally oxidized Ti is well blocking and 
insensitive to calcination, but it cannot be used in DSCs, if the optical transparency of the 
cathode is required.  

In summary, for the practical SSDSCs production, the spray pyrolysis is still recommended 
as the method of the first choice. The electrodeposition and ALD can be considered for the 
fabrication of TiO2 photoanodes in the cases, when the post-calcination is not requested. The 
corresponding synthetic protocol can be as follows: (1) the high-temperature formation of 
mesoporous TiO2 film on top of clean FTO, followed by (2) ALD or electrodeposition of the 
thin blocking overlayer without subsequent calcination, and finished by (3) the sensitization 
of the composite film (mesoporous/blocking) with dye or inorganic light absorber. 
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MECHANISM OF Li-STORAGE IN TiO2(B) AND TiO2(ANATASE) 
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Due to their ability to accommodate Li+, non toxicity, low cost and cycling stability  
TiO2(B) and anatase represent promising candidates for Li-ion batteries[1, 2]. TiO2(B) is 
metastable modification of titanium dioxide, adopting the monoclinic structure[3, 4]. It 
accommodates Li+ to form LixTiO2(B). The insertion coefficient x was found 0.75-0.85 by the 
reaction with n-butyl-lithium, and 0.5-0.75 by electrochemistry[4-9]. The TiO2(B) lattice has 
parallel   channels, in which Li+  can be accommodated, without any significant distortion of 
the structure[9]. Zukalova et al.[10] found that Li-insertion into TiO2(B)  is characterized by 
unusually large faradaic pseudocapacitance. This effect was ascribed to Li+ accommodation in 
open channels of TiO2(B) structure allowing fast Li-transport in TiO2(B) lattice along the b-
axis (perpendicular to (010) face). Another TiO2(B) specific feature represents the existence 
of two surface-like   peaks  (S1 and S2, with formal potentials of 1.52 and 1.59 V, 
respectively[10]) in the cyclic voltammogram. The presence of several lithium insertion sites 
inside the channels of the TiO2(B) structure was predicted by theoretical calculations, but 
significant contradictions remain about the relative accessibility of these sites[11]. To clarify 
the above mentioned contradictory issues, a study providing deeper analysis of charging 
mechanisms in TiO2(B) was carried out. 

 The charge equivalent of Li-ion storage in TiO2 is superposition of  diffusion-controlled 
Li-insertion in the bulk crystal and capacitive contribution of double-layer charging. The 
capacitive charging is important particularly for nanocrystalline TiO2 materials, due to their 
large surface areas. Specific questions arise from the pseudocapacitive Li-storage in TiO2 (B), 
which is assumed to occur in the bulk crystal[10]. To carry out voltammetric analysis of Li+ 
insertion into TiO2(B) and anatase and to separate capacitive and pseudocapative 
contributions to the overal charge from diffusion-controlled one, we adopted the method 
developed by Dunn et al.[12, 13]. The voltammetric current   at a given potential can be 
expressed by: 

 
                                                        i V = k + k 	 /                                               (1) 
 

where k  corresponds to the capacitive current contribution associated with the storage of 
Li+ at the TiO2 surface and also to the bulk faradaic pseudocapacitance, specific for 
TiO2(B)[10] . The second term k 	 /  corresponds to the diffusion-controlled current, which  
is attributed to the insertion of Li+ in the bulk of TiO2 lattice. Dividing of equation (1) by		 /  
leads to:   

 
                                                         i V /	 / = k 	 / + k                                      (2) 
 

By linear fitting of measured voltammetric currents, at each specific potential, it is possible 
to determine the coefficients k  and k  and to distinguish between the contribution of  
capacitive current and diffusion-controlled current.  

Four different samples were prepared, characterized and evaluated by the above described 
method. Phase pure TiO2(B), sample HTi19 was synthesized using a method previously 
reported by Zukalova et al[10]. Reference nanocrystalline anatase sample C240 was prepared 
by hydrolysis of titanium tetra(isopropoxide)[14]. P90 titanium dioxide (Evonik AC, 
Germany, rutile/anatase mixture with >90% anatase, average anatase particle size 13 nm) and 
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very small amount of TiO2(B)) was used as the second reference material. Another evaluated 
material was N21, the mixture of TiO2(B) (49%) and anatase (51%) obtained from SusTech 
GmbH & Co. KG, Darmstadt, Germany. The samples were characterized by X-ray diffraction 
(Bruker D8 Advance) and scanning electron microscopy (Hitachi S-4800). Their Brunauer–
Emmett–Teller (BET) surface area was determined by nitrogen adsorption measurements at 
77 K (ASAP2020 Micromeritics). Electrochemical measurements of powder samples in the 
form of thin layer electrodes on F-doped SnO2 (FTO) conducting glass were carried out in a 
one-compartment cell using  Autolab Pgstat-30 (Ecochemie) in 1 M LiN(CF3SO2)2 in 
ethylene carbonate + 1,2-dimethoxyethane (1/1 v/v). The reference and counter electrodes 
were from Li metal, hence, all potentials were quoted against the Li/Li+ reference electrode in 
this medium. All electrochemical measurements were carried out under argon atmosphere in a 
glove box.  

The electrodes from pure TiO2(B) (sample HTi19, SBET = 28 m2/g), anatase (C240, SBET of 
89 m2/g; P90, SBET of 90 m2/g) and mixture of both phases (sample N21) were prepared with 
the same  mass of the active material (0.58 ± 0.04 mg) to avoid any inaccuracy in CV data 
analysis due to different amount of active material on electrode. The cyclic voltammograms 
of HTi19, C240 and N21 at scan rates 4 mV/s and 0.5 mV/s are shown in Figure 1 along with 
the calculated pseudocapacitive contributions to the total charges according to the Dunn’s 
method[12, 13]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The cyclic voltammograms of TiO2(B) (sample HTi19) (a),  anatase (sample C240) 
(b) and  mixture of both phases (sample N21) (c). The red lines correspond to experimentally 
obtained voltammetric currents. The shaded areas  represent calculated capacitive 
contributions. Reprinted with permission of Elsevier (licence No. 3282570868351). 

 
The calculated contributions of capacitive charge to the overall accommodated Li for 

extraction peaks at different scan rates are shown in Table 1. The pseudocapacitive 
contribution for TiO2(B) (sample HTi19) is still high at the scan rate 0.5 mV/s. This 
contribution represents 68% of the total charge and matches well the result for the TiO2(B) 
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peaks in the CV of mixed sample N21, which is 72%.  The capacitive contributions for 
TiO2(B) are by about 30% higher than the same contributions for anatase (samples C240, 
P90) and the anatase peak in the voltammogram of N21 at 0.5 mV/s.  

 

Scan 
rate 

 HTi19 C240 P90    N21 
anatase 

N21 
TiO2(B) 

4 mVs-1 Capacitive 
contribution, % 

89 68 71      67   89 

0.5mVs-1 Capacitive 
contribution, % 

68 37 41      38   72 

 
Table 1. Comparison of capacitive charge storage contribution to the total stored charge. 
Reprinted with permission of Elsevier (licence No. 3282570868351). 
 

For the given range of potentials the overall charge storage in pure anatase (C240 and P90) 
at scan rate 0.5 mV/s was 435 C/g and 462 C/g respectively. The total stored charge 625 C/g 
in pure TiO2(B) material (HTi19) was by ca. 27% higher than that in anatase. Considering the  
error of CV deconvolution to be ca. 10%[13], then the observed difference in overall charge 
storage is close to the calculated one for the corresponding capacitive contributions. 

These results indicate, that the previously discussed fast Li+ insertion into TiO2(B) and  its 
higher Li insertion coefficient (x) [1, 10] are caused by higher level of pseudocapacitive 
charge storage.  The lithium ion can be accommodated at three specific sites inside the 
TiO2(B) structure labeled A1, A2 and C[15]. The A1 and A2 sites are localized close to 
equatorial oxygen atoms of the TiO6 octahedra and are both 5-fold coordinated; the C site is 
4-fold coordinated by axial (bridge) oxygen atoms and sits near the middle of the open b-axis 
channel. From our results and these computations we suppose that there is a substantial 
pseudocapacitive process in TiO2(B) connected with accommodation of Li inside the TiO2(B) 
open channels and this process apparently causes the main difference in electrochemical 
response of TiO2(B) and anatase. 
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Hematite nanowires and other iron oxide structures were formed by annealing of iron foils 

in air at temperatures between 500°C to 800°C. Depending on temperature, a significant 
variation in the hematite/magnetite ratio and a strong temperature dependence of the 
morphology is observed. While over a wide range of thermal oxidation conditions compact 
Fe3O4/Fe2O3 layers are obtained, at 600°C rapid growth (several micrometers per hour) of 
highly crystalline hematite nanowires can be grown. Visible light photocurrent measurements 
in 1 M NaOH under AM 1.5 100 mW/cm2 conditions show that photocurrent density and the 
onset potential for water oxidation strongly shifted in the cathodic direction for the nanowire 
morphology. The results indicate that a simple air oxidation of iron can provide a rapid path to 
form hematite nanowires. Obtained layers are considerably active as photoanodes for solar 
water splitting. 
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Ferrate(VI) is a purple crystalline compound. With reduction potential of 2.2 V vs. SHE at 
pH 0, it is one of the most potent oxidation agents. The product of its reduction is iron(III), a 
non-toxic and environmental friendly compound. Due to its unique properties, ferrate(VI) has 
a wide area of possible applications in green chemistry, including purification of water, 
organic syntheses and energy storage. 

