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Abstract

The search for rigid or flexible photoelectrochemical solar cell counter-electrode (CE) alternatives has been a continuous effort and long on-
going processinour lab, as studies in CE kinetic performance and stability on the one hand seek to improve the overall efficiency of the solar cell,
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while attempting to adapt to novel design concepts or new materials, on the other. The dye-sensitirethdddystalline solar cell utilizing

the iodide/tri-iodide redox mediator served as the system of reference for a theoretical characterization and computational simulation use
to scrutinize CE performance, which was coupled by experimental exploration of catalyst materials and different design options. Two basic
approaches can be identified with respect to CE design. Firstly, there is the case where the catalyst has sufficient kinetic performance ar
can be utilized when deposited on any stable support material current collector even at monolayer quantities, and secondly, the case wh
the kinetics of the catalyst are insufficiently high to sustain the required currents and therefore the effective exchange current density mus
be enhanced by internal surface area increase, thus the need to impart porosity to either the catalyst material or the current collector or bot
The kinetic/electrocatalytic performance of candidate catalyst materials, as well as the mass-transfer limitations of commonly applied cell
configurations have been determined in most cases by means of experiment. However, predictions have also been made by electrochemi
simulation of a variety of given systems under steady-state operation, where the CE is examined as an integral part of the energy conversic
system, making clear the implications of the varying physical and geometric parameters of the comprising elements of the device, i.e. the
porous photoelectrode, the spacer configuration and the CE, including also the nature and the properties of the electrolyte constituting the
junction.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction As well as studying the effect of the electrocatalytic prop-
erties of the CE materials themselves, the following sections

PECs work on a different principle than conventional explore the influence of the design component physical pa-
solid-state solar cells, whereby the processes of light absorp-rameters of the photoelectrochemical system and thus at-
tion and charge separation are differentiated. One of the im-tempt to quantify their effects on the overall performance
portant characteristics of the liquid junction photovoltaic cell of the solar cell. Inasmuch as the function of the CE con-
is that photogenerated charge separation takes place at thsists in the effective regeneration of the oxidized state of the
interface of the semiconductor in contact with an ionically electrolyte mediator to its reduced—in addition to the effi-
conducting electrolyte containing a suitable redox charge cient supply of this reduced state of the mediator towards
mediator that should, after electron injection into the semi- the photoelectrode where it will undertake the ‘interception’
conductor conduction band, effectively perform the function of the oxidized sensitizer, thus regenerating its ground state
of shuttling the generated positive charge away from the light in order to perpetuate the operation cycle-the properties of
absorbing sensitizer residing on the semiconductor surface the electrolyte such as conductivity, viscosity, the reduced
(usually a transition metal complex, the molecular proper- and oxidized mediator mass-transport and their diffusivities
ties of which are specifically engineered for the task) to the within the mesoporous elements and the cell bulk electrolyte
CE, thus completing the electrical circuit (sE®. 1). Via as a function of the nature of the support electrolyte have
this last electron transfer at the CE, in which the mediator is also been studied in the context of overall solar cell perfor-
returned to its reduced state, the circuit is closed, finally re- mance. All the above effects are analyzed and compared in
sulting in a net direct current passing from photoelectrode to order to reflect their repercussions with respect to optimal
the CE within the cell itself and from CE to photoelectrode cell performance and efficiency.
in the external circuit of the device under illumination.

The theoretical maximum voltage that such a device could 1.1. Part |. The kinetic overpotential
deliver corresponds to the difference between the redox po-
tential of the mediator and the Fermi level of the semicon- 1.1.1. Mediator reduction materials and electrocatalyst
ductor and can only be achieved on open circuit, i.e. at zero optimization
current. Under load, however, the CE potential is less than The electrodic reduction of iodine from solutions con-
on open circuit, due to losses incurred by the passage oftaining the iodide/iodine or iodide/poly-iodide redox couple
current through the electrolyte, i.e. the mass-transfer over-in aqueous as well as organic solvent media, has attracted
potential, as well as the same current conveyed through themuch attention for its fundamental interest to electro-
electrolyte/CE interface, i.e. the kinetic overpotential. The chemists studying the mechanism and the reaction kinetics
electrolyte ionic conductivity and the mediator species trans- of the system, and for its practical significance in appli-
port from one electrode to the other are the fundamental cations such as photoelectrochemical solar cells. Previous
parameters determining the magnitude of the potential lossliterature indicates that the iodine/tri-iodide reduction reac-
described as mass-transfer overpotentjak), whereas the  tion is not reversible on all materials indiscriminently, this
electrocatalytic properties of the CE surface towards medi- including Pt. The kinetics are solvent dependent, being most
ator reduction will determine the magnitude of the potential facile in waterf1-3] and acetonitrild3-5] and increasingly
loss referred as kinetic or charge-transfer overpotentigl. ( more sluggish in DMS@6], DMF [5], propylene carbonate
The total voltage loss at the CE is the sum of the above, [3,5,7-9] as evidenced by the wide variation of exchange
represented ifrig. 1 by the overall CE overpotentiah¢g). current densities reported on smooth platinum cathodes,



N. Papageorgiou/Coordination Chemistry Reviews 248 (2004) 1421-1446 1423

photoancde
. " ’ cathode
energy ccljnductlng TiO2 dye solution conducting glass
level 5
E/V vs NHE S
injection
-0.5 — g~
‘t _ Fermilevel
light — j output
— voltage
0 : g CE Fermi level
" AT =
excitatiol -
R l/'_ TN o~ Ve
1 cred edator o0 BT
0'5_ | 'f‘ \I_/‘
L :
\ 1 interception
1.0 1,/

S°/S+® >

electron flow
electrical work

Fig. 1. Light absorption is performed by a monolayer of dye (S) adsorbed chemically at the semiconductor surface. After having been excited by a
photon, it is able to transfer an electron to the semiconductor (the process of “injection”), while the electric field inside the bulk materiatedictios e

of the electron. Positive charge is transferred from the dya (8 a redox mediator (“interception”) present in the solution with which the cell is filled,

and thence to the CE.

which extends over three or four orders of magnitude. energy losses around the maximum power point—due to
Accurate quantitative comparison remains difficult as the a low fill-factor—as well as the performance limitations
concentrations, choice of cations, supporting electrolytes imposed on the system by iodine reduction, thus, posing
used etc., vary from author to author. Nonetheless, muchmuch higher demands on the electrocatalytic properties of
research effort has been dedicated to understanding the irthe CE. As will be analyzed in the following sections, ther-
reversible electrochemical behavior of the iodine/tri-iodide mally produced nano-sized platinum metal clusters have
reduction reaction. There are indications of blocking io- succeeded in overcoming the above mentioned catalytic
dine layers on electrod¢$0], of the spontaneous oxidative limitations.
chemisorption of iodide as iodine atoms on noble metal Another scope in these studies was to explore CE alter-
surfaceq11], as well as non-electroactive adsorbed iodide natives, e.g. for flexible PEC solar cells. However, the ap-
and/or ioding[12] have been proposed in the literature. plication of the catalyst is limited so far to the substrates
Transparent CEs based on conducting tin (cto) or indium that can withstand the high temperature preparation condi-
tin oxides (ito), are widely used to minimize the losses due tions required. The heating stage of the catalyst formation
to mass-transport of the redox relay species in large sur-(385°C) is tolerated by F-doped Sn&@oated glass surfaces
face area photoelectrochemical cells. In aqueous and or-or layered graphite sheets, but not so well by, e.g. polymer
ganic polyiodide electrolytes, the above CEs exhibit very based laminated surfaces, which may exhibit low sheet re-
slow electron-transfer kinetics which leads to substantial sistance at room temperature, though will warp or oxidize
power losses in such devices. The cto and ito presentlywhen heated. Therefore, a low temperature catalyst prepa-
used as cathodes in photoelectrochemical solar energy deration is indispensable to the promotion of other substrates
vices are extremely poor catalysts for iodine reduction, and as candidates for the further development of solar cells of
have therefore been modified, mainly by means of transi- particular characteristics or of broader design/construction
tion metal electro-deposition or radiolytic grafting of metal options.
nano-aggregates onto their surf4t8-16] thus enhancing Under a recent development project, the desire to impart
iodine reduction kinetics in aqueous sytems. flexibility to the solar panel, has led to significant modifi-
Dye-sensitized nanocrystalline solar cells based on regen-cations of the materials comprising the photoelectrode: the
erative photoelectrochemical principl§k7,18] utilize the mesoporous Ti@layer was deposited on Ti metal sheet. This
iodide/tri-iodide redox couple as the mediator that shuttles obviously obstructs the photoelectrode side illumination of
the charge between the site of sensitizer regeneration on thehe cell, which should now be back-side illuminated. In turn,
photoelectrode to the CE. During the mediator regenerative the success of the CE illumination mode rests on the very
cycle, the oxidized species, namely iodine or tri-iodide, low optical absorbance of the CE in the useful range of the
must be converted back (reduced) to iodide, according to re-spectrum combined with sufficiently high tri-iodide reduc-
action b~ + 2e= 3|~, at minimum energy loss on the CE. tion kinetics and finally the long-term performance stability
In view of the use of organic electrolytes and room tempera- of the electrode. The above challenges formed the objectives
ture molten salts in current solar energy conversion systemsof this work. Moreover, flexible Pt and Ti/Pt-sputtered poly-
[19,20] there has been an imminent need to minimize the mer based sheets were envisaged for use as CE and were
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tested for kinetic performance without any treatment or con- the real component of the impedance, which appears as the
ditioning in organic solar cell electrolytes. semicircle at the high frequency end of the spectf@gaj.