First known synthesis of ferrate(VI) was based on oxidation of iron-containing material in 
melts of nitrate and peroxide salts. Chemical synthesis can also be done in alkaline water 
solutions using oxidising agent like hypochlorite. An alternative represents electrochemical 
ferrate(VI) synthesis using soluble iron anode or inert anode and iron(III) suspension. 

Nowadays, the price of ferrate (VI) is too high for its industrial application. It is a result of 
demanding chemical synthesis of ferrate in water solution environment. Problem of the 
synthesis represents a batch regime and large quantity of generated waste waters, often 
containing high concentrations of chlorides.   

Electrochemical synthesis on inert anode using waste materials containing iron(III) 
represents a possible solution. In comparison with synthesis utilising soluble anode, only half 
of the electrical charge is needed to produce identical amount of ferrate(VI). Also the problem 
of passivating layer formation on soluble anode surface can be avoided this way. 
The selection of inert anode material is essential for effective synthesis. General requirements 
of the material would be high oxygen evolution overvoltage, chemical stability in strongly 
alkaline and oxidative media, its ability to generate ferrate and reasonable price. 

The goal of this work was finding a suitable inert anode material for ferrate(VI) synthesis 
and optimization of basic electrolysis parameters. 

All measurements were realised in three-electrode arrangement using stationary electrode. 
Selected materials were connected as a working electrode, counter electrode was platinum foil 
and Hg/Hg2SO4 in saturated K2SO4 solution (MSE) was used as a reference electrode. 
All presented electrode potential values refer to this electrode. A jacketed glass 
electrochemical cell of the 0.1 dm3 volume with active cooling circuit was used. 
A temperature was controlled by means of cryostat Julabo F-12E. Measurements were 
realised with potentiostat HEKA PG 310. Cyclic voltammetry measurements were performed 
at the potential sweep rate of 50 mV s-1. As a working electrode, following materials were 
tested: Pt, graphite, material B520 (rotating disc electrodes) and activated Ti anode with RuO2 
coating (ATA/RuO2) (stamen). A model electrolyte suspension of Fe(OH)3 with concentration 
of Fe 0.01 mol dm-3 was prepared by precipitation of Fe2(SO4)3 in 14 mol dm-3 hydroxide 
solution and homogenized by stirring for 30 min and ultrasonication for 5 min. Cyclic 
voltammetry was performed in both the pure 14 mol dm-3 NaOH or KOH solution and 
solution containing suspended iron(III) particles. 

On Pt voltammogram measured in model suspension, a ferrate(VI) anodic peak was not 
visible. This is caused by relatively low Pt overvoltage for oxygen evolution reaction. 
However, a cathodic peak at potential around -0.4 V observed on Pt voltammogram recorded 
in the model suspension signalizes according to [1] reduction of ferrate(VI). 

No peaks corresponding to ferrate(VI) synthesis were observed in model suspension 
voltammogram also when ATA/RuO2 was used as working electrode. 
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Graphite electrode proved to be unstable in the electrolyte media in potential range 
required for ferrate(VI) generation. Also, no differences between voltammograms measured 
in hydroxide solution and model suspension were observed. 

Much more interesting results were 
obtained with material B520. Three anodic 
peaks are visible on the voltammogram 
recorded in model suspension (Fig.1). A main 
anodic peak is located around the potential of 
0.5 V. This peak probably corresponds to 
ferrate(VI) generation. Smaller anodic peaks 
around the potentials of 0.1 V and 0.4 V 
could indicate production of the ferrate(VI) 
intermediates - ferrate(IV) and ferrate(V), 
supporting the theory of ferrate(VI) 
generation around potential 0.5 V. During the 
reverse scan the main anodic peak is followed 
by cathodic peak at -0.5 V. It corresponds to ferrate(VI) reduction. B520 proved to be the 
most suitable for ferrate(VI) synthesis amongst the materials studied in this work. Further 
experiments were thus performed with B520 as a working electrode. 

Effect of NaOH concentration on the intensity of ferrate(VI) anodic current peak was 
studied. The far highest intensity of ferrate(VI) anodic current peak was observed for 
14 mol dm-3 NaOH solution. Several voltammetry experiments were also realised in 
14 mol dm-3 KOH solutions containing iron(III) to elucidate effect of the cation on anodic 
ferrate(VI) synthesis. Results indicate faster kinetics of reaction iron(III)→ferrate(VI) in the 
presence of KOH. 

Finally, temperature dependence of ferrate(VI) anodic current peak intensity was explored 
in the range from 283 to 313 K. With raising temperature, rate of the oxidation 
iron(III)→ferrate(VI) increases and reaction overvoltage decreases. However, at temperatures 
above 298 K further increase of the ferrate(VI) anodic peak current density was not observed 
as a reaction of iron(III)→ferrate(VI) came to limit state. 

From the anode materials tested, B520 is the most suitable for ferrate(VI) synthesis. Best 
results were achieved at a temperature of 298 K using model suspension containing 
14 mol dm-3 KOH. To verify possibility of long term utilisation of material B520 for 
ferrate(VI) production, a preparative electrolysis has to be performed. Further research should 
comprise optimization of electrolysis parameters and electrochemical cell design as well as 
separation of obtained ferrate(VI). 
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Fig.1 – voltammogram of material B520 
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2,6-Dichlorophenolindophenol (DCIP) is well known as the redox dye often used for the 
analytical determination of ascorbic acid, as well as for the measurement of the electron 
transport rate during photosynthesis (as a part of Hill reagent). The considerable colour 
change of DCIP molecule after reduction allows further potential applications in the rapid 
photoactivity assessment of titania-based thin films. Blue coloured solutions of DCIP are 
reduced to the colourless leuco-form via two-electron redox reaction, easily monitored by 
UV-Vis spectroscopy [1-3], and these electron transfer processes are coupled with the 
generation of paramagnetic intermediates. Despite the overall reduction of DCIP is described 
in the literature, the information on the detailed mechanisms is minimal [4]. The electron 
paramagnetic resonance (EPR) spectroscopy can detect paramagnetic species generated upon 
reduction and bring the individual reduction steps to light. 

Our EPR and UV-Vis study is focused on the photocatalytic redox reactions of DCIP in 
titanium dioxide suspensions using alcohols (methanol, ethanol or 2-propanol) as hole 
acceptors and proton donors. Additionally, the intermediates produced upon in situ 
amperostatic cathodic reduction of DCIP in methanol or dimethylsulfoxide were monitored 
by EPR spectroscopy. The quantum chemical calculations of spin density (UB3LYP/6-
311++g**/PCM = methanol, DMSO), and Fermi contact hyperfine parameters (UB3LYP/6-
31g*/PCM = methanol, DMSO) were performed in order to assign the experimental hyperfine 
coupling constants to the individual hydrogen atoms in the paramagnetic species found.  

Figure 1 represents the experimental and simulated EPR spectra obtained upon in situ 
amperostatic cathodic reduction of DCIP in methanol solution containing 
tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte. The 
simulation analysis confirmed the formation of radical monoanion DCIP•–. These results were 
validated by quantum chemical calculation, where excellent correlation with theoretical 
values of spin density and Fermi contact hyperfine constants for DCIP•– was found (Fig. 1).  

N

O

O

Cl C

.

 
 

Fig. 1: Experimental (solid line) and simulated (dotted line) EPR spectra of radical monoanion DCIP•– 
obtained upon amperostatic cathodic reduction of DCIP solution in methanol (saturated system) 
containing 0.05 M TBAPF6. Magnetic sweep width was 10 mT. Structure and plot of UB3LYP/6-
311++g**/PCM=methanol spin densities of radical monoanion of DCIP•–.  
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The formation of paramagnetic species with different spin Hamiltonian parameters was 
observed upon UVA (λmax=365 nm) photoexcitation of DCIP in alcoholic suspensions of 
titanium dioxide under inert atmosphere. The stability and concentration of observed radicals 
is strongly dependent on the reaction conditions, however generation of radical monoanion 
DCIP•– was not confirmed. Most probably, under the given experimental conditions, 
monoanion intermediates are rapidly transformed to the final diamagnetic leuco-form. The 
UV-Vis spectroscopy supported that the photocatalytic processes of DCIP sensitively 
reflected the reaction conditions, e.g. alcohol used, where the rate of photocatalytic reduction 
decreased in order methanol > ethanol > 2-propanol. The role of alcohols as holes acceptors 
and proton donors was confirmed also via EPR spin trapping technique. Interaction of 
alcohols with photogenerated holes results in the generation of primary alkoxyl radicals, 
rearranged to the more stable hydroxyalkyl radicals. In the presence of spin trapping agents 
(5,5-dimethylpyrroline N-oxide and nitrosodurene) the production of both radical types was 
evidenced via obtaining the spectra of the corresponding spin adducts.  