In order to fulfill the requirements of low temperature sur- The Autolab P20 potentiostat of Ecochemie, equipped with
face catalyzation, CE flexibility, in addition to transparency frequency response analysis was used. Electrochemical pla-
(minimum absorbance of the solar spectrum by the CE for tinization of conducting tin oxide glass was carried out by
back-side illumination cell development), conducting poly- cathodic polarization at approximately 2 mA/&in aqueous
mer laminated flexible as well as transparent sheets havehexachloroplatinic acid solution (ca. 0.15 M). Platinum load-
been surface catalyzed by Pedot, using a variety of prepa-ings were determined by dissolution of the electrodes in aqua
ration techniques/conditions and were subsequently testedregia and platinum content in the subsequent diluted solu-
for their kinetics performance under electrochemically con- tions measured by ICP atomic emission spectroscopy. Elec-
trolled conditions, in addition to applied as CE in experi- trochemical preparation of Pedot was done using the Edot
mental sealed and open solar cell performance tests. Pedomonomer solution (10 mM) in AcN and in the presence of
and the Pedot/Pss water dispersion commercial product alsd.1 M EMIm-imide as electrolyte. Cyclic voltammetry and
found novel applications in CE fabrication; solar cell tests chrono-coulometry were applied to produce the electropoly-
were conducted with Pedot electrochemical preparations onmerization of Edot. The thermal platinum nano-cluster cat-
cto or other cast surfaces, and graphite/Pedot/Pss compositalyst, i.e. the electrode preparation method for the catalytic
pastes were developed with very low sheet resistance, in-electrochemical reduction of iodine/tri-iodide in organic me-
tending to solve limitations due to the series resistance, ki- dia, is described elsewhef87]. Another method for the
netic resistance and low temperature production, by castingpreparation of the catalytic electrode was through an or-
the CE directly on the prepared photoelectrode plate. ganic ligand (tetrabutylammonium) stabilized platinum clus-

ter (e.g. crystallite size ca. 6 nm) solutif28] used to coat

the conducting electrode substrate, and the solvent medium
2. Experimental dried off under vacuum at 15@€ and then heated in air for

12 h to 300-350C (removal of organic ligand).
2.1. Chemicals—electrochemical techniques

Cto was fluorine-doped, with square resistance of210 3. Discussion
5% haze, supplied by Libbey-Owens-Ford Co., Ohio, USA.
Ito glass of square resistanc&8supplied by Flachglas Ger- The required performance characteristics of the CE are
many. Ruthenium oxide electrodes were fabricated by mul- determined by the maximum current delivered by the solar
tilayer thermal decomposition of Rugéthanolic solution, cell under short circuit conditions, which present nanocrys-
at 500°C. The graphite electrodes were type Papyex, sup- talline photoanode technology sets at 20 mAJ¢i®]. Con-
plied by Carbon Lorraine, France. Electrodes of sputtered sidering a tolerance for the voltage loss on the CE as being
platinum on glass were prepared on our site. Solvents used<10mV, one arrives at Ret < 0.5 cn? threshold for the
were acetonitrile (Fluka puriss), propylene carbonate (Bur- charge-transfer resistance. This value corresponds to an ex-
dick & Jackson, high purity)N-methyl-oxazolidine-2-one  change current densit} > 2.6 x 10~2 A/lcm? on the basis
(NMO) (1.5kg) was distilled from barium oxide (2009, of the formulaR:; = RT/nFJ,, which assumes the linear ap-
Fluka) (95°C, 4 Pa), then distilled again from phospho- proximation of the current-overpotential equation, where
rus pentoxide (1809, Fluka) (9%, 4 Pa). The synthesis = 2 for reaction 4~ + 2e= 3I~. In the case of, e.g. NMO
of the organic iodide salts methyl-ethyl-morpholinium taken as the model electrolyte solvent, electrochemically de-
iodide, MEMI and methyl-hexyl-imidazolium iodide, posited Pt on cto is below CE performance requirements, by
MHImI, employed herein has been described elsewhereone to two orders of magnitude for economically viable Pt
[21]. Tetrabutyl-ammonium iodide, TBAI (Fluka puriss) metal loadings, i.e. acceptable price to performance ratio.
was used as supplied. Pedot (poly-3,4 ethylenedioxythio- Moreover, chemical stability studies under prolonged
thene) was prepared via the electropolymerization of the anodic polarization in the same as above chemical envi-
Edot monomer, and Pedot/Pss (polystyrenesulfonate aniorronment were conducted. Electro-deposited Pt is prone to
doping) 50% dispersion in water where both Bayer researchdissolution or anodic corrosion in the presence of iodide,
products. Electrolytes employed the above solvents with the which technically results in detrimental effects on overall
addition of organic iodide salts and iodine at concentrations solar cell performance and long-term stability. This fact also
reflecting the present requirements of the nanocrystalline alludes to the possibility of Pt dissolution even under open
solar cell, typically 500 and 50 mM, respectively. circuit conditions. Either way, introduction of Pt in any

Electrochemical impedance spectroscopy was employedform of compound or charged complex will always impair
on symmetric thin-layer cells, similar to the ones described solar module performance on all power output levels, rang-
elsewhere[20], in order to determine the kinetic perfor- ing from mWi/cn? to the subpW applications. In practice,
mance of the electrodes. The charge-transfer resistaace  mechanical rigidity and stability of the CE against abrasion
value of the electrode under study, was taken as the half ofor generally mechanical contact is a desired property, and
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Fig. 2. Dependence of exchange current density on thermalization tem-
perature for the platinum thermal cluster catalyst on cto glass. Electrolyte Fig. 3. Variation of exchange current density with platinum loading for
0.42 M methyl-ethyl-morpholinium iodide and 50 mM in NMO. Pt the platinum thermal cluster electrocatalyst on a tin-oxide substrate and
loading 2ug/cn?. for two different electrolytes.

in this respect electroplatinized electrodes have proven toas cathode. Other temperatures produce electrodes that ap-

be very poor as well. pear to ‘drift’ from an initial value and tend to irreversibly
stabilize in the short term at lower exchange current values.
3.1. The thermal platinum nano-cluster catalyst The plot inFig. 3indicates the kinetic performance of the

thermally produced catalyst. The exchange current density
This particular thermal preparation method described on the thermal catalyst exceeds by almost an order of mag-
above for Pt deposition creates a catalytic interface solely nitude the desired kinetic performance characteristics of a
composed of Pt metal and probably not involving other solar cell CE, for the most ‘deactivating’ solvent NMO.
chemical elements such as chloride or carbonateous matetn fact, calculating on the basis of 0.184 A/&raxchange
rial, as evidenced by ESCA analysis. However, the presencecurrent (minimum performance of the thermal catalyst at
of physi- and chemi-sorbed oxygen has not been excluded,5 pg/cn?), we findRy = 0.07$2 cn?, which is interpreted as
as certain publications claim oxygen sorption at elevated a loss of merely 1.4 mV at 20 mA/chduring solar cell op-
temperatureg24], others pure dioxide formation by the eration. The galvanic or electrochemical Pt on the same cto
thermal decompositiof5,26] etc. A strong metal-support  glass, i.e. same roughness factor, and at the same Pt loading
interaction involving an interaction with the elements of exhibits a charge-transfer resistance of$Z &7, incurring
the cto electrode substraf27], may be contributing also  a voltage loss of 152 mV at 20 mA/@nThis is certainly a
for the substrates studied, but no direct evidence of the modification of kinetics on the molecular level, i.e. electro-
presence of substrate elements on platinum could be foundcatalysis, and not an artifact of enhanced electrode effective
However, the performance generally, from the comparison surface etc., as can be directly interpreted from the exper-
with the other substrates describedSection 2 does not imental evidence imable 1 where the same bright Pt and
appear to be dependent on the substrate chosen. This catahermal catalytic Pt electrodes were used in three different
lyst overcomes all the above mentioned disadvantages andsolvents. The ratio of the exchange current values would
limitations in regards to tri-iodide reduction kinetic per- have simply been a constant if it were an effect of surface
formance, in addition to offering electrochemical/chemical area alone. However, these results reveal a solvent depen
stability and mechanical durability of the CE. dent improvement of up to 250 times of the electrocatalytic
The catalyst preparation procedure was optimized in properties of the electrode treated with thermal catalyst.
terms of final curing temperature, taken as the only variable
parameter and all others considered constant, for the re-
duction kinetics of tri-iodide on cto in organic electrolytes Table 1 o ,
(Fig. 2). It was observed that, independent of platinum Exchange (_:urre_nt de_nsmes measured on bright Pt and thermal Pt cluster
. . . . on conducting tin oxide for different solvents
loading, and in a reproducible manner, there exists a rather.

narrow temperature region where the exchange current isSolvent Jogalv (MA/CTP) Jo.catal (MA/CITP) Ratio
maximized and an exclusive point (ca. 38 where the AcN 71 350 5
exchange current appears reproducibly at its maximum PC 2.25 184 82
value and without the slightest indication of deterioration of NMO 0.75 183 243

these kinetics in the medium to long term, when operating Electrolytes contained MEMI: 0.425 Mg:1 50 mM.
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The variation of exchange current with iodide and io-
dine concentrations, with all other electrolyte parameters
kept constant, provides significant information on the
mechanism of a multistep reacti¢®8,29] Comparison of
electro-deposited platinum and thermal platinum cluster on
cto in the same solutions of TBAI in propylene carbonate,
indicated a difference in reaction mechanism or the effect
on the cation for the two electrode types.

The effective surface area of the thermal platinum surfaces
were compared with smooth platinum by hydrogen adsorp-
tion and oxide formation coulometry in aqueous solution
[30], and confirmed that the platinum surface area approxi-
mately corresponds to a monolayer on the cto substrate. The
low Pt loadings required on these electrodes (egg/6n?
of Pt on a surface with a roughness factor of 3, correspond-
ing to a one monolayer Pt coverage of the support), render
them optically transparent electrodes (OTESs). At this point
it is also important to emphasize the selectivity aspect with
respect to other reactions, as the above catalyst for iodine
reduction proved to be an inhibitor for bromine reduction.

The catalytic CE, regardless of the preparation method
can be described as follows: the catalyst is structurally
characterized as nano-sized, pure platinum metal naked
crystalline clusters or micro-crystallites, i.e. developed
crystallites with exposed crystal or lattice planes, clearly
visible under HR-TEM. These platinum nanocrystallites
are microscopically polyhedral toward spherical in geome-
try, and are sparsely dispersed over the electrode substrate
surface, the rest of the substrate being devoid of platinum,
that is to say, there is no detectable platinum aside from the
crystalline particles on the electrode surface (same analysis
on an electro-deposited sample found Pt on the entire sur-
face). High resolution electron microscopy (HRTEM) with
EDX-analysis was applied to study the microstructure of
the surface of the CE. Images of particles taken from the
surface of the electrode prepared by electro-deposition of
Pt did not reveal the widespread presence of clearly iden-
tifiable distinct Pt-particles, although upon close inspection
lattice fringes could be detected in this area indicating thin
Pt sheets. Apparently, this electrode had either very small
Pt-particles £1 nm) or thin Pt films on the electrode sur-
face. The thermally prepared electrode image on the otherrig. 4. HRTEM micrographs obtained of particles from the surface of the
hand, shows only distinct Pt-nanoparticles on the surface CE prepared by impregnation and thermal decomposition. The micrograph
of the cto. Fig. 4 top frame shows a representative cto frames are successive magnifications of a single area. The Pt-nature of the
particle with four Pt-particles. Selected area EDX-analyses large particle in the bottom image was confirmed by selected area EDX.
confirmed the Pt-nature of these particlesFlg. 4 middle
image, the region with the Pt particles is magnified and formance most likely appearing for a size distribution cen-
this further magnification shows a distinct large Pt particle tered around 5nm. The role of the exact size of the clusters
with lattice fringe resolution, surrounded by large cto crys- is not yet understood, other than the economy possible the
tals. Fig. 4 bottom frame shows the high resolution image smaller the Pt particles. That is to say, crystallite size and
documenting the crystalline nature of the Pt. Selected arealoading are inter-related for optimum kinetic performance
EDX-analyses of other particle areas show no detectableand desired electrode transparency. The optimum size could
Pt. The Pt on this electrode is present in the form of rather very well be a function of the operating organic solvent, and
large Pt-clusters several nm in diameter. therefore rendering the catalyst specific to the type of or-

The size of the crystalline clusters covers a large range ganic solvent. The unexpected decrease trend with increas-
below approximately 20 nm in diameter, the maximum per- ing loading seen in graphig. 3is an effect of the change
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Table 2
Various porous materials as potential CEs for a nanocrystalline solar cell
Electrode/material Reteff (€2 cnP) io.eff (MA/CP)
Porous carbon, 5@m (80% graphite, 20% carbon black)4] 12-20 1.07-0.64
Graphite paper~200pm) (Papyex “N”, Carbone Lorraine) 350-300 0.037-0.043
Nanotubes on graphite papgr5] 200-250 0.064-0.051
Ru oxide, CVD layer, 50—100 nfn ~1000 0.012
Colloidal RuQ film, 50pum (50% porosity} ~20 ~0.64
Screen-printed Pt layerQ20pg/cnt)? 5-10 1.3-2.6
Pt cluster catalyst (ag/cn?) 0.06 200

Electrocatalytic properties have been measured according to the previously described electrochemical impedance method. Acetonitrilevesed as sol
may be reduce further thi.
a8 Own preparation.

in average particle size formed during preparation and thusprove the as received catalytic performance of such layer
of decreasing exposed surface. At even higher loadings thepreparations.

effective surface area increase appears to dominate, rather

than the size. The specific temperature regime carried out ON3 3 gurface catalysis by electrochemical

the electrode during the catalyst preparation procedure MaYpeadot deposition

be related to surface adsorbed or bonded light elements, e.g.