The results of in situ photocatalytic reduction of DCIP in alcoholic TiO2 suspensions 
monitored by EPR spectroscopy showed that the generation of paramagnetic species is 
significantly dependent on the reaction conditions. The rate of the photoinduced reduction and 
radical stability are substantially affected by TiO2 loading, DCIP concentration and character 
of alcohol used.  
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Titanium dioxide is the most frequently used photocatalyst in the last decade. There are 
several different methods for the preparation of such photocatalyst. Next to the classic 
sulphate and chloride process the sol-gel method is used, especially on a laboratory scale. Our 
group deals with the preparation of TiO2 foam from an aqueous solution of titanylsulphate. 
This foam has a high specific surface area thus higher number of active places, and as a result 
higher photoactivity is expected. The advantage of the preparation of TiO2 foam in 
comparison with the sol-gel method is that it does not require organic compounds for the 
synthesis of titanium dioxide. In addition, the preparation is simple and uses cheap raw 
materials.  

The yellow colloidal solution was prepared by dissolving of titanylsulphate 
(TiOSO4·xH2O) in distilled water at 35 °C then the color-less solution was  precipitated at 
approx. 0 °C by ammonia solution (NH3·H2O) to reach pH 8. The white precipitate was then 
filtered and washed a few times with distilled water to remove SO4

2- formed in the reaction. 
The pH value of the precipitate was reduced by hydrogen peroxide (H2O2, 30 %). The yellow 
transparent colloidal solution was obtained [1,2,3]. Afterwards, colloidal solution was quickly 
frozen and water was removed by the lyophilization method [4]. Lyophilized samples were 
annealed at 650, 800, and 950 °C.  

Then the layers are prepared from annealed samples. In the first step suspension of powder 
in water was prepared. Ultrasonic bath was used to avoid rapid sedimentation of large 
particles. The layers were prepared in two steps. First the suspension was applied on support 
and second water was let to evaporate at laboratory temperature (Fig 1a). For testing in liquid 
phase microscopic glass with a size of 2.5x7.5 cm and thickness of 1 mm was chosen as a 
support. Resulting area for testing was 2.5x3 cm. For testing in gaseous phase glass with a 
size of 15x3.4 cm and thickness of 2 mm was chosen as a support. Testing area had the same 
size. 

The samples of prepared photocatalysts were characterized by powder X-ray diffraction 
analysis, electron microscopy, and the specific surface area (determined by the B.E.T. 
method). The photocatalytic activity of the prepared layers was characterized from the results 
of the photodegradation of 4-chlorophenol in an aqueous solution under UV illumination. For 
photocatalytic experiments in liquid phase stirred batch photoreactors were used. Initial 
concentration of 4-CP was 5·10-5 mol·l-1, volume of suspension 25 ml and source of 
irradiation Sylvania BLB (365±15 nm). The concentration of 4-CP was determined by 
HPLC/UV-Vis analysis. In case of gaseous phase, photocatalytic activity of the layers was 
characterized from the results of photodegradation of hexane under UV illumination. For 
photocatalytic experiments plate flow-through photoreactor was used. Initial concentration of 
hexane was 5 ppm, flow rate of 0.5 l·min-1, and source of irradiation Sylvania BLB (365±15 
nm). The concentration of hexane was determined by GC/FID analysis. 

It was found that by removing water by sublimation under high vacuum it is possible to 
obtain porous layered structure with a very high specific surface area and a low bulk density. 
By subsequent controlled thermal treatment of lyophilized samples it is possible to prepare 
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highly photoactive materials. In Fig. 1b, which was taken from the sample annealed at 650 
°C, are shown two layers consisting of anatase nanoparticles. 

 

(a) (b) 
Fig. 1: TIG 650:  (a) Image of the prepared layers, (b) SEM micrograph. 

 
 

Results from all measurements are summarized in Tab. 1. All experiments were carried out 
with our photocatalyst as well as with standard Degussa P25. The layer prepared from the 
sample annealed at 950 °C wasn´t stable in  aqueous solution, so we haven´t been able to 
measure its photocatalytic activity. In the liquid phase there is no dependence of the surface 
area on the photocatalytic activity. On the other hand it was observed that the degradation rate 
of hexane in the gaseous phase depends on the surface area. In the case of gaseous phase the 
samples had very similar values of degradation rate. We haven´t observed dependence of 
degradation rate on annealing temperature. 

 
Tab. 1: Summary of results 
 

Sample 
Annealing 

temperature 
(°C) 

Specific 
surface area 

(m2·g-1) 

Average 
size of 

crystallite 
(nm) 

Liquid phase 
(4-CP) 

Gaseous phase 
(hexane) 

A R 
Degradation 

rate (mmol·m-2·h-

1) 

Degradation 
rate (mmol·m-2·h-

1) 

TIG LYO  
starting 

25 126 - - n. n. 

TIG 650 650 32 34 - 0.6 0.48 

TIG 800 800 26 57 - 0.74 0.51 

TIG 950 950 11 101 151 n.s. 0.52 

Degussa 
P25 

- 56 22 41 0.43 0.67 

100 
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In conclusion, by the lyophilization method it is possible to obtain porous layered structure 
with very high specific surface area but no photocatalytic activity. With increasing 
temperature of annealing, size of crystallites increases and specific surface area decreases. In 
liquid phase, sample annealed at 800 °C had 1.7x higher rate constant then Degussa P25. In 
gaseous phase positive influence of size of surface area on degradation rate was observed.  

In the next step we would like to understand the relationship between material properties 
and photoactivity of layers in liquid and gaseous phase. Then we would like to dope samples 
to shift light absorption to the visible spectrum and measure photocatalytic activity in the 
visible spectrum. 
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Photocatalytic technologies in the gaseous phase are considered as promising methods in 
the field of air purification when the stream is polluted by volatile organic compounds (VOC). 
The main advantages are mild conditions of photocatalytic process (ambient temperature and 
pressure) and the possibility of complete mineralization of an organic compound towards non-
harmful products (water, carbon dioxide). 

Photocatalytic oxidation doesn’t take place in one step but is a complex process consisting 
of several successive steps like mass transfer of reactants, pollutant adsorption, surface 
reaction, desorption and diffusion of products; one of them may be the limiting step and thus 
control the whole process. Study of these controlling mechanisms is the main subject of this 
paper. 

In this paper we use a continuous (flow-through) reactor. The reactor is designed as a 
quartz tube of length 90 cm and inner diameter 6 cm. The irradiation is supplied by eight 
lamps positioned externally. The air is delivered by a diaphragm pump and artificially 
polluted by an evaporated organic compound, and then it enters the vertical reactor in the 
bottom. Concentration of the organic compound is measured at the inlet and outlet by means 
of gas chromatography, which gives the conversion and its changes in time. The design flow 
rate is up to 3 Nm3 h−1 and inlet concentration in order of hundreds ppm. Model pollutants are 
n-butyl acetate or n-hexane. We use P25 TiO2 photocatalyst in amount of 6.9 g spread on area 
of 34 dm2. 

The model used consists of two equations as follows: [1] 

 
where u is average velocity (0.118 m s–1 at 1.2 Nm3 h–1), c bulk concentration, z axial 

position, km mass transfer coefficient (0.0042 m s–1 for hexane), av effective catalyst area per 
unit volume (136 m–1), c* surface concentration, k kinetic constant, K adsorption constant. 
Approximative solution gives: [1] 

 
where cout is outlet concentration, cin inlet concentration, L reactor length (0.9 m). The 

model parameters are thus the constants k and K, which should be specific for the pollutant. 
The parameters k and K are determined from experimental data sets for each pollutant; 

mass transfer coefficients km are calculated for laminar regime from Sherwood criterion. The 
values obtained are as follows: 

Tab. 1: Model parameters 

 

The model function is then used in calculations of outlet concentrations for several flow 
rates (1.2–3.2 Nm3 h–1) and inlet concentrations (50–240 ppm). The model outlet 
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concentrations and experimental ones are compared in fig. 1; the prediction is very good as 
the points are very close to the quadrant axis. 

 

Fig. 1: Correlation graph between model outlet concentrations and experimental ones; the 
quadrant axis is shown as well 

The fig. 1 can be considered as model validation; concentration profiles at theoretical limit 
regimes can be then calculated. Fig. 2 shows the kinetic and the diffusive regime. It can be 
seen that the model function is close to the kinetic regime, i.e. the degradation is limited by 
the kinetic step. 

 

Fig. 2: Model function compared to limit regimes 

The mathematical model established in this paper for a continuous reactor was verified for 
different concentrations (up to 240 ppm) and flow rates (from 0.6 Nm3 h–1) at the reactor 
length approx. 1 m. In this range of flow rates it was found that its influence on degradation 
rate is negligible. Study of limit regimes showed that the process is limited by the kinetic step. 
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Microstructured reactor systems are slowly tapping into the subconscious of wide 
industrial processes that require getting products of a predefined quality and purity. 
Fulfilment of these requirements can be achieved by using the continuous microreactor flow 
systems which offer a big variety of benefits. The main feature is their high active surface 
to the reaction volume ratio. Thanks to this fact, a precise maintaining and controlling 
of reaction conditions is ensured as well as high heat, mass and momentum transfers so that 
a by-products creation is overcome and there is no need for additional processes such 
as separation, cleaning etc. There are several microreactor platforms contains commercially 
available, in this contribution we present two microreactor systems – a microfluidic flow 
reactor system (Fig. 1) and a thin liquid layer photocatalytic microreactor system. 

 

 
Fig. 1: Microfluidic flow reactor assembly 

 
A glass microfluidic flow reactor system is used for the synthesis of fine-chemicals. The 

main part of this system is represented by a set of microreactor chips  
(Fig. 2). As a model reaction a homogeneous asymmetric hydrogenation of methyl 
acetoacetate to methyl hydroxybutyrate was selected. A homogeneous chiral organometallic 
catalytic complex Ru-BINAP was used as the most active and selective catalytic form for this 
purpose. Homogeneous catalysis allows chemical reactions to be performed under milder 
conditions (lower temperature, lower pressure) and higher selectivity. The multiple bond 
reduction by gaseous hydrogen in a presence of catalyst is a well-known reaction. Less 
common, but already used, is the possibility of using organic molecules as the hydrogen 
donors, which is known as the catalytic transfer hydrogenation. For the model reaction 
2-propanol was selected for playing this role. 

 

 
Fig. 2: Microfluidic flow chip 
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By combining the microreactor technology, organometallic catalytic complexes and 
transfer hydrogenation one can obtain the highly pure products, high enantiomeric excess and 
high reaction yield. A catalyst immobilization is necessary for the easier catalyst separation 
and consequent recirculation. For asymmetric homogeneous catalytic hydrogenations the use 
of ionic liquids is tested so that a reversibly diphasic system is created [1, 2]. This system 
offers an efficient mixing of reaction compounds and later easier separation of the metal 
catalyst from products. Obtained results were compared with the references to the literature. 

The second part of the microreactor platform is represented by a thin liquid layer 
photocatalytic microreactor system (Fig. 3). Thin reaction microchannel (Fig. 4) ensures 
efficient irradiation of the reaction mixture.  

 

 
Fig. 3: Thin liquid layer photocatalytic microreactor assembly 

 
Research was focused on a model reaction – photochemical degradation of 

4-chlorophenol, which, by the way, is widely used as an herbicide, fungicide or insecticide 
and it is listed among top priority pollutants. The degradation occurred via photochemical 
process by the irradiation in a combination with a photosensitizer. UV/VIS light was 
generated by a high pressure mercury lamp. In this reaction phthalocyanine acts as the 
photocatalyst generating singlet oxygen [3,4].  

 

 
Fig. 4: Thin layer microreactor 

 
Two types of solvents were tested - distilled water and deuterium oxide. Obtained 

experimental results were compared as is shown in the Fig. 5. The photodegradation of 4-
chlorophenol (c = 1x10-3 mol/L) was more than two times faster when using deuterium oxide 
as a solvent in a comparison with distilled water. The experiments with deuterium oxide were 
two times repeated, whereas the experiments with distilled water were three times repeated so 
that a proper experimental reproducibility was gained as well.  
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Fig. 5: Photodegradation of 4-clorophenol 

 
 

Results in a thin liquid layer photocatalytic microreactor were also compared with the 
previous experiments in a conventional batch reactor (cuvette tests) and showed more than 
two times higher efficiency. 

From our results it is clearly understandable that the use of microstructured reactor systems 
leads to the proper setup of reaction conditions, process optimization, high degradation yield 
and high experimental reproducibility.  
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PROGRESS IN MATHEMATICAL MODELLING OF PEM TYPE FUEL CELL 
CATALYST DEGRADATION 
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An alternative energy conversion technology, such as the Polymer Electrolyte Membrane 
Fuel Cells (PEM FCs), offers many attractive possibilities for reducing air pollution and 
indiscriminate exploitation of energy resources. Fuel cells convert chemical energy of energy 
carrier, preferably H2, directly to electrical energy. Because of the direct energy conversion 
the fuel cells work at higher efficiency than conventional energy conversion processes 
involving a heat engine limited by the Carnot’s cycle. However, insufficient lifetime of the 
currently developed fuel cells still represents a serious obstacle to commercialization of this 
technology. Performance stability of the PEM fuel cell stack is affected by many factors [1]. 
One of the phenomena responsible for the performance loss during long-term operation is 
related to a modification of structural properties of the carbon-supported platinum catalyst. Pt 
particles may dissolve, while Pt ions may move and subsequently redeposit in the polymer 
electrolyte phase [2, 3]. However, experimental study of this problem is very complicated 
because the degradation represents complex process. Moreover, degradation processes occur 
on a local scale and simultaneously. In this case mathematical modelling represents 
a promising alternative and complementary tool to the experimental approach. 

Goal of this work is to show the progress in the multi-scale mathematical modelling of 
the degradation processes in the PEM FC. In the first step we identified the mechanisms of Pt 
dissolution in the FC cathode and evaluated corresponding kinetic parameters using proposed 
zero-dimensional (0D) model. The catalyst was represented by uniformly distributed 
monodispersed spherical particles. The number of Pt particles remained constant in time. 
The considered reactions were: electrochemical dissolution of Pt, electrochemical oxidation of 
Pt to PtO and chemical dissolution of PtO. The electrochemical reactions were described by 
the Butler-Volmer type kinetics. A uniform PtO layer of negligible thickness, in comparison 
to the Pt particle radius, was taken into account as well. An amount of PtO formed on 
the surface was characterized by surface coverage, which can exceed the monolayer. 
The chemical dissolution of PtO was approximated by the first order power-law kinetics. 

Within the next step one-dimensional (1D) macrohomogeneous dynamic model of a single 
FC was proposed to describe Pt dissolution coupled with its transport in the system. 
The mechanism and kinetic parameters of this degradation process were adopted from 
the previous step. The model system consisted of the gas diffusion layers (GDLs), catalytic 
layers (CLs) and membrane. The porous catalytic layers were formed from three phases, 
i.e. gas phase, solid electrode material and electrolyte phase. The model includes charge 
balance in electron- and ion-conductive phases described on the base of porous 3D electrode 
theory, mass balance of H2, O2 and of dissolved Pt2+. Moreover, the mass balances of metallic 
Pt and PtO were considered. The transport of gases in the diffusion and catalytic layers and in 
the membrane is governed by the diffusion taking into account ideal gases and gaseous 
mixtures behavior. Catalytic layer is characterized by constant number of the uniformly 
distributed Pt particles with the two different initial particle sizes. It allowed to consider effect 
of the particle size on the Pt dissolution rate. 

Finally, the 1D single FC model was extended to the more realistic 2D version. Compared 
to 1D model system, the 2D model system considered also gas flow channels, which enabled 
studying of the Pt degradation rate under non uniform mass and charge distribution.  
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Results of 0D kinetic model were presented at the 5th Czech-Austrian workshop [4]. 
The 1D model enabled description of the single FC behaviour even under potentiodynamic 
mode simulating FC start-stop cycles. The degradation of Pt in CL was observed to be 
significantly faster under potentiodynamic conditions compared to that potentiostatic. The 2D 
model showed that Pt stability conditions in the cathode CL (CCL) are not uniform. It is due 
to (a) variation of local CCL electrode potential (b) hydrogen depletion in the anode CL 
(ACL) and (c) differences of local rate of oxygen reduction reaction in the CCL. Figure 1a 
shows distribution of radius of smaller Pt particles (initial radius of 2 nm) in CCL after 5 
hours. Near the outlet region the radii of particles are the smallest because the dissolution of 
Pt occurs preferably at this position. It is due to the electrode potential being sufficiently 
anodic here. So, the Pt oxidation can occur relatively quickly. At the same time the potential 
is not high enough to ensure complete passivation of Pt particles surface by PtO layer. 
Figure 1b shows the distribution of bigger particle radius (initial radius of 3 nm). In outlet 
region the particle size had higher value when compared to the start of the experiment because 
of backward redeposition of the dissolved Pt. This phenomenon is known as the Ostwald 
ripening. 

 
Fig. 1: Radius of (a) smaller and (b) bigger particle in CCL after 5 h, Input parameters: 

U = 0.6 V, yO
0 = 0.16, yH

0 = 0.75, vO = 0.83 m s-1, vH = 0.5 m s-1, T = 338 K, 
p = 101 325 Pa. 

Three models of Pt catalyst degradation in the PEM type fuel cell were developed and 
successfully implemented in the COMSOL Multiphysics® environment. 
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High temperature water electrolysis becomes recently a process of high interest. It is 
mainly because hydrogen is considered as a promising energy carrier. Under high operational 
temperature, efficiency of the water electrolysis exceeds significantly classical electrolysis 
processes. It is due to the rapid electrode reactions kinetics. Moreover, from the 
thermodynamics point of view, part of the electrical energy needed to decompose water 
molecule may be replaced by heat. For such operation, however, source of high potential 
cheap or waste heat energy is needed. Currently solar light concentrators and nuclear reactor 
of 4th generation operating at the temperatures close to 1000 °C are considered for this 
purpose. In connection with concentrating solar plants solid oxide electrolysis cells (SOEC) 
can serve for large scale hydrogen production. In the later configuration SOEC is aimed 
mainly for the levelling of the reactor load and its maintenance on the optimal level regardless 
of the instantaneous consumption. Produced hydrogen can be converted back to the electricity 
in rush hours, used as a fuel e.g. for mobile applications or as a raw material in various 
industries. 