Ooxygen in.the catalytic intgrfape (?OU|d b? a key factor' for The first attempts to catalyze the rigid cto surface with
this behavior, but recrystallization is very likely to be taking electrochemically prepared Pedot consisted in the in situ

place as well on the platinum particles. _ electropolymerization of the Edot monomer in organic so-
Moreover, a comparative kinetic evaluation of certain ac- lution. The working cto electrode was cycled between 0.5
tive material catalyst alternatives, mostly of the enhanced and 2'V AgCl and the gradual build up of the blue sur.-

surface area or porous type seen belowable 2, makes face coating was observed. The de-doping of the conducting
more apparent the advantages of the thermal Pt catalyst. doped material was observed-a0.4V thus verifying the
doped (and less colored) state of the produced deposits. This
method produced blue colored electrode surfaces with poor
mechanical strength, albeit with reasonable catalytic activity
(4Q cn?) as also confirmed by the feedback from solar cell
For increased accuracy of the kinetic measurements, al-V test data. The uniformity of the deposit was not always
multiply reused thermal cluster catalyst on cto served as good and unclean cto surfaces were very prone to incom-
the electrode of reference for kinetic performance com- plete coatings and blemishes. Additionally, the control of the
parisons. The above described impedance technique gavé’edot loading was not possible at low levels and therefore
an average value of 1.Z5cn? for the kinetic resistance  unsuitable for the preparation of transparent layers. In con-
per electrode in the organic electrolyte. The corresponding clusion, the dendritic growth of the Pedot resulted in poor
value for the sputtered Pt on polymer laminate received adhesion to the substrate and the total Pedot mass had a con-
(unspecified) varied between 3.6 and 8.6n?. The elec- siderably low dispersion over the surface, thus reducing the
trocatalysis evaluation experiments were conducted understrength and the quality of the catalyst.
the same conditions as the thermal reference sample and no Transparent coatings were produced using a pulse tech-
surface preparation, rinsing, polarization or electrochemical nique, such as chrono-coulometry for very short times, i.e.
conditioning was performed on the test samples. A secondbelow 1s, e.g. 0.3s at 5-10 mA/éncould produce light
set of electrodes prepared and specified as alternate multi-coatings that were acceptable in terms of absorbance as well
layer coatings of 5-10 A of sputtered Pt and Ti metal, were as in kinetic performance in sealed cell tests. These catalyst
designated Pt5A, Pt5ATI5A and Pt10ATI5A, their name depositions could be done on any flexible electrode supplied
denoting the structure of the deposit. The recorded kinetic with ease and reproducibility. The independent impedance
resistance values were as follows: Pt5A: 6.2, PtSATI5A: evaluation of week old deposits gave 428m? depending
5.3 and Pt10ATi5A: 14.8cn?. It is noteworthy that the  on the loading. It was also observed that freshly made elec-
refreshing of the electrolyte in the thin-layer test cell pro- trodes had better performance in the solar ce8 2 cn? by
duced lower kinetic resistance for the series as, e.g. forimpedance). The pulse deposition improved markedly the
the case of Pt10ATI5A, 14.5 initially decreased to 7.5 in mechanical strength of the layer and its resistance to abra-
a subsequent run of the same test. This phenomenon maygion. However, there are still lingering questions regarding
also suggest that a chemical surface pretreatment involvingthe longer term stability of this successful performance. It
iodide or even pure organic solvent could substantially im- must be said that although the operational potential of the

3.2. Flexible sputtered Pt/polymer sheet CE testing for
catalytic activity
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CE within the solar cell (ca. 0.1V AgClI) is far enough pos- 4. Conclusion

itive with respect to the de-doping limit of the material,

thus avoiding the direct electrochemical de-doping to the In view of the use of organic electrolytes in solar energy
non-conducting state, Pedot has been reported as being ableonversion systems, and the imminent need to minimize the
to form charge-transfer complexes with iodine. Similarly in- energy efficiency losses and the performance limitations
teresting in terms of kinetic performance, Pedot surface acti-imposed on the system by iodine reduction on the CE, a
vated ‘carbon paper’ (Papyex, Carbone Lorraine) electrodescatalyst was developed. The specific temperature regime
were produced for solar CE tests, which could combine the and procedure described for the thermal decomposition of
very low sheet resistance (¥square). Large surface cto platinum-chloride (platinum-bromide or possibly other Pt
(>5cn?) CE was prepared with a Pedot activated surface compounds) from anhydrous isopropanol (or possibly other
in a specially adapted three electrode electrochemical cellorganic solvents), produces an electrode interface that is a
along with other smaller CEs, this time distinguished by a selective catalyst for iodine/tri-iodide reduction in organic
significant blue coloration, yet transparent in order to coun- electrolytes, matching the kinetics reported in aqueous io-
teract the dye coloration, for a final transparent blue effect dide/iodine systems. This technology produces catalytic

of the solar panel. electrodes that are electrochemically/chemically stable in
their operating environment, in addition to providing supe-
3.4. Graphite/Pedot/Pss composite electrodes rior mechanical endurance or robustness, good adherence

to substrate The catalyst has been structurally character-

Commercial product Pedot/Pss was used to prepareized as nano-sized platinum metal clusters. The very low
light blue coatings on cto (of a maximum few microns platinum loadings (less thanud)/cn?), render these elec-
thickness) in order to conduct experiments for tri-iodide trodes optically transparent and economy in the quantity of
catalysis, combining transparency and chemical stability platinum used is an additional advantage. The technology
(insolubility in contact with solar electrolytes). Though can be applied to all solar energy conversion systems uti-
the mechanical properties of these coating are superb andizing the iodide/tri-iodide redox couple as mediator or any
the stability sufficient, the surface is not a catalyst for the iodide/tri-iodide mediated electrochemical device.
reduction of tri-iodide, and the resistance of the coated elec- The specific platinum deposition procedure and temper-
trode unexpectedly increases, although the product formsature regime carried out for the thermal decomposition of
conducting layers when dried. The conductivity is appar- platinum-chloride precursors from anhydrous isopropanol,
ently too low in this case, thus adding to the total series produces a surface phase or catalytic interface structurally
resistance. defined as nano-sized platinum crystallites, in form of

On the other hand, the product was viewed as a binder for clusters, that is a selective catalyst for iodine/tri-iodide
composite electrode preparation with an increased internalreduction, presenting unprecedented kinetic performance
surface and lower sheet resistance, towards the developmenin organic media, matching only that of reported aqueous
of conducting graphite pastes for solar cell CE production. iodide/iodine systems. The kinetic performance of a PEC
This was envisaged as a low temperature method for di- cell CE (i.e. exchange current of the tri-iodide reaction)
rectly depositing a CE over the finished photoelectrode thatis of the essence with respect to the voltage consumed
would not require further heating after the casting. This CE to maintain the counter-electrode process. Conventional
deposition would not impair the flexibility of the photoelec- methods produce CE exhibiting very slow electron trans-
trode either as it should inherently have a significant degreefer kinetics for tri-iodide reduction, which are dependent
of flexibility as well, to follow the photoelectrode bending. on the type of organic solvent in the organic solvent elec-
Graphite 1Qum powder was mixed with Pedot/Pss liquid trolytes and on the solute iodide salt cation within. It has
product until a very viscous consistency paste was formed. been demonstrated that electrochemically deposited Pt on
This paste could then be cast onto cto or even on insulatingcto does not produce electrodes capable of reducing iodine
slides and left to dry. The sheet resistance of the resulting (or tri-iodide in organic media) without severe losses in
40-60um layer was 42 in the best case. The layer sheet potential and the fill-factor of the solar cell, thus limiting
resistance was similar when deposited on insulating glass.its performance. The above problem appears increasingly
The great advantage of the lower resistance had to be comso as one uses solvents other than acetonitrile as the cell
bined now with the catalytic activity of the electrochemical electrolyte, e.g. nitroethane, propylene and ethylene carbon-
Pedot, as the untreated layer did not perform well in a solar ate, n-methyl-pyrrolidone (NMP),n-methyl-oxazolidinone
cell. The Pedot activated layer presented shunting problems(NMO) etc. The introduction of room temperature molten
when assembled with a photoelectrode, which proved to besalt systems as electrolytes in these devices either diluted
the result of blisters formed on the CE after some time in with the above solvents or neat, poses higher demands on
the presence of the solar electrolyte. Graphite swelling is the counter-electrode performance.
most plausible explanation. Eventually the layer increased Hence, a catalyst has been developed, which can be ap-
its resistance and the structural integrity of the electrode wasplied on these substrates to provide: (i) extremely superior
compromised. kinetic performance, as compared to the reported literature
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or solar cell practice (two to four orders of magnitude under steady state illumination has been examined, in terms
higher exchange currents), (ii) chemical/electrochemical of the mass-transfer processes of the species invgB&d
stability in practical cells (no corrosion or dissolution which  With reference to the nanocrystalline TiPhotoelectrode, a
results in photoelectrode deactivation), (iii) very low cost number of simplified models of this type of cell were devel-
counter-electrodes (low loading). (iv) mechanically sta- oped, which provided a significant degree of understanding
ble and robust counter-electrode surfaces (handling ease)of the effect of various factors on their operation. There, the
(v) optical transparency combined with high kinetic per- influence of certain solar cell parameters on its operation
formance for the counter-electrode. These qualities havewas explored and the optimum iodide and tri-iodide con-
proven to be the result of a modification of kinetics on centrations in the cell electrolyte was obtained, taking into
the molecular/mechanism level, i.e. electrocatalysis, by account various restrictions these are subject to. Also inves-
which the detrimental effects on the electrode reaction of tigated were the conditions under which the mass-transfer
the solvent molecule, the supporting cation or/and iodide overpotential loss can impair theversusV characteristic
related species and the employed chemical additives in theof a nanocrystalline photoelectrode coupled with a planar
solar cell are suppressed, and is therefore not an artifactcatalytic CE, resulting in a decreased fill-factor (ff) val-
of enhanced electrode effective surface, increased disperues. Different light absorption modes within the cell were
sion etc. Furthermore, the novel electrocatalytic properties envisaged. The overall energy output efficiengys) of
of platinum thermal clusters are likely to find applications the photoelectrochemical cell can be limited by the voltage
for other chemical systems in the general area of cataly- losses incurred by the CE process, and on the other hand by
sis, photocatalysis and electrocatalysis. The technology canthe local iodide concentration that for reasons at present not
be applied to all solar energy conversion systems utilizing well understood is critical for efficient sensitizer regenera-
iodide/tri-iodide redox couple as mediator, sensor devices tion in the photon to current conversion cycle, and therefore,
or any iodide/tri-iodide mediated electrochemical device. such phenomena understandably have consequences on the
power ultimately delivered by the device.