Historically, the SOEC cells had electrolyte support configuration. It means that electrolyte 
layer was thick enough to provide mechanical strength to the cell. However, electrolytes, 
especially the most commonly used yttrium stabilized zirconia (YSZ), have relatively low 
ionic conductivity. In order to minimize ohmic loses, YSZ thickness is currently reduced 
typically to 10 – 20 µm. The current cells are then fabricated with hydrogen electrode as a 
support layer providing the cell with necessary mechanical strength. 

Through the fact that great deal of work and progress was already done on the 
SOEC/SOFC systems, there are still many issues to be overcome. Nowadays, one of the main 
issues is how to produce cells in large scale for reasonable price. An opportunity for reduction 
of production cost is to decrease number of sintering steps and to find a cost effective method 
for cell production. The tape casting and/or co-casting is the method allowing relatively easy 
scale-up and handling of water based slurries. It can, thus, be used to produce hydrogen 
electrode and thin electrolyte composite in one step. The standard method for deposition of 
oxygen electrode in next step represents screen printing. This method can fulfil requirements 
like accuracy in electrode geometry and thickness and cost effectiveness. 

This work is focused on development of the method of preparation of corresponding half-
cell consisting of NiO/YSZ cermet electrode and YSZ electrolyte. Tape casting technique was 
selected as the most suitable to reach this target due to the reasons discussed above. In this 
case NiO/YSZ provides mechanical support of the half cell. Impact of the tape casting slurry 
composition, namely pore forming agent addition, on resulting material properties was tested. 
All slurries were water based. In the next step influence of sintering program was 
investigated. The lanthanum-strontium-manganite (LSM) as an oxygen electrode was 
subsequently deposited on prepared half-cells by screen-printing technique. After sintering the 
resulting SOEC cells were electrochemically tested. The solid oxide cells were also post 
mortem analyzed using scanning electron microscope in order to determine thickness of each 
cell components and in order to identify possible changes in morphology. An example of 
cross-section of SOEC cell after testing is shown in  
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Figure 1: Cross-section of the cathode supported SOEC prepared by tape casting after electrochemical testing. 

During electrolysis tests the YSZ electrolyte – LSM anode interface was identified as the 
weakest part of the cell. Here, delamination occurred at high anodic overvoltage. Another 
important issue represents ensuring of a current collection free of significant contact 
resistance. The tests have shown that cathode supported solid oxide electrolysis cells showed 
better performance due to the thinner electrolyte and better stability than the electrolyte 
supported cells. The performance of cathode supported SOEC reached current density as high 
as 270 mA cm-2 during testing at the cell voltage 1.4 V, 800 °C with 80 % H2O in H2 on the 
cathode side and air on the anode side while electrolyte supported SOEC under the same 
conditions reached current density of only 50 mA cm-2. Comparison of the performance of 
both cells is shown in. Unfortunately, as it is shown in this figure, after first approximately 3 
hours of operation set-up failure occurred followed by rapid cell degradation. This experiment 
needs to be repeated to confirm long-term stability of the cell. 

 
Figure 2: Comparison of the cells under electrolysis test, U = 1.4 V, T = 800 °C, 80% H2O in H2 on the cathode, 

air on the anode side. 
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Electrolyte 
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ELECTROCATALYST AND RELATED MEMBRANE-ELECTRODE-ASSEMBLY FOR 

ALKALINE WATER ELECTROLYSIS 

D. Chanda, J. Hnát, M. Paidar, K. Bouzek 

Department of Inorganic Technology, Institute of Chemical Technology Prague, Technická 5, 
166 28 Prague 6, Czech Republic 

Hydrogen is anticipated to be one of the most promising energy carriers of future. Water 
electrolysis then represents the most straightforward technology able to convert electrical 
energy from renewable power sources such as solar & wind to chemical energy carried by this 
element. It thus represents most promising technology for generation of pure hydrogen 
without environmental pollutions. Main disadvantage of this process consists in its high 
installation costs with respect to the production capacity. Moreover, water electrolysis is 
characterized by high electric energy consumption. Therefore, it is not able to compete with 
traditional technologies based on fossil fuels processing producing hydrogen as a raw material 
for chemical and other industries. This situation, however, changes with utilization of water 
electrolysis as an energy conversion technology. Increasing importance of this particular way 
of utilization of this technology represents the main motivation for renewed interest in its 
research, which was more or less absent for several passed decades.  

Three types of water electrolysis technology are currently known, namely the alkaline 
water electrolysis (AWE), polymer electrolyte membrane water electrolysis (PEMWE) and 
the solid oxide steam electrolysis (SOEC). AWE represents industrially established robust 
technology. Its main disadvantages are relatively low efficiency and process intensity, low 
flexibility and utilization of 25-30 wt. % aqueous KOH solution as an electrolyte. Electrolysis 
systems based on PEMs have a number of advantages over the commercial alkaline 
electrolyzers, such as much higher process intensity, higher efficiency, utilization of polymer 
electrolyte and thus application of demineralised water as a circulation media. The main 
disadvantage of PEM electrolysis is the high cost, due to the use of noble metal based 
electrocatalysts.  

The main target of water electrolysis development consists in improvement in the 
hydrogen production rate and efficiency, reduction of the installation costs, enhanced cell life 
time and flexibility. Alkaline anion selective membrane water electrolysis (AAEMWE) is 
then a newest development of the electrolytic water splitting. Non-noble metals and their 
oxides can serve as a catalyst for AAEMWE, which potentially make this technology into the 
certain degree competitive to the PEM-based technology and at the same time much less 
expensive. The main source of energy dissipation during the alkaline water splitting is the 
oxygen evolution reaction. Mechanism of this electrode reaction involves three or more steps 
and the intermediates are species of high energy, thus involving high activation energies. For 
these reasons, O2 evolution is responsible for most of the overpotential related to the water 
electrolysis. It has thus more negative impact on the economy of the process than H2 
evolution by itself. Another negative impact of the anodic oxygen evolution reaction (OER) is 
anode durability issue. It makes the research of highly efficient and stable anode gas diffusion 
electrode (GDE) to a priority. In a membrane based alkaline water electrolyzer catalytic 
binder takes a key role in reaching this target. It is responsible for mechanical stability of 
catalytic layer in GDE and in an ideal case in parallel for the OH- ions conduction. 

In this work, the Ni-Co spinel oxides were synthesized using different synthesis procedures 
and calcination temperatures. Physicochemical and electrocatalytic properties of the prepared 
materials were compared. The route selected as a best one was used to prepare Ni1+xCo2-xO4 
(-1≤x≤2) series of compounds in order to investigate OER kinetic in dependence on the 
atomic ratio between Ni and Co in the electrocatalyst. Electrocatalytic properties of the 
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prepared materials were tested by means thin film technique on a rotating disk electrode 
(RDE) and in the single cell laboratory electrolyzer coupled with the electrochemical 
impedance spectroscopy. The hydroxide synthesis route with product calcination at 325 °C 
was identified as the optimal one providing material with highest electrocatalytic activity.  

Three types of polymeric binder were tested for anode GDE preparation, namely anion 
selective ionomer (quaternized polyphenyleneoxide), inert polytetrafluoroethylene (PTFE) 
and cation conducting ionomer Nafion®. The prepared GDEs were tested in the water 
electrolysis cell utilizing anion selective polymer electrolyte membrane (heterogeneous 
membrane based on low density polyethylene and Dowex Marathon A anion selective phase). 
Optimized anode catalyst was used on the anode side with Ni-foam as a support and current 
collector and bare Ni-foam used as a cathode of the cell. In a single cell test the MEA with 
anion selective ionomer binder exhibited highest activity, see Figure 1. After 7 hours 
experiment at a constant current density of 200 mA cm-2 the MEA bonded by PTFE showed 
the highest stability in alkaline water electrolysis at 50 °C. Serious deterioration of the MEA 
performance was not observed even after 135 hours of electrolysis. 

   
 

 
Figure 1: (A) V–i characteristics of a single cell operated at 50 °C, cathode: bare Ni foam, anode: Ni foam 

covered by catalytic layer (85 % NiCo2O4 + 15 % binder), electrolyte:10 wt.% KOH. 

(B) Chronopotentiometric behavior of MEAs at current load of 225 mA cm-2 in 10 wt % KOH solution at 
50 °C.  