4.1. Part Il. The mass-transfer overpotential In a broader approach the aim would be to further in-
vestigate the influence of an alternative CE design and cell

4.1.1. Mediator transport in multilayer nanocrystalline configuration on the above mentioned performance charac-

photoelectrochemical cell configurations teristics, by assuming the photoelectrode layer parameters

The dye-sensitized TiPnanocrystalline solar cell utiliz-  are constant. It seems reasonable to consider in situations
ing the iodide/tri-iodide redox mediator served as the system where the CE kinetics are poor or limiting that an increase
of reference for a theoretical characterization and compu- in the effective exchange current can be achieved by sim-
tational simulation used to scrutinize its performance when ply increasing the effective surface area of the CE material.
viewed as an integral system incorporating a porous CE andThis implies that the dimension along tke@xis would have
a porous spacer layer in between. The concentration profilesto increase as well. On the other hand, electrically insulat-
of the redox mediator of the thin-layer solar cell, as well as ing layers acting also as scattered light back diffusers may
the concentration (mass-transfer) overpotential establishedbe necessary to incorporate between the CE and the photo-
on the CE and the limiting current of the cell are affected by electrode in order to decrease shunt losses or even increase
the addition of a separation layer between the electrodes andight absorption of the device, which adds also to the total
by the geometric and structural properties of the CE itself. length, thus affecting mass transport. The physical charac-
Numerical solutions could be obtained from the mathemat- teristics of each cell section, such as porosity and thickness,
ical model simulating the system that can explain the be- and the mass transport characteristics in the liquid, such as
havior observed in experimental cells. The feasibility of the diffusion coefficients and their effective values as they are
porous CE as an alternative is discussed through the modeldetermined by the structure of the porous solid phase in the
predictions and the experimental kinetic performance data bicontinuous phase network, are taken into consideration in
of candidate materials. a mathematical mass-transfer model simulating the behavior

Interesting concepts on liquid junction photovoltaic cell of the complete cell at the steady-state. Efficient design char-
optimization have been previously developed by Orazem acteristics for such cells can be envisaged in order to mini-
and Newman[31], where the relation of cell design pa- mize, e.g. the mass-transfer overpotential, thus minimizing
rameters and power output performance was explored.one of the sources of loss in such cells, as well as ensuring
Among other things, these authors demonstrate and quanthe optimum conditions for efficient charge injection, mini-
tify the influence of the positioning of the CE relative to mum power loss due to dark current and photon absorption
the semiconductor—electrolyte interface, with reference to by the tri-iodide. The repercussions of the variation of solar
mass-transfer and kinetic limitations, the electrolyte re- cell design parameters are illustrated experimentally by the
sistance and the important role they play in the optimal performance of practical application devices.
design of the liquid junction photovoltaic cell. In a previ- As an analytical solution was not possible, a numerical
ous publication, the redox mediator function in thin layer approach was implemented, giving accurate numerical so-
nanocrystalline photoelectrochemical solar cells operating lutions to the system of equations and boundary conditions
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constituting a mass-transfer model for the more general
multilayer cell configuration. The above cell simulation
can predict the local concentrations of the electroactive
species (iodide and tri-iodide), in order to judge whether
the cell and electrolyte design are optimal, and therefore
be able to determine the operational limits of the given
electrode—spacer—electrolyte configuration. A monochro-
matic light irradiation is assumed, corresponding to the ab-
sorption maximum (540 nm) of the experimental sensitizer
Cis-(SCN™)2 bis(2,2-bipyridyl-4,4-dicarboxylate) ruthe-
nium(ll) [19] without damage to the generality of white
light illumination with respect to the trends observed.

Conducting porous Mesoporous
counterelectrode photoelectrode

spacer \

current
collector
5. Problem formulation
5.1. Cell description E >
<> X

In order to avoid the difficulties inherent to a complete
model of such a cell, due to the complexity of the behavior of
the colloidal semiconductor medium from a charge-transfer
and charge transport point of view, and of the effects tak-
ing place at the liquid solid Ti@interface and throughout,
the problem is confined here to the effect of mass transport The light absorbing dye is adsorbed on some porous semi-
of the various ionic species present between and within the conductor (e.g. TiQ) which operates as the anode (electrode
two electrodes in the liquid, i.e. in the pores of the porous onrightinFig. 5. It has a typical thickness, of the order of
materials. Migrational or double layer effects have not been 10um. It is deposited on a conducting substrate, generally
considered here as conditions applied can be replicated thatonducting tin oxide (CTO) covered glass. A spacer layer
render these influences negligih®0,32] The CE is taken s in contact with the photoanode (to its right) and with the
to be composed of a conducting material, and thus ohmic conducting CE porous layer (to its left). Both of these layers
losses are negligible on passage of current along-tods. have thicknesses that are also adjusted and are typically of
A middle layer positioned between the photoelectrode and the order of 10-10fim. The cathode should have appropri-
the CE, called henceforth spacer, is assumed to be a perate properties to catalyze the reductionpf.IMoreover, the
fect electronic insulator and structurally of a mesoporous intrinsic exchange current density for tri-iodide reduction on
nature. A schematic representation of the cell is given in the CE material is also an adjustable system parameter in
Fig. 5. the simulation. The complete mathematical formulation of

Under steady state operation, the concentrations of thethe model is described elsewhd82].
ionic species are independent of time but depend on a sin- The CE behavior can be mathematically simplified by
gle coordinatey, perpendicular to the cell electrodes. The considering the CE material as an ideal electronic conductor
intensity of the illumination, assumed to be in thelirec- and as such taken as an equipotential surface under steady
tion and from the photoelectrode side, affects the speciesstate examined here. This premise damages very little the
concentration, which are also affected by the current den- generality of the model as this requirement of very low
sity delivered by the device. When current passes throughohmic loss across the layer is expected in a practical CE ma-
the cell, the steady state concentrations of the mediatorterial. Due to theum order thickness of a CE, ohmic drop
redox couple (f/I3~) are space dependent and different in the normal direction at the current densities anticipated is
from the initial or open circuit concentrations. The cor- much less than the electrochemical overpotentials generated
responding concentration potential loss, the mass-transferon the CE, while lateral conduction is carried mainly by the
overpotential, is quantitatively determined here. When the conducting substrate supporting the CE.
photon flux irradiating the cell becomes sufficiently large,  lon motion takes place via diffusion of the electroactive
and the electric load appropriate, the maximum current species and migration considered here negligible on the
density that can be obtained eventually becomes limited addition of ionic suppor{33], while convection does not
by the mass transport of the species to values that we alscoccur. The absence of convection is due to the porous nature
determine. The physical size of the cell, the thickness of of the electrode as well as the small electrode separation
the layers affect its performance. Quantitative evaluations [34]. The ionic diffusion coefficients in the mesoporous
as well as experimental evidence for these effects have beerayers are not affected and can be assumed identical to their
obtained. bulk diffusion coefficient since the heterogeneity of the

a —>» SP < | —>»

Fig. 5. Schematic representation of a thin layer nanocrystalline photoelec-
trochemical cell. lllumination is provided from the photoelectrode side.
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macro-homogeneous nanocrystalline film is of the nanome-6.2. The counter-electrode properties

ter scalg35]. The mean jump distance of the ions are more

than an order of magnitude smaller than the pore dimension In view of the use of organic electrolytes of variable
in a three-dimensional network of 20 nm particle packed viscosities and room temperature molten salts in nanocrys-
superstructurg¢36]. Our recent study on ionic transport in talline solar energy conversion systems there has been an
mesoporous Ti@films [33] shows that the deviation of the imminent need to minimize the energy losses around the
diffusion coefficient of tri-iodide in the liquid filled pores maximum power point (due to a low fill-factor) as well as
from the free-stream value is negligibly small and therefore the performance limitations imposed on the system by io-
not influenced by a tortuosity factor. Diffusion coefficients dine reduction, thus, posing much higher demands on the
in the liquid filled pores can not be considered necessarily electrocatalytic properties of the CE. As most electrode ma-
unchanged in all three sections of the cell, an assump-terials exhibit slow intrinsic kinetics for tri-iodide reduction
tion dictated by the material structure, i.e. tortuosity and with a rare exception the Pt cluster cataljast], other ways
pore connectivity as well as the dimensions of the particle for producing higher performance CEs are sought.
consisting the material. In addition, the double-layer can  With the aid of the developed model it is desirable to as-
be considered a stagnant layer surrounding the nanocryssess alternative possibilities for CEs in nanocrystalline so-
talline particles of similar thickness to the dye diameter, lar cell design. For a given CE length, higher exchange
which includes of course the adsorbed sensitizer molecule,currents can be achieved through surface area (porosity or
adding only to the particle size by less than 5% under specific surface), with an effective exchange current:

the high ionic strength electrolyte conditions employed

[33]. io.eff = io (SUrfacgvolume a
The overpotential represents the sum of the mass-transfer
(nmt) and kinetic or charge-transfer overpotentigk) over- The notion is expressed above that an excessively high ki-

potentials, which, on the basis of the equipotentiality axiom, netic overpotential on a CE can be compensated by increas-

applied here for the case of a highly conducting CE ma- ing the effective surface area, thus increasing the effective

terial, is independent af. The intrinsic exchange current exchange current density.

density of the CE material in the electrolyte at the initial An example of various porous material constructions and

concentrations, is denoteégl (see Appendix irff32]). their kinetic performance is summarized Table 2 using
methyl-ethyl-morpholinium iodide: 0.45Mga1 50 mM, in
n-methyl oxazolidone as solvent. From the experimental es-

6. Discussion timation of the effective exchange current values, it appears
feasible to increase by orders of magnitude the activity of
6.1. The solar cell characteristics an electrode towards tri-iodide reduction. By comparison of

these values one can easily conclude that the carbons and

The system of equations describing the steady-state op-the Ru oxides seem to display increased activity as their ex-
eration and defines the concentration profiles of iodide and posed surface area is enhanced.
tri-iodide (variation of concentrations with position alongthe  On the other hand, another aim of the porous CE would be
x-axis inside the entire multilayer cell) as a function of the to form a better conducting electrode to replace the conduct-
total current delivered. These concentration profiles formally ing glass current collector, which electrode should, there-
correspond to the conditions fulfilled at the short-circuit fore, combine high tri-iodide reduction kinetics with lateral
position of thel-V characteristic of the PEC performance conduction.
curve. Typical examples of experimentaV curves are de- One could design a CE to the kinetic specifications re-
picted and the shown behavior analyzedSection 6.4of quired for optimum performance from the point of view of
this discussion. In the subsequent analysis of the experi-tri-iodide reduction overpotential when assuming the possi-
mental results the following notions are necessary in order bility of ‘colloidal’ or porous film fabrication. For example,
to evaluate solar cell performance: the short circuit current an electrode comprised of colloidal particles with diameter
(Iso), defined as the cell current under illumination at zero d = 25nm and ‘sintered’ into a film of porosity.e= 0.5
cell voltage bias, and the open circuit voltagéd refer- and thicknes& = 10um, would have a specific surface of
ring to the voltage bias value that corresponds to zero over-A = 6 (1—e¢e)/d = 1.2 x 10° m~1 (randomly packed sphere
all cell current. The power output of the cell is maximized model) and therefore an effective exchange current density
(Wmax) at the peak power point of thie-V characteristic, io.eff = 120mA/cnt, given an ‘intrinsic’ exchange current
and Wimax and the fill-factor (ff) are mutually defined as a of i = 0.1 mA/cn? for the smooth material. In other words,
function of the short circuit currentg) and the open circuit ~ the charge-transfer resistanRg = 1/(2 f i) = 128 cn?
voltage W/oc) via the expressionVmax = fflscVoc. The over- reduces toRterf = /(2 f igeff) = 0.107, merely by the
all energy conversion efficiency of the solar cell can also surface effect. At this point one should address the funda-
be defined ageff = 100Wnax/W (%), whereW the incident mental question whether increasing the kinetic performance
irradiation intensity in mW/crh of the CE in such a manner would result in mass-transfer
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Fig. 6. Model prediction of cell current density vs. total CE overpotential for three different selections of cell configuration and under thendorgesp
layer parameter conditions shown. The photoelectrode model calculation assumes a colloid diameter of 25nm and a dye diameter of 1.2 nm, defining
sensitizer concentration of 193 mM. The extinction coefficienb, of the dye at. = 540nm is 12.5mMtcm1.

limitations, and how they would manifest in terms of cell should at some point become limiting. Typical results from

performance. the model, in form of concentration profiles, can be seen in
Fig. 7, when converging at a CE overpotentialof 50 mV
6.3. Numerical mass-transfer model results under the conditions and parameters specifielidgn 6.

The current density in the CE region, seeifrig. 8 varies

The numerical solution of the system of equations with greatly as mass-transfer co_ntrols differently the kinetic
boundary conditiong32], was performed by a program Component of Fhe 9yerpote_nhal_ from one end to th.e other.
on the application software MATHEMATIC®, based on AN apparently |nef_f|C|ent utlllzanoq of the CE material can
LSODE that is characterized by the automatic switching be observed in this case. A relatively small percentage of
between a non-stiff Adams method and a stiff Gear method the CE mass is contributing to the total current flowing
[38]. The influence of substituting the planar CE for the through the cell. However, it appears that the supply of
porous one is illustrated with the aid Bfg. 6, depicting the tri-iodide from the excess electrplyt.e_ contalneq within Fhe
comparison of calculated data from the numerical solutions Pores of the whole CE play a significant role in reducing
of the system of differential equations produced for the par- the mass-transfer overpotential build-up. o
ticular set of conditions and parameter values shown. The Given that the sum of the mass-transfer and kinetic
decrease in the overpotential required to operate @m0 overpotentials must assume a constant yalue under the
porous CE, is noteworthy. In fact, efficient solar cells can- Steady-state, the former should be higher in value toward

not operate above 10 mA/@mith a planar CE, whereas a the right side of the CE than the left, where the local
typical porous CEs is still operating comfortably at double

that current. The effect of adding an intermediate separator  ggo J4=~""""""~ = ===l ] L, g

of 10pm as insulator or scattering layer to the previously e ==ral

described configuration appears to have an important effect  sq0 - el

in reducing the limiting current for the same conditions of t 100 §
operation. The maximum current density attainable is that _ 400 80
for which, the reduction ofs~ occurs as fast as it can be - 50 o
supplied by diffusion to the cathode plane. Its concentration = 300 - -
in the vicinity of the cathode is then zero for the limiting a2
current density. Close to the limiting current, the CE can 200 - 20
generate considerably high mass-transfer overpotential val- 0
ues. Total depletion of tri-iodide is virtually impossible in 0 5 10 15 20 25 30

the porous CE case, as local current density adjusts to con- distance  um

centrations within the Po_rous CE,ina self—regulatlng man- Fig. 7. Concentration profiles in the multilayer cell configuration generated
ner. For the planar CE it is assumed that a large excess of | for the parameters shown iRig. 6 The current flowing through the
is present and that the diffusion af 1 towards the cathode  system is 14.9mA/cfat a CE overpotential of 50 mV.
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Fig. 8. The local current density in the CE layer under the operation
conditions depicted irfrig. 7.

current produced severely diminishes together with the
charge-transfer (kinetic) overpotentidlig. 9 exemplifies

this fact along with depicting the electrolyte redox potential
shift throughout the other domains of the cell due to the
variations in the electrochemical couple concentrations in
the other layers of the cell as well. At the far end of the
photoelectrode a positive shift in potential of 50 mV is reg-
istered, producing more undesirable ‘dark current’ (reaction
VII) corresponding to this potential increase, a situation that
would not influence the performance characteristic curve

close to the short circuit but the current as we approach the

|-V maximum power point.

The above described situation is a result of the exces-

sive accumulation of tri-iodide and the even stronger de-
pletion of iodide in the vicinity of the photoelectrode, with
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Fig. 10. Concentrations of iodide and tri-iodide at the far right side of the

photoelectrode as a function of current density passing through the cell,
for the three different cell configurations. All parameters and conditions

are the same as ifig. 6.

a similar trend has been analyzed in the simpler case of a
planar CE-photoelectrode configuration with either the two
separated by a layer of bulk electroly82] or with the elec-
trodes unseparated but having the bulk layer added on the
side of the CE.

lodide depletion on the photoelectrode side of the cell
results in a decrease in injection efficiency through the

a porous three-dimensional CE or/and the presence of thedecrease of the sensitizer regeneration rate, given the

spacer layer. This behavior is quantified in the model re-
sults of Fig. 1Q taking the concentrations of both redox

dependence of the kinetics of this reaction on the iodide con-
centration. In practical devices, the toncentration used, is

species at the outer right edge of the photoelectrode as &Ways much larger than thg'1 concentration. However, for

function of current delivered by the cell, for the three dif-
ferent cell configurations examined. It should be noted that

0 = mass transfer
— kinetic
>
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g electrode
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o
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Fig. 9. The concentration overpotential throughout the whole cell and
in the CE region; the charge transfer overpotential (thin line) under the
conditions set irFig. 9.

the sake of completeness, we must state here that ifthe |
concentration selected was small enough, then mass trans-
port of I~ towards the right might become limiting, inasmuch
as, at steady state, there would not be enougtolensure
the reduction of the oxidized dye occurs on the right hand
side of the cell in order to prevent the recombination reaction
from taking place to a significant extent, and allow for a suc-
cessful injection due to efficient sensitizer regeneration. This
iodide threshold has been experimentally determined and
for the solvent viscosities pertinent to our conditions here,
is around 0.5M[39,42] It can be seen that the multilayer
cell configurations are prone to photoelectrode injection
limitations as efficiency is negatively influenced by iodide
depletion at the photoelectrode. On the contrary, CE oper-
ation is at the same time facilitated by much less tri-iodide
depletion and by the positive influence on the local exchange
current density of both redox concentrations maintained at
a reasonably high and stable level. This results in the CE
operating at a much lower overpotential for the same cell
current.

The above results have considered the diffusion coef-
ficients unchanged in the different layers of the cell. The
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decrease of their value in poorly structured materials (large F S, --—‘-..?_\:t R, e
two-dimensional particles and porous layer structures with SEEEE= = e ~a e ‘

high tortuosity) creates greater extremes in the concentra-g. g Tt
tions, with understandable consequences, as can be seen = :
the following section.

Another aspect of detriment to the injection efficiency of
the solar cell incorporating a porous layer CE is the photon FEss
absorption loss due to tri-iodide in the spectral region be- o>
low 500 nm. The optical density of tri-iodide, witthg, = '
19.4mM1cm 1 at 380 nm £3g0 = 9.2 mM1cm1 for the
dye[19]), at the concentrations for the porous layer exam-
ples evaluated above is high enough to absorb up to 30% of
the radiation intensity at 380 nm, and the above figure will
increase with the initial tri-iodide concentration, photoelec-
trode porosity and layer thicknesses, and with decreasingk: &=
diffusion coefficients. y o

6.4. Supporting experimental evidence

A monolithic solar cell design has been developed by Kay 2
and Gratze[40], comprising a full carbon CE of 50—{0m,
and a 10-2@um light diffusing/reflecting layer comprised  Fig. 11. SEM cross-section (fracture) of the multilayer photoelectrochem-
of 300 nm colloidal rutile TiQ particles mixed with 10% ical solgr cell described. 'Distinguishaple are the principle three layers of
710, 20 nm particles as binder and insulator. The porosities the deV|_ce: (a_) an_atage Ti®anocrystalline film photoelectrode,10.m,

2 p . P >~ (b) the light diffusing insulator layer, 10—20m and (c) the 6@um porous

of these layers were estimated at around 50%. The CE mixX-carhon CE comprised primarily of flat graphite particles.
ture of 20% soot and 80% graphite has very good lateral
conductivity matching that of CTO glass (sheet resistance
5-102) for the above thickness and significantly improved with the choice of the very low viscosity solvent acetoni-
catalytic activity towards tri-iodide reduction (s&able 2. trile, the iodide profile dips into low concentrations within
Acetonitrile based electrolytes were used for this type of the photoelectrode region, conditions decreasing photoelec-
cell, expecting the charge-transfer resistance of the CE to betron injection efficiency as the electrode is iodide starved.
so low that reduction kinetics would influence to a negligi- Conversely, tri-iodide accumulation is occurring to a con-
ble extent the solar conversion characteristics of the cell atsiderable extent, creating losses related to dark current and
maximum irradiation (1 sun AML.5). It was observed that spectral photon absorption. One can see from the tri-iodide
this cell configuration began to manifest severe performanceprofile that it is still far from depleted within the CE region
losses from illumination power levels of 0.5 sun and higher, and particularly near the spacer, hence forcing the necessary
due to lower photocurrent values even when using a low
viscosity acetonitrile electrolyte.