To conclude, sufficiently active electrocatalysts for the OER were prepared based on the 
non-platinum metals. They were successfully applied in preparation of the gas diffusion 
electrode for alkaline water electrolysis process by means of three different types of 
polymeric binders. Best performance was observed for MEA utilizing anion selective 
polymer binder. This was due to the improved ionic contact between the three dimensional 
catalytic layer structure and polymer membrane. On the other hand, PTFE containing MEA 
showed highest stability amongst the binder materials studied. This can be attributed to the 
extremely high chemical resistance of this material. 
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Abstract 
Planar, interdigitated photoelectrochemical cells were made by ink jet printing. The 

electrode fingers had thicknesses from 100 to 1500 µm. One finger family was TiO2, made by 
using an ink containing the precursor inside inverted micelles and annealing in air, the other 
was evaporated Pt or Au/Pt or etched F:SnO2. Photoelectrochemical response was not 
suffering from iR drop down to low electrolyte ionic strengths. The photoelectrocatalytic 
degradation of an aqueous solution of terephthalic acid by UVA illumination and electric bias 
of 1 V was demonstrated by build-up of fluorescence of an OH-substituted molecule. 
___________________________________________________________________________ 

 
The obvious advantage of using electrical bias in photocatalytic reactions on immobilized 

semiconductor layers has been demonstrated previously [1]. If the aim of the photocatalytic 
reaction is the removal of impurities in drinking water, the photoelectrochemical cell must be 
constructed such that there is not too much iR drop due to the low ionic strength of the 
electrolyte. This requires either low distance between two opposite electrode plates, or as 
demonstrated recently [2] a configuration where the electrodes are arranged in a plane in the 
form of interdigitated thin fingers. This configuration would be typically used in a falling film 
implementation and has the advantage of avoiding pressure build-up as encountered in a 
parallel plate reactor with low distance between opposite electrodes. 

 
 

 
 

Fig. 1. “500µ-500µ” device. Finger length 17.5 mm, width (w) 500 µm, space (s) 500 µm. 
 
Planar, interdigitated photoelectrochemical cells were made by ink-jet printing using a 

Dimatix (Fujifilm) machine [3]. The substrates were glass slides. As a current collecting 
interdigitated base pattern either Pt or Pt/Au was used, obtained by printing a positive 
polymer mask followed by evaporation and lift-off, or a TCO pattern (F:SnO2) revealed by 
printing a negative polymer mask on FTO covered glass plates and etching. The electrode 
fingers had widths from 100 to 1500 µm. On one finger family a solution of inverted micelles 
containing the TiO2 precursor was printed, using several passes, followed by annealing in air, 
which led to 10 to 240 nm thick TiO2 deposits. An example of a planar interdigitated 
electrochemical cell is shown in Fig. 1. The device has 30 pairs of fingers and 60 spaces of 
500 µm. 

The (conductivity) cell constants, κ, of the interdigitated finger device were close to the 
ones calculated using ref. 4. A structure of 200 µm wide fingers and spaces was already fine 
enough to obtain κ values below 0.01 cm-1. 
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A typical photoelectrochemical response of one of the finger devices is shown in Fig. 2. 

 
Fig. 2. Photoelectrochemical response of a device with 240 nm thick TiO2 fingers of 1000 

µm. 10 mM Na2SO4 stirred, 4450 µS/cm; counter electrode fingers … F:SnO2; EE (front side) 
UVA black light illumination. 

 
Finally, an example of photodegradation of a solution of terephthalic acid under UVA 

irradiation and assisted by electrical bias, using a “1000µ - 1000µ” device with 240 nm thick 
TiO2 fingers is shown. During the course of the experiment, the fluorescence due to an OH-
substituted intermediary product (hydroxyterephthalic acid) increased (Fig. 3). The 
fluorescence at 425 nm is plotted in Fig. 4 as a function of time. 

 
Fig. 3. Fluorescence spectra during the degradation of a solution of 1×10-4 M terephthalic 

acid. Interrupted experiment with offline measurement by an Aminco-Bowman Series 2 
fluorimeter. 
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Fig. 4. Fluorescence increase due to build-up of intermediary product upon terephthalic 

acid degradation (1×10-5 M, total volume V = 14 ml, specific conductivity 30 µS/cm, air 
saturated, stirred); photocurrent, iphoto = 51 µA, bias = 1 V, integral UVA irradiation intensity 
= 2 mW/cm2. 

 
The initial slopes of the traces correspond to the production rates, v. The Faradaic 

efficiency, f, of photoelectrocatalysis is calculated using f = vFV / iphoto. Values of f were 
found close to values obtained for the degradation of phthalic acid [5]. 
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Existence of gaseous nanodomains at solid liquid interface (surface nanobubbles) has been 
presumed first by Phil Attard and his fellow workers [1] based on discovery of long range 
(~102 nm) attractive forces between two adjacent planar solid surfaces immersed in water. 
Attard et al ascribed forces and their discontinuous character to sub-micro bubbles bridging 
both immersed surfaces. The first direct proof of their existence, however, came several years 
later in a form of AFM in situ images of surface nanobubbles, though they were  considered 
mostly as AFM artefacts. While further research confirmed their real existence, nanobubbles 
still remain to be somewhat peculiar phenomenon due to nonexistence of plausible physical 
model explaining fully their properties [2]. The controversy on nanobubble stability is mostly 
based on so far unexplained disobeying of Young-Laplace relation  
Δp = 2γ/rs  (rs...(surface) nanobubble radius, γ...surface tension Δp...inside-outside bubble 

pressure difference). For common nanobubble radius <100 nm and water-air interface Δp 
should reach values leading to nanobubble burst and/or dissolution within sub-second time 
interval, which is incompatible with observed nanobubble stability (>104 sec). 

AFM microscopy is most frequently utilized for both in situ and ex situ imaging of surface 
nanobubbles. Besides phase imaging, cantilever deflection mapping (force spectroscopy) 
allows to distinguish nanobubbles, which cause negative cantilever deflection, from solid 
nanostructures on which positive cantilever deflection is obtained (Fig. 1).  

 

 
Fig. 1:In situ AFM (tapping) images of nanobubbles on solid surface (HOPG) immersed in 

deionized water: Topography height (left) and deflection map (middle) images. Dark colored 
spots on deflection map represent nanobubbles causing negative cantilever bending 
(deflection) marked by black marks on single line (profile) deflection plot (right). Red mark 
points to positive cantilever deflection response on solid nanoparticle (50 mV scale bar 
corresponds to photodetector signal of AFM cantilever bending) 

  
Our work is focused on two nanobubble related phenomena:  

1) Nanobubble interactions with solid surface. We have proved the existence of perimeter 
forces existing at ternary nanobubble interface [3, 4], manifested by surface nanopatterning as 
illustrated in Fig. 2. The nanopattern can be considered as an imprint of surface nanobubble 
and hence a proof of its existence on solid surface immersed in liquid.  
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Fig. 2: AFM image (tapping): Polystyrene film spin-coated on silicon wafer as received (left), 
immersed in de-ionized water densely covered by nanobubbles (middle) and 
nanopatterned surface after its exposition to nanobubbles (right). Substantial increase 
of surface roughness is indicated by corresponding Roughness Analysis tables below.  

As nanopattern can develop within exposition time of seconds, it can be utilized for 
evaluation of surface nanobubble appearance ex post - by ex situ techniques, avoiding both 
complicated imaging in liquid and affecting nanobubble behavior by interaction with scanning 
AFM tip respectively (Fig. 3). 

 

 
 
Fig. 3: Ex situ AFM image of polystyrene film spin-coated on silicon wafer after its 

exposition to nanobubbles in de-ionized water, at room temperature. The net-like nanopattern 
appears to indicate existence of nano (rs <102 nm) and submicro (rs <103 nm) bubbles 
networked in 2D nanofoam, imprinted in polystyrene matrix. 

2) Nanobubble occupancy on solid electrode surface and its consequence for charge 
transfer process efficiency.  

Gaseous nanobubbles appearing on solid electrode surfaces immersed in liquid media can 
occupy from about 10% to 90% of the electrode surface, decreasing correspondingly the 
extent of charge and mass transfer processes, including electro-deposition/dissolution and 
adsorption respectively as illustrated in Fig. 4.  The variability of surface nanobubble 
occupancy may thus significantly influence efficiency and reproducibility of electrode 
processes and can be a reason for some unexplained scatterings in electrode reaction 
parameters occurring in repetitive experiments. Though full explanation of rules driving 
nanobubble appearance is unclear yet, incomplete surface wetting and early electrochemical 
gas generation are among the most probable nanobubble sources.     
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Fig. 4: AFM images (tapping) of redox (cobalt)porphyrazinate film electrodeposited on basal 
plane HOPG. Hollow circles represent areas occupied by nanobubbles indicating that more 
than 50% of electrode surface is blocked by gaseous nanodomains. 

Nanobubble protective (blocking) role is closely related to surface hydrophobicity as 
demonstrated by BSA adsorption on Au surface, where nanobubble occupancy also caused 
blocking of BSA protein adsorption specifically on hydrophobized (methylated) gold while 
carboxylated (hydrophilic) surface showed homogeneous BSA coverage [5].  
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About 20% of the world's gold is produced by artisanal and small-scale gold miners. In 
Colombia there are about 200000 artisanal gold miners, using mainly mercury for the gold 
processing. The amalgamation process suffers a low capability of mercury recovering [1]. An 
alternative to the amalgamation process is the cyanidation of the ore. This process requires a 
higher effort and special knowledge due to the toxicity of cyanide. With the increasing usage 
of cyanidation processes in gold mining, an improved approach to the problem of the 
hazardous nature of cyanide is necessary to avoid the risk of problem-conversion from 
mercury to cyanide. 