From the materials point of view, the graphite powder par- 600 | 160
ticles comprising the CE have larger than desirable the two -
of its dimensions (approximately 10m), unlike a more fa- .
vorable case with, e.g. carbon nanotubes where only one ofg 120 o
the dimensions is of the micrometer scplé], allowing the 400 - ~100 E
description plate-like crystals or flakes instead of colloidal — -s0 —
particles, that tend to be aligned flat in the lateral plane as = leo =
shown inFig. 11 This structure improves lateral conductiv- 1
ity but results in an important depression in the ionic dif- e
fusivity in the normal direction within the CE domain. The 200 4 =2

effect was calculated with the model by assuming a redox T I T T T

species diffusivity in the counterelctrode domain of half of ¢ £ 4 ';'On il o8

that in the others, which is for acetonitrile>4¢ 10~ and sanee - wm

8 x 1076 sz/S, respectively, in a cell with a §0m CE, a Fig. 12. The calculated concentration profiles for an actual multi-
20wm separator and a 10m photoelectrode. It is apparent layer cell construction comprising a @®n porous graphite layer, a

. . . . 20pum rutile TiC, scattering layer, and a 1dn photoelectrode, and
from the model simulation of an approximation to the above ;. hy1-nropyl-imidazolium iodide 0.5M and 40mM tri-iodide, at op-

described conditionsHg. 12, that the limitation is not as  erating current 18 mA/cfrand CE overpotential 18.3mV; all other pa-
much tri-iodide as iodide induced. It is observed that even rameters identical tig. 7.
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560 T T T T 955 sified when theDgp in the spacer layer is decreased due to
E o the large size of the particles or of formed aggregates, stem-
E Js0 ming from the very nature of the medium as an efficient
e ] [1,] =40 mM diffuse reflector.
d Hap (1] =500 mM It is easier to understand the effect of the multilayer cell
mg_ glizg’z C“”';/S design by comparison to the planar CE cell configuration
= F dip & T catfs without spacer, at the same cell current density and tri-iodide
& c ] f reduction effective activity, i.e. CE exchange current, as
o 5005_ -:3= 'f shown inFig. 13 It is observed that within the photoelec-
- F 1 { =10 m trode film the redox concentration modulate around the ini-
: ] Epe=03 tial electrolyte levels, hence avoiding extremely high or low
480 F 71 values, maintaining dark current to a minimum and keeping
%= 540 nm the iodide within ‘safe’ range, for the photoelectrode dye
E 1% regeneration function.
460, ¥ Last, an interesting design could use a low cost (compared
L i T to CTO) and very low porosity conducting (graphite) sheet
distance pm (~50-100um), with an inner interfacial layer of catalyst;

this combines conductivity with facile CE kinetics as well as
Fig. 13. The calculated concentration profiles for a planar CE_ con'_struction, tri-iodide mass-transfer compensation at steady state, that is
at' operating current 18.3 mA/&mnq gll other parameters identical to d d . larizati hat h b .
Fig. 12 The total CE overpotential is in this cell 144 mV (12mV due to to say, rg uced concentration polarization that has a bearing
mass-transfer). on the fill-factor.

A clear effect of the cell configuration on the short cir-

cuit current is demonstrated in the following comparisons,
concentration gradient to be built up from increased levels the experimental instrumentation and procedures have been
on the photoelectrode side. A similar semi-empirical inter- described elsewherf20]. Using the solvent glutarodini-
pretation could be adopted to rationalize the form of the io- trile (5.8 mPas) and the salt dimethyl-propyl-imidazolium
dide profile, since the iodide concentration near the spacer isiodide at 0.5M and 50 mM tri-iodide, a planar electrode
not 'permitted’ to reach higher values, the profile is forced cell delivered reproducibly over many trials a current
to plunge into lower values in order to establish the required 11-12.5 mA/crd and had a 0.65 fill-factor at 1 sun. The
iodide flux. The implications of this configuration are inten- same photoelectrode coupled with the carbon porous CE

13
12

11 — -------.----.---.---.-‘.
"u

Planar CE

)

107 ' W\ ff = 0.65
1/10  sun . . - T
current x10 _» =98

2

Current {mascm

1sun, AM1.5 (100mW/cm?)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
cell voltage (V)

Fig. 14. The experimental current-voltage characteristic performance curves for the three layer photoelectrochemical solar cell disjgayédand

for the standard single layer-planar CE cell, incorporating identical photoelectrodes and subjected to the same experimental illuminatig¢ANf.5)sun

and 1/10 sun conditions, as well as utilizing the same electrolyte. The electrolyte contained 0.5M dimethyl-propyl-imidazolium iodide (DMPImI) an
50mM tri-iodide in the solvent glutarodinitrile.
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delivered 6.1 mA/cry, the fill-factor being the same (ff  crease in dark current (reducing the fill-factor) and photon
= 0.66) under identical conditions (sé€ég. 14, resulting  absorption up te-500 nm (reducing current output), and (iii)

in a peak power efficiency reduction to half that of the pla- & mesoporous CE decreases considerably the kinetic over-
nar CE cell. Moreover, at 0.1 sun illumination both solvents potential as well as decreases the mass-transport overpoten-
gave the correctly expected linear to the light intensity tial generated during solar cell operation, which can result
responsd19,20] The fact that thd—V characteristics in  in an effective extention of the useful current range when
all cases exhibit the extended flat-constant-value region atcompared to a planar CE with the same effective exchange
the Isc eliminates tri-iodide limitation as the cause (see also current and at a given initial tri-iodide concentration in the
Fig. 6) of the non-linearity ofisc with respect to irradition  electrolyte.

intensity. Indeed, tri-iodide limitation at the CE manifests  In extracting benefit from alternative CE design it appears
as an increase in the mass-transfer overpotential and therecritical to be able to strike a healthy compromise betwigen
fore a decrease in the fill-factor as a result of increased porosity, CE layer and spacer dimensions, depending on the
slope and curvature in thé,. region[20,32] Clearly, it is PEC application power range and the properties of a given
the influence of local iodide concentration in the vicinity €lectrolyte. Possibilities certainly exist in low to medium
in the photoelectrode domain that is limiting overall cell power applications through attention to design details dic-
performance, as iodide is severly depleted, indicated by thetated from integrated cell models. Strategy towards achiev-
model, and most dramatically at light incidence side of the ing certain performance characteristics in multilayered
photoelectrode where the largest portion of the photon flux PECs can be layed out and summarized with respect to: (a)
is absorbed and therefore sensitizer regeneration efficiencystructural improvement of porous CEs, i.e. decrease porosity
has the greatest effect on the overall current/efficiency of With concomitant increase in specific surface area; decrease
the cell. These experiments demonstrate that the electronin reflecting/scattering spacer layer thickness and porosity
injection efficiency of the cell depends on electrolyte vis- increase; fabrication of CEs from particles of colloidal di-
cosity at elevated light intensity (1 sun). This conclusion is Mensions in order to attain higher diffusion coefficient val-
also substantiated by the fact that experimental fill-factors ues, (b) CE material properties improvement, i.e. increase
on thel-V characteristic curves are not reduced as a conse-io (by low amounts of catalyst deposition, e.g. catalytic Pt
guence of changes in the CE configuration. It is noteworthy cluster); to increase conductivity with ultimate aim a thinner
that changing the solvent to AcN brought the current to CE; choice of materials that would have the ability to sinter
above 11 mA/criin the planar as well as for the porous CE 0r bond thus delivering mechanical strength and conduc-
cell, when keeping unchanged the redox concentrations andivity combined with a mesoporous structure of high pore
species in the electrolyte. In this very low viscosity solvent connectivity.

(0.35 mPas)|sc are approximately linear to the irradiation

intensity in the range examined, i.e. 1 sun (100mW)cm 7.1. Partlll. The mediator electrolyte junction

illumination.
7.1.1. Performance of organic solvent/molten salt

electrolyte systems
7. Conclusions Several organic electrolytes and their combination with
room temperature molten salts systems have been used to

For the study toward an alternative CE design and a com- scrutinize the performance characteristics, the stability and
plete multilayer solar cell system, we have developed a the mass-transfer effects in a photoelectrochemical regen-
mass-transfer simulation model that takes into account in erative device, as the latter is influenced and can even be
more detail the geometric and structural properties of the limited by the local concentration and mass-transport of
multilayer solar cell configuration comprising a porous CE the electroactive redox mediator species in the electrolyte
and a porous spacer layer. phase. These molten salts appear to afford particular ad-

The above analysis allows the concentration of the redox vantages over organic liquids as solvents for solar cell
active species to be determined under steady state irradiaelectrolytes. Cell performance showed outstanding stabil-
tion as a function of current density and location as well as ity, with an estimated sensitizer turn-over in excess of 50
determines the overpotential loss on the CE under operatingmillion. Hence, an investigation was carried out on the
conditions. The problem of transport and losses due to thephysical-electrochemical properties of MHImI and its mix-
variations in the redox concentrations within the different tures with organic solvents such snethyl-oxazolidinone,
compartments of the cell permits the following conclusions acetonitrile and with other lower viscosity molten salts such
to be drawn with respect to the main behavioral aspects of as methyl-butyl-imidazolium triflate. The repercussions of
the system: (i) pronounced depletion of iodide in the pho- these properties on solar cells is described experimentally
toelectrode region is caused in the situation where the totalby the performance of practical application devices. Simu-
length of the cell is increased resulting in reduced injection lation models of the mass-transport in the nanocrystalline
efficiency of the device, (ii) tri-iodide ‘accumulation’ in the  solar cell help illustrate operational aspects such as con-
photoelectrode region occurs resulting in an undesirable in- centration profiles, the limiting currents, the anticipated
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mass-transfer overpotential as a function of current density, by now apparent, during the mediator regenerative cycle,
and to make projections into how the properties of molten the total voltage consumed in order to maintain the CE
salt electrolytes can be better exploited toward this practical function is the sum of the kinetic and the concentration
end. polarization overpotentials, the latter being dependent on
At this present stage of cell development, an electrolyte the mass-transport of iodide/tri-iodide within the cell. The
based on salts dissolved in organic solvents is most com-deviations in the local concentrations of iodide and iodine
monly used. Such an electrolyte presents certain drawbacksfrom their initial open circuit values develop this additional
(a) The volatility of the solvent implies that the construc- potential loss. In the nanocrystalline photoelectrochemical
tion of the cell must be absolutely tight. (b) The solubil- cell, the cathodic reaction (reduction) is always confined to
ity of the salts could be overstepped when the cell works the planar surface of the CE, whereas the electro-oxidation
at lower temperature than anticipated, resulting in precip- takes place on the surface of the nanoporous semiconductor
itation. (c) Solvents are often incompatible with the glues in contact with the anode current collector of the solar cell;
used to seal the cell. In order to avoid one or all of these tri-iodide is depleted at the cathode and iodide depleted at
problems, other kinds of electrolyte should be sought. One the photoanode. The mass-transfer of iodide is of conse-
possibility is to use an ion conductive solid but in the case quence, as a lower threshold for iodide concentration must
of solid junction, the quality of the interface is critical. This be observed in order to efficiently intercept the oxidized
is one of the reasons why electrolytes based on polymersstate of the sensitizer. On the other hand, tri-iodide deple-
where developed. The ability of the polyelectrolytes, poly- tion at the CE will affect cathode performance, and can
mer or gel electrolytes to form films and the elasticity of even limit the operation of the solar cell.
the latter allow good interfaces to be obtain, at a quasi-solid Consider a thin-layer device mimicking in a simplified
state. In the case of a porous electrode, the broader catfashion the operation of the solar cell. This thin-layer cell
egory of polyelectrolytes may not be as convenient, since would be comprised of a planar anode and cathode and at
the filling of the pores requires more technical attention, steady-state the concentration overpotential at the cathode,
however there would certainly be advantages in terms of nmt. is given by the following relation when the species O
stability. Hence the reported choice of electrolytes based is limiting (see AppendiX20]):
on room temperature molten salts, which combine advan-
tages of solvent based electrolytes and that of polyelec-

trolytes. It will become apparent in the following sections
Mmte = E — Eequil=

RT (co(x=l)/6_25)

that the major challenge with such electrolytes is to not nF C% (x=1 Cl*q3
confine them to moderate power applications due to the 3
higher viscosities of these salts. The molten salts can play _ RT (A=) (ww)
the role of the solvent onlf43], or be involved in the medi- nF (op + 3y)3

ator electrochemical processes. A mixture of an electroac-

tive molten salt with an electroinactive one being less vis-

cous seems to be the right compromise. Much research ha@'héréu = Dr/Do, @ = Cr/Co, y = I/lim.c, Co, Cr
been done in our group to identify room temperature molten 'Nitial concentrations.

salts with very low viscosities and other suitable properties _1nerefore, the mass-transfer overpotential in the
[44]. thin-layer cell depends, from this first approximation, on

Molten salts are ionic liquids and as such can be utilized the limiting current value, which in turn can be optimized
in a wide range of electrochemical applications where high PY maximization of the diffusion coefficients. In following
conductivity and ionic mobility are required. Their ionic WOrk the diffusion coefficients were determined by limit-
nature renders them negligibly volatile in the liquid state. N9 current measuremené6], tri-iodide being the current
These properties as well as relatively low viscosity, the Imiting species, in the cell. At the limiting currenkm,
large electrochemical window, thermal stability, miscibil- the one-dimensional linear diffusion law produces a linear
ity with solvents or other salts and hydrophobicity are a concentration proﬂle fortr|-|0_d|q_e under steady-state across
few of the desirable qualities found in certain molten salts te layers, which has the limiting value of zero on the
synthesized in our group and reported by othid 45], cathode aqd Q(*j_on the anode. This allows the derivation
making them attractive for use as electrolytes and sol- Of the relationship betweeiim and Do:
vents in the dye-sensitized nanocrystalline solar cell. The
methyl-hexyl-imidazolium iodide_(M_HImI) has been found, lim = 20FC5Do/8, Do = Iiimd/2nFC,
thus far, to be the least viscous iodide molten at room tem-
perature, not sensitive to water and stable under the opera-
tional conditions of the dye-sensitized nanocrystalline;TiO  wheren = 2 considering the two electron reaction scheme.
photoelectrochemical cell utilizing the iodide/tri-iodide Thus, improved understanding of the mass-transfer behavior
couple as redox mediator, and will thus constitute the ba- of iodide/tri-iodide in the generally more viscous molten salt
sis for the analysis in the following sections. As would be electrolytes was one of the principle aims of this work.
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8. Experimental
8.1. Chemicals and purification

The fundamental structure of these salts was according to
the following formula:

RS
H N/
JOS
N
H \
Rl

where A” is the anion, e.g.1, Br—, CI~, triflate (oTf"),
N(CRSO)2~ (TfaN7), and R, Rs alkyl substitutions €

= 1-7), and R alkyl or H. The synthesis of all molten salts
employed herein has been described elsewfte

8.2. Instrumentation and techniques

The techniques were employed on symmetric thin-layer
cells. The experimental set-up consisted of two pla-
tinized conducting glass electrodes held at constant
separation by a mylar sheet between them. This two elec-
trode arrangement was gradually polarized at a rate of
100mV/s, until a current plateau was reached. Conse-
quently, one electrode was exposed to anodic and the
other to cathodic conditions. The limiting current result-
ing from the reduction of tri-iodide at the cathode could
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ethyl-methyl-imidazolium bis-triflylimide (MEIMTf,N™)
or triflate (MEInT*TfO~) and 5 mM iodine.

9. Discussion
9.1. Viscosities and conductivities of electrolytes

For unassociated liquid electrolytes, the empirical equa-
tion giving the temperature dependence of the dynamic vis-
cosity is also applicable in ionic liquid systerfisl]:

n= A gg/RT
wheree is the energy of activation for viscous flow.

Unless near the melting point where ions may associate
into aggregates, the plot log versus (1) can be rea-
sonably fitted to a straight line in the narrow temperature
window depicted irFig. 15 although the behavior appears
essentially non-Arrhenius, for the sake of obtaining an es-
timation of the activation energies. The experimental value
for the activation energy for viscous flow is 6.1 kcal/mol
for pure MHImI and follows a decreasing trend with
MBulmoTf content in their mixtures, reaching 1.5 for the
pure MBulmoTf. The experimental value for the activation
energye, for e.g. the least viscous MEIm-bis-triflylamide
is 0.17 kcal/mol. The empirical formula giving the viscos-
ity of a mixture n = n1™* %2 ... 5", wheren;, xi the
viscosity and mole fraction of constituent respectively

be thus measured. The above described technique Wag49] appears to be generally applicable in the case of bi-

applied using electrolytes containing 40 miy dissolved

in prepared mixtures of 1-hexyl-3-methyl-imidazolium
iodide (MHImI), 1-butyl-3-methyl-imidazolium triflate
(MBulmoTf) and NMO. The cell separation of 230.3 um

and surface area of ca. 0.1€mAll dynamic vis-
cosity measurements were carried out on the Haake
microviscosimeter-VT500 viscositester, thermally con-
trolled by a Haake D8 thermostat—cryostat. Conductivity
measurements were performed in a two platinum electrode
conductivity cell (cell constarice = 0.68, determined by
aqueous KCI standard solution), under thermostated bath

conditions. The ac impedance technique was employed and

impedance measurements taken above 1k#Z, with
estimated error less than 5%.

A thermally platinized cto glass was used as CE. The
electrolyte was composed of 7mM iodine in the MHImI
molten salt, which synthesis has already been repd4i¢id
The cell was assembled by holding together the working

and the counter-electrodes and adding an electrolyte drop

between these two plates.

Quasi-transparent solar cells were realized for low-power
application, following the general process previously de-
scribed for the fabrication of dye-sensitized, nanocrys-
talline solar cells[48,19] The photoanode was made
on ITO-coated glass yielding a 300 nm-thick nanoporous
layer. The redox mediator solution was constituted of
10% hexyl-methyl-imidazolium iodide (MHImI~), 90%

nary mixtures of molten salts and solvents. The accuracy of
the formula is significantly improved by the way the mole
fractions are calculated; whether the molten salts are taken
as ionically dissociated or as molecules, as depicted in the
example ofFig. 16 The prediction of the viscosity of multi
component electrolytes is significant to the engineering
of appropriate solvent systems for a particular solar cell

C,  MHImI
1000 4/ MHIml w/o
& 8]
& §] MBuim CRSO, £ 75/25
o < M
£ 4 .
& - 50/50
ERY
G A 2575
2 g
;31005—: > MBulmoTf
6 Y "
E 4] g _-n Cal
g | MEImoTf
> -
a 2| X-
%
10
 aaes
28 3.0 3.2 3.4 3.6
3 =1
X100 1T (K )

Fig. 15. Plot of dynamic viscosityyj of some ambient temperature molten
salts as function of reciprocal absolute temperaturd@)(ahd linear fit

for MHImI data. Curves connecting experimental points are a guide to
the eye.
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ature, the trend of which appears to depend on the system
Fig. 16. Variation of molten salt MHImI mixture viscosity with weight  studied. In particular the pure neat molten salts decline with
percent content of co-solvent acetonitrile. increasing temperature, whereas a system having a high
content of NMO follows a strong increasing trerkdd. 18).
application, inasmuch as it can determine the operational The conductivity of the 1:1-valent liquid salt can, to a
mass-transfer limits of the electrolyte mediator. More exact reasonable approximation, be related to its viscosify (
correlations will be given in a following section. The mea- molecular weight (MW), densityd) and to the radii of their
sured conductivities of the much less viscous MEImoTf, as ions {5 andrc).
well as MBulmoTf and its mixtures with MHImI are shown o =F) Cuj= F(Chua+ Cguc), WhereCy, C¢, U, Uc
in Fig. 17. It is worth noting that the specific conductivity —are the anion and cation concentrations and mobilities in the
dependence on temperature plots do not display Arrheniusmelt. It follows thatC} = C¢ = yC, where C= d/MW and 0
behavior. Although it has been reported that MEImoTf does <Y < 1 the dissociation fraction. Therefore = yFC (ua+
follow the Vogel-Tammann—Fulcher (VTF) type of equation uc), the more accurate modified form of the Stokes—Einstein
[45], far-reaching conclusions were not warranted at this relation [S0] correlates ionic transport to viscosity of the
point of the study. The product of specific conductivity and medium even in molten sal{S1]:
viscosity is seen to measurably shift with varying temper- RT RT

Da= — | De=——
2 67N sLaran ¢ 6N alcren

where ¢, ¢ are the anion, cation microviscosity factors.
Combination withD; = uy RT/IF, Dc = uc. RT/F, derives
the relation between specific conductivity and anion, cation
hydrodynamic radii.

N
o
N
|
>

MEImoTf

(S/cm)
AN
o

]

MBUImoTl| oy = yF2d/(6xNAMW)[(Cara) L + (Zore) D]

>
3 .
S 107 . A 575 which in principle is not a function of temperature. This
310 < iny _ pera
§ AN 50150 equation includes the ‘correction’ factgrtaking into ac-
MHImI w/o 3 . count the specific interactions between the mobile ions in
® MBulm CF;3S0; the melt.

[N
o
|

The downward trend in the conductivity for the pure
molten salts means that it is not catching up with viscosity

28 3.0 32 34 3.6 3.8 4.0 drop of the pure molten salt. Neat molten salts are known
. . to have positive thermal expansion coefficiefats], and the
x10 UT (K ) experimental trend with temperature is readily explicable in

Fig. 17. Plot of specific conductivitys) of some ambient temperature  terms of the Qradual decrease in density, as requ'r_Ed by the
molten salts as function of reciprocal absolute temperatuf®.(Qurves formula, that is to say the slope reflects the change in molec-
connecting experimental points are a guide to the eye. ular volumeVy, = MW/d with temperature. The opposite
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trend observed in the NMO containing system can be ex- above experimental conditions because of much higher io-
plained by the dominant in this case role of the organic sol- dide concentration and presence of non-electroactive cation
vent in solvating the ion-paired portion of the molten salt, as supporting electrolyte. For instance, in the case when
where the increase in the conductivity with temperature is molten salt is around 10%, the sum of iodide and the spec-
higher than the lowering of its viscosity would dictate it to  tator ion concentration results in a close to 1% influence on

be. In the above case thg-temperature dependence should  the tri-iodide limiting current, and hence the diffusion coef-
be a thermal competition between dengityr molecular ficient determinatiof32].

volume Viy and the microviscositiesa, ¢c, since¢ = 0.16 Two MHImI containing systems were investigated,
+ 0.4ri/r., wherery is the effective radius of the solvent  he one diluted with NMO, the other by the molten salt
molecule obtained from the molar volume andhe ion ra- MBuImoTf as co-solvent, and comparison was made be-

dius under consideratiom. being temperature-dependent yyeen them in terms of the mutual variation of viscosity and
[50]. Another conclusion can be drawn frpm the compar- i jodide diffusion coefficient, namely the Einstein—Stokes
son ofoy for neat MHImI (4.7 M) an(_j a_d'“_“e (0.5M) in ratio Dn/T, or more commonly known at constant temper-
NMO. As follows from the above derivation: ature as Walden produd@n. All the above experimental
on =y C F2/(6r N)[(cara) > + (Lere) D] ~ v values are concisely plotted as collective graphBim 19

As a general rule, the product of viscosity and diffusion
C constant can be justified for the same ions, and from which,
by substitution of the measured n as well as the nominal
melt concentrationC, it appears that the dissociation frac- o

cosolvent NMO

tion of the MHImI does not change significantly, at least not = S;Z;_,,,;,‘i’;"' . e
2 ¥ Einstein-Stokes ratio = -9
more than 10%. ] Eé 5x10
=2 % _] 4
9.2. Diffusion of iodine/tri-iodide in electrolyte systems "E bl B ‘g a
P 2 5
Limiting current experiments were conducted on the 2  °] T =
molten salt systems which contained a calculated amount of = a f 4 ? ok
iodine. That the iodine is complexed to quantitatively form & 2 - E. =
tri-iodide in the excess of 1 was verified by spectropho- § ] e = 2 xj
tometric characterization of given concentration of added = . -+ _] 10 D =
iodine to MHImI, as evidenced by the tri-iodide absorp- & o Fe L 1
tion peaks at 292 and 363 nfB2]. The composition of the - 0 [
tested electrolytes ensures that tri-iodide is the current lim- "—ﬁ.‘.”!‘."f",'. I—
iting species under the experimental conditions employed. 20 40 60 80 100
Firstly because sufficient excess of lis provided, i.e. (@) w/o MHImI
greater by 10 times the respective tri-iodide concentration, cosolvent  MBuImCF; SO
and secondly, of the fact thd- /D),- = 1— 1.3 from the o e
reported literature in DMSO, DMF and Ac[$3,54] adds B viscosity ' 1000 .
in order to satisfy the conditiofoDo < 1/3 CrDRr [34], ~ “] | ™ BheteinSokne; rei 5x10
thus assuring a limitation by tri-iodide. The electrode sepa- N& . o
ration and therefore the thin-layer thicknéds 23um, and E 10 ‘g "
is equivalent to the Nernst diffusion layer of semi-infinite . 3 g
diffusion. It is well within the regions < 200wm, where & 4 100 i |
lim x & = constant[34], that is to say that the limiting c &l & 3 o
current is linearly related to the electrode separation and E ] MHIm| 15w/o 4 § 3
therefore convection is negligible. = 21 MBLImCFSQu45wlo y¢ = o,
= NMO  40w/o [ft ra
The high conductivity and ionic strength of the molten salt = 5 - ¢
electrolyte minimizes the influence of the electric field, i.e. £ 4457 0 3
the migration of the electroactive and both charged iodide & E . in, 1
species. This appears particularly important for the case of 81 "% 7 MHIm 0.5M, NMO o
tri-iodide, where the migration tends in the opposite of the 4 2
desired diffusional flux toward the CIB2]. Tri-iodide mi- PLEEEAEER SRR AN ]
gration under the electric field between the electrodes is in (b) a0 ‘:30 MH?r?” AR

the direction from cathode to anode and therefore opposes

the diffusion process. It thus follows that iodide migration Fig. 19. Plot of tri-iodide diffusion coefficient, electrolyte dynamic vis-
) cosity and Einstein—Stokes ratio as a function of MHImI weight content

adds to its diffusion in the cell. However, negligible ion "’ mixtures with (a) NMO at 23C and (b) MBuImOTF at 25C, as
migration of electroactive tri-iodide is expected under the co-solvents.
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coefficient (Walden product) is approximately constant for Table 3
a given solute in various solvents, at the same temperatureC0mparison of the Einstein—Stokes ratio deviation in the MBulmoTf and
[52]. In other terms, the product of viscosity and molar MO diluted MHImI

conductivity is approximately constant for the same ions in MHImI w/o Ratio of Dn/T(MBuImoTf/NMO)
different solventd55]. If the effective ion radius does not 100 1

change in solutions with various viscosities and if associa- 75 1.92

tion does not occur, Walden'’s rule is valid, il = constant 50 2.20

or An = constant, wheret is the equivalent conductivity. A 2.50

varying rate of diffusion yields an excellent characteristic of

individual states of aggregation among the component ions 1800, due to the dominance of the tri-iodide anion on the
and the co-solvent molecules, ion pairing etc. However, the gircture of the melf56]. In order to compare the relative

expectation with regard to Walden’s rule that for very con- inflyence of the two co-solvents on the mass-transport of
centrated electrolytes ionic mobility would be additionally i jodide, the ratio of the Einstein—Stokes ratios for the two

hindered as ion-pairing becomes influential, is opposite 10 gysiems at different iodide contents was formed and tabu-
the one indicated by the experimentsHig. 19 where an lated inTable 3

increase in Walden product is observed with increasing io-  1pe divergence in th®y/T values between the two sys-
dide content of the binary system. The anticipated diffusion ;g mg appears to indicate that NMO influences more by sol-
coefficient calculated on the basis of the Walden product in vation or/and breaks down ion-pairing and consequently the
dilute organic solution is 16.5 times lower than the exper- chemical exchange between iodide/tri-iodide species to a
imental value for tri-iodide diffusion in pure MHIMI, and  greater extent than the purely ionic system does. However,
this not able to be attributed to the possible increase of thejf the mole-fractions of the solvents are calculated in the
effective hydrodynamic radius of the diffusing moiety, as it mixtures using the expressions that best fit the viscosity data
is contradicted by the same phenomenon observed in theeeFig. 16), the variation of the Einstein-Stokes ratio as

melt diluted MHImI. These results exemplify the change 5 fynction of solvent (or MHImI) mole-fraction is close to
in the mechanism of mass or charge-transfer, suggesting 8ndependent of co-solvent added.

chemical (electron) exchange-Grotthus type charge carrier
transfer mechanism influencing the overall transport, with

increasing iodide concentration, which can be illustrated as
follows:

9.3. Solar cell performance characteristics of neat MHImI
and its mixture electrolytes

I3+l > 1 =l "> 1 =17 > 1" +13” The experimental solar cell characteristic curves for pure
o . . MHImI molten salt electrolyte containing 7 mM iodine in
Th's. Is contrary tq expe'cFatlon that mcrgased cqncentra- Fig. 20demonstrates how the pure melt is satisfactory and
tion induces more ion pairing, thus retarding the diffusion. perfectly suited in situations where very low currents are de-

ghe experlljmenr:al fCU(erGS sholva tiat tg—_mdld_e dIf'fL;lOﬂ livered, that is at comparatively low light intensities (1 sun
oes not obey the fundamental Stokes—Einstein equation 4,4 g0 |x). The short circuit current increases proportion-

= KT/6nry, as the Walden prOdltJ)Ct ‘?'ef"’;ed[a? IS nfotlcon- | ally to incident light intensity (linearity). Linearity persists
stant at constant temperature, but is a function of electrolyte; %< system until 100-150A/cm?2, under these condi-

composition. Grotthus mechanism of charge transport is tions (depending mainly on film porosity and temperature),

responsible for the fact thab,o™ in water is five times reaching finally its limiting value, as shown kg. 21 This
higher than expected from its dimensions, &~ much g y : ' g

higher than predicted; analogous®,so,™, DHso,” in
concentrated sulfuric acid is 50—100 times higher than for
the other ions; and proton mobility in ice at@ is 50 times
larger than in waterf50]

The Einstein—Stokes ratio in dilute (0.5 M) solutions of io-
dide salts appears to have a small dependence on the organi
solvent used, for e.g. PC, PC/EC 1:1, NMO, NMP, which
is around 29 x 10-1%gcms2K~1, whereas the reported
value in DMSO is 37x 10710, in AcN 1.88x 10~ % and in
aqueous solutions. 37 x 1019 on the same scal&3,6,4]

It must be noted that the experimental Einstein—Stokes ratio I I I I I 1
remained constant &6+ 3) x 1010, practically invariable Y L 200 200 400 500

D and#, for varying tri-iodide concentrations in the pure Potential [mV]

MHImI salt, as. ?ho_wn in solutions Conta'”'r_‘g 25, 5.0’ _100 Fig. 20. Photocurrent and dark current vs. potential with indoor light.
and 500 mM tri-iodide. However, a 4 M addition of iodine  |ncident power: 20 and 50 Ix. Electrode surface: 0.6 cEquilibrium was
produced a dramatic drop in viscosity to 125mP as from reached before measurement of each point.

2
I

—8— Photocurrent (50 Lx
8 0 Photocurrent (20 Lx
® Dark current
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Fig. 21. Short circuit photocurrent with increasing incident light intensity E — CEillumination ]
for a 10pm nanocrystalline solar cell, utilizing the MHImI electrolyte. 017 Puns s sesvnnene v vt s

0.0

Current density (mA/cm 3

is a limitation imposed on overall cell performance solely
due to the CE reduction reaction limit, as the iodide con- Fig. 22. The tri-iodide limiting currents in pure MHIml and 10 mM
centration is here extremely high, ca. 4.6 M, and would not I, and the C_E concentrati_on p_olari_zatipn as a function_ pf solar cell
be depleted. It is also obvious frofig. 21that the current g:;rre;itoiccordlng to the various illumination models describing solar cell
limit depends strongly on the amount of tri-iodide in the
electrolyte. Besides the addition of iodine, even the slight-
est decrease in electrolyte viscosity will increase the limit- insight into its functional limits in terms of mass-transport.
ing current, as by addition of very little solvent, e.g. AcN. By the simulation of the nanoporous PEC processes un-
Linearity holds up to 1/10 sun in MHImI containing 50 mM  der, e.g. monochromatic illumination, given the diffusion
iodine and 5w/o AcN. coefficients of redox species, nanoporous layer porosity,
There are nevertheless restrictions on the amount of io- colloidal particle diameter, sensitizer characteristics (ex-
dine added to solar cell electrolytes in order to complete the tinction coefficient, molecule diameter), one can visualize
regenerative mediator operation. Tri-iodide absorbs strongly the concentration profiles of both iodide and tri-iodide, esti-
in the visible light range of the solar spectrum, with extinc- mate the required iodide levels in the electrolyte for a given
tion coefficients