In literature there are some claims that resulted in insufficient investigations of the 
hazardous nature of cyanides. One of them is the claim that small non-lethal doses of cyanide 
do not give rise to chronic health problems. In the cassava (manioc) food use processing, the 
chronic exposure with low-level cyanide is well known and has led to different easy 
practicable procedures to protect workers from critical cyanide exposures [2, 3]. A second 
claim is that cyanide is naturally degraded and does not persist in the environment [4, 5]. Free 
cyanide can not be oxidized in the environment and it is not destroyed by atmospheric UV 
irradiation in a short spell. It can be built by UV irradiation of several cyanide-compounds 
and has a lifetime between 5 months (with the assumption of ocean uptake) and 4 years in the 
atmosphere [6]. 

In the summer of 2013, investigations at gold mines and processing plants in Colombia 
have been done with the aim, to get information about the ability of a mobile analysis 
technique based on standard methods for the determination of free cyanide concentrations in 
water and air. Based on these results, further investigations in laboratory experiments were 
done with the object of quantifying the influence of volatilisation in CN degradation 
experiments and finding a method for the minimisation and detoxification of the effluents in 
the processing of gold. 

The analysis of cyanide was done 
with standard methods (AgNO3 / 

dimethylaminobenzal-rhodanine). 
Cyanide volatilisation in buffered 
sodium cyanide solutions (pH 10,5) 
as well as different CN containing 
solutions in gold mines (pH 7 – 12) 
was followed by collecting the 
volatilised HCN gas by passing it 
through a NaOH solution (pH14) in 
an absorption flask. The light source 
for the irradiation experiments was a 
fluorescent UVA lamp array (3 x 9 
W). The Photocatalyst for the 
degradation experiments is a TiO2 
film, synthesized, using a Titanyl 
Acetylacetonate in Methanol 
solution, spray pyrolysed (470°C) on 

Fig. 1: Thin film photoelectrocatalytic
reactor in a closed setup 
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FTO (spray pyrolysis)/soda lime glass. Photoelectrochemical measurements were performed 
using a potentiostatic set-up with a bias of 1V vs. Ag/AgCl. The catalyst coating on 
conducting glass (10 x 10 cm glass plates) served as working electrode vs. a polished stainless 
steel counter electrode and sat. Ag/AgCl as the reference electrode in a thin film reactor (Fig. 
1). 

The actual situation in the visited area is characterised by an extreme high concentration of 
mercury in air, due to the widespread gold processing, using liquid mercury. Levels close to 
the fatal exposure limit are reached in some places near processing facilities. The 
implementation of mercury-free techniques seems to be the only possible consequence to 
reduce the contamination of mercury in the surrounding of gold mines. The upcoming of 
cyanide based gold processing on the other hand should result in the development of 
processes with minimised or no cyanide contamination. 

Many gold processing plants in Segovia – Colombia use the combination of gold ore 
amalgamation with following cyanide leaching of the pre-treated ore. Some processing 
centers have the possibility to process the gold ore singularly via cyanide leaching. Three of 
these gold processing plants were selected, to measure Cyanide-in-air levels near cyanide 
leaching tanks and vats in Segovia/Columbia. The levels were far below international 
exposure limits. The investigated places were outdoor facilities and the processes were pH 
controlled (pH 11,5 – 12).  

 

   
Fig. 2: Vat leaching (left) and tank leaching facility, investigated  

Cyanide concentrations in water were measured in two streams of a river. One stream was 
fed by a large scale mine and the main stream was influenced by small scale mines. The water 
samples contained between 18 and 30 mg/l cyanide, the higher value from the large scale 
mine. It is said that the river has no aquatic life due to a high mercury concentration. 
Concentrations of 0,2 mg/l cyanide are fatal for most fish species with a range from 0,5 to 
about 0,03 mg/l. These results show that the river is highly contaminated with cyanide as well 
as with mercury. 

large-scale mine stream (pH 8) 30 mg/l 
main stream (pH 7) 18 mg/l 
LC50 Lepomis macrochirus  (96 h) 0,45 mg/l
LC50 Oncorhynchus mykiss (96 h) 0,03 mg/l

Tab.  1: Cyanide concentrations of the investigated streams and lethal concentrations of different fish species 

The results of these measurements show that Cyanide can not volatilize sufficiently in 
water and it can be assumed that Cyanide residuals can accumulate in the soil [7]. Heavy 
metals are dissolved by cyanide and can contaminate a widespread area. 

Laboratory experiments were done in a closed system to determine the influence of 
volatilisation in the photoelectrocatalytic treatment of Cyanide solutions. In the described 
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setup, 5 % of the Cyanide in solution could be removed. 50 % of the removed cyanide was 
volatilised, the other part was oxidised. 

With the results of these experiments, two 
fields of activity will be followed. Further 
initiatives are done for the analysis of cyanide 
in air and water in the surrounding of different 
gold mines and gold processing centers, 
especially in heap leaching facilities, where a 
high Cyanide volatilisation rate is expected. 
The second field to be investigated is the 
optimisation of the degradation capability of 
the used photoelectrocatalytic process. The 
reactions on the cathode have to be 
investigated as well as the ability of the 
cathode, to reduce heavy metals in solution 
during the simultaneous photooxidation on the 
anode (Fig. 3). 

The results of this project will also be 
implementable in large-scale mining, where 
cyanide leaching processes are used. Health 

risks for workers in gold mines and processing plants can be minimized with the knowledge 
of possible cyanide contaminations. Up-scaling of the optimization procedures of the 
described project can help to minimize the effluents and the photocatalytic treatment method 
provides an improved alternative to existing techniques for the removal of contaminants. 
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Fig. 3: Setup for the simultaneous Cyanide
degradation / heavy metal reduction 
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The electrodialysis (ED) is an electro-membrane separation process leading to separation 
of charged ions from the solution in the electric field. It is based on the permselectivity of 
membranes. According to the permselectivity two types of membranes are distinguished: 
anion-selective (permeable for anions) and cation-selective membranes (permeable for 
cations). The alternating placement of these two types of membranes in the membrane stack 
results in establishment of diluted (diluate) and the concentrated (concentrate) streams. 
Currently a development of ED system is focused especially by maximizing the performance 
while reducing investment costs. This can be achieved for example by increasing the number 
of membrane pairs and active area of membranes, or by reducing the surface of platinized 
titanium electrodes. These structural modifications can lead to an uneven distribution of 
electric current and mass and, thereby, to reduction of the reliability and service life of the 
unit [1,2]. 

To study the effect of uniformity of current and mass distribution on the ED process at a 
level comparable with standard industrial applications the pilot ED unit has been designed and 
constructed. This includes the ED unit EDR-I-200/0.8 (Membrain, s.r.o.) constisting of 200 
vertically oriented membrain pairs (MP) with total membrane active area 151 m2. The design 
of the flow channels consinsts of one working chambre filled by a spacer net. The dimensions 
of this chambre are 0,635 x 0,315 m2. In contrast to traditional commercial device, the 
electrodes are horizontally segmented allowing to determine uniformity of current 
distribution. The electrodes can be loaded up to 300 V and 60 A of direct current. Flowrate of 
the diluate and concetrate solution may be up to 12 000 dm3 h-1. Flexible hydraulic circuitry 
allows to vary the position and number of inlets and outlets and thus change the flow regime 
and uniformity of process solutions in the ED unit. It is supposed that optimal flow regime is 
so called diagonal, i.e. process solutions are fed at the bottom of one side of vertical ED stack 
and the outlets are located at the top of the device on the opposite side. All input and output 
pipes are equipped with sensors of conductivity, pH, temperature and pressure of process 
streams. This allows evaluating both hydraulic and performance characteristics of the ED unit 
depending on the operating conditions. 

Main aim of this work is to study electric current uniformity in order to optimize the 
geometry electrode areas. In addition, a subject of interest is to determine the operating 
characteristics of the ED unit under more extreme operating conditions compared to common 
practice, especially with regard to the identification of the limiting factors. A solution of 
sodium sulphate in the concentration range 1 – 10 g dm-3has been used as model electrolyte.  
A total circulated volume in the circuit was 500 dm3. The studied flowrate of process 
solutions was between 3 000 and 10 000 dm3 h-1. A geometry electrode and it area is varied 
by switching off/on of the individual electrode segments. It has been investigated most 
relevant electrode configurations. Some of them are apparent from Fig. 1. In most cases, the 
configuration of both electrodes was symmetrical. An influence of applied voltage, flow rate 
and concentration of salt in the process solution on the electric current passing through the 
system and degree of process solution desalination has been determined.  
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 A B C 
Fig. 4:Diagrams of current distributions along the electrodes under voltage 60 V, 120 V, 180 V, 240 V, 300 V 
(0,3 V/MP, 0,6 V/MP, 0,9 V/MP, 1,2 V/MP, 1,5 V/MP) in the tree configurations of enabled electrode segments 
(from left) entire enabled electrode, outer segments disabled, second from edge disabled. Process solution 
concetration is 4 g dm-3 Na2SO4; flowrate of diluate and concetrate stream is 8 m3 h-1. The segments are 
numbered in descending order from top to bottom on the machine, on the left cathode with inlet at the bottom 
and on the right anode with outlet above. ji/j represents the ratio of current density in electrode segment and the 
mean current density relative to the entire area of the flow channel (area of all segments). 

Fig. 1 shows distribution of measured current passing through the individual electrode 
segments. It was found that the current distribution has a parabolic profile with the extremes 
on the outer electrode segments and with slightly decreasing value of the current towards the 
outlet from the working chamber. Non-uniformity of current distribution generally increases 
with increasing voltage at the electrodes, decreasing flowrate and decreasing concentration of 
the processing solutions. When 1/3 and 1/2 of the electrode area is switched off the ED 
performance (degree of desalination characteristics) decreases by no more than 3 % or 6 % 
respectively. High uniformity of current distribution is achieved when outer segments of the 
electrode are disconnected, see Fig 1B, particularly at the inlet side. The electrode 
segmentation seems to be one of the ways to reduce production costs and the way to achieve 
uniform current distribution inside the membrane stack. However, keep on mind that crucial 
problem of electrode segmentation is high is risk of exceeding safe local current density 
values near the electrodes edges. It may affect stability of the membranes in a near 
surrounding of these edges, i.e. in the first several MP, where a dispersion of current lines into 
the membrane stack takes place.  
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Abstract 
Efforts for reduction of catalysts loads in PEM fuel cells, are caused by high price 

of platinum metals and limited sources of this elements. Exist many possible ways, how 
to reduce load of platinum metals. One is preparing particles with lower diameter, but we 
are limited minimal diameter for catalytic properties. Second way is preparing catalyst form 
alloys of platinum with some other metal. This work is focused to alloy Pt with Co. Important 
parameters of catalyst are activity, stability, sensibility to poisoning and etc. This work 
compares stability of catalysts based on pure platinum and alloy platinum and cobalt. 
Although catalyst based on Pt-Co alloy assign approximately half initial electrocatalytic 
surface in compare with catalyst based on pure platinum, after 10 000 cycles assign catalyst 
based on alloy higher stability. 

Within the last years are many mobile applications limited by suitable source of electric 
energy. Increasing number of functions smartphones and notebooks has negative influence to 
energy consumption. Automotive companies develop cars that produced any pollution during 
operation, one way is classical electric car with battery, other way is using fuel cells like 
source of electric energy. Exist six base groups of fuel cells, but for mobile applications are 
suitable just only proton exchange fuel cells (PEM) and direct methanol fuel cells (DMFC). 

Efforts for mass production of PEM fuel cells are limited by many problems. One of the 
most important problem is high investment cost. Relatively high price is caused by necessity 
used expensive membrane and catalyst based on platinum or platinum metals. Price of 
catalyst can be reduced by a lot of different possibilities. One possible way is preparation of 
particles with diameter 2-3 nm, other suitable way is using alloy platinum with some noble 
metal. Very important parameter is stability of catalyst during whole operational lifetime of 
fuel cell. 

Catalysts particles with low diameter have high surface energy. This system is very 
unstable and particles decrease surface energy by agglomeration or sintering. By this two 
processes increase the particles diameter and we lose electrocatalytic surface. 
All electrochemical reactions are proceed on the catalyst surface and with decreasing surface 
decrease intensity of process. Alloys are constitute from minimal two compounds with 
different red/ox potential. During cyclic voltammetry can be one of compounds dissolved 
and transported from particles to inter-particles space.  

Cyclic voltammetry (CV) 
An BioLogic Multi-Chanell Potentiostat (Model VMP 3) was used to perform the cyclic 

voltammetry. When the CV of the cathode (or anode) was measured, it was taken 
as a working electrode, and was fed with argon. For the activation, the electrode was cycled in 
potential range 60-1200 mV versus hydrogen electrode. The potential was scan 10, 20, 50, 
100 and 200 mV.s-1. 0,5 mol.dm-3 solution of sulfuric acid was used as working solution, 
which was temperate at defined temperature. 

CO-stripping  
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CO was feed into working solution for 10 minutes. This time was sufficient for adsorption 
of CO monolayer on the catalyst. Than was argon feed into working solution for minimal 60 
minutes, this time was necessary for elimination CO included in working solution. Later was 
sample minimal two-times cycled in range 60 and 1200 mV versus hydrogen electrode. First 
cycle was for oxidation CO to CO2. Second cycle was for determination of CO oxidation 
peak. 

Electrochemical impedance spectroscopy (EIS) 
Resist of catalyst for the reactions oxidation/reduction of hydrogen (on anodic or cathodic 

site) was measured by EIS. Means of EIS in a four-electrode arrangement in open circuit 
potential. A VMP 3 16 Multi-Chanell Potentionstat/Galvanostat/EIS was used. 

Transmission electron microscopy (TEM) 
Transmission electron microscopy was used for determination of particles diameter. 

All samples of catalysts were dissolved in ultrasonic bath into demineralized water and this 
solution was used for samples for TEM preparation. INCA method was used 
for determination of particles composition in case of alloy. 

In this work was investigated two commercially available catalyst produced by Tanaka 
company. One was based by pure platinum (TEC10F60TPM) and second by alloy platinum-
cobalt (TEC36F62). Activated samples prepared by think-film method were investigated 
by cyclic voltammetry in first step. Surface was measured by CO-stripping and catalyst layer 
was investigated by electrochemical impedance spectroscopy. Samples were subjected 
by standardized accelerated ageing tests which simulated typical conditions car running. 
Within ageing tests was recorded current catalytic activity of investigated catalyst 
and changes in electrochemical active surface. Typical results are represents at graph at 
figure 1. 

Catalyst based on pure platinum (black) assign two-times higher initial surface than 
catalyst based on platinum-cobalt alloy (dark gray). Decrease of catalytic surface was more 
significant in case catalyst based on pure platinum. Most aggressive was ageing by ten blocks, 
each with 1000 cycles. Significant decrease of catalytic surface can be observed during first 
1000 cycles. Subsequent decrease was less significant. In case of catalyst based on pure 
platinum was decrease from 7,28 cm2 to 0,60 cm2, 8,24 % initial value. In case of catalyst 
based on platinum-cobalt alloy was decrease from 4,30 cm2 to 0,87 cm2, 20,23 % initial value. 
Less aggressive was applying only two blocks each with 5000 cycles. In this case decrease 
of surface pure platinum catalyst from 7,26 cm2 to 1,27 cm2, 17,49 % of initial surface. 
Surface of catalyst based on platinum-cobalt alloy decrease from 4,50 cm2 to 1,75 cm2, 
38,88 % of initial surface. Lower decrease was record by applying one block with 
10 000 cycles. In this case decrease surface of catalyst based on pure platinum from 7,15 cm2 
to 3,74 cm2, 52,31 % of initial value and surface based on platinum-cobalt alloy 
from 4,16 cm2 to 2,59 cm2, 62,26 % of initial surface. 
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Fig. 1: decrease of electro-catalytic surface, during simulated automotive regime: potential 

range 600-1200 mV versus hydrogen electrode, sweep rate 20 mV.s-1, total number 
of cycles 10 000, ● 10 x 1000 cycles, ▲ 2 x 5000 cycles, ♦ 1 x 10 000 cycles 

Although catalyst based on pure platinum assign higher initial surface, catalyst based 
on platinum-cobalt alloy assign higher stability in all type of ageing. Reason of this effect 
is growing of catalytic particles, which is in case of catalyst based on pure platinum more 
significant. This theory was supported by changes of capacity of samples. By EIS 
was measured capacity of interface between catalyst and working solution. With decreasing 
surface of catalyst decrease of double-layer capacity.  

Applying of higher sweep rate was more aggressive, than applying low sweep rate. 
At sweep rate 200 mV.s-1 were decrease of surface more significant in all cases.  

After ageing were samples investigated by high resolution transmission electron 
microscopy for particles size and distribution. Particles of fresh catalyst (figure 2, left) have 
main diameter between 3 and 3,2 nm. After ageing by 10 blocks with 1000 cycles (figure 2, 
right) increase main diameter to 4 – 6 nm. Loosing of surface was caused by increasing on 
particles diameter. In case of catalyst based on platinum-cobalt alloy increase main diameter 
of particles from 3 – 3,5 nm of fresh sample to 7 – 9 nm after ageing. Particle diameter 
was strongly dependent on cobalt content in alloy. With increasing particle diameter increase 
of cobalt content in alloy.        
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Fig. 2: pictures from high resolution transmission electron microscope of catalyst based 
on pure platinum before ageing (left) and after applying ten blocks each 
with 1000 cycles (right) at sweep rate 20 mV.s-1 

Conclusions 
Catalyst based on pure platinum assign approximately two-times higher initial surface, than 

catalyst based on platinum alloy. During ageing was decrease of surface of catalyst based on 
pure platinum more significant. Long blocks of cycles are less stress full for catalyst than 
short blocks. High sweep rate is more aggressive, than slow sweep rate. Reason of decrease 
of catalyst surface is agglomeration and Ostwald ripening, when small particles reduced own 
surface energy by the increasing of particles diameter. Increase of particles diameter 
is significant and more obvious in case of catalyst based on pure platinum. Content of cobalt 
in alloy is dependent on particle diameter, when with increasing diameter increase content 
of cobalt.   
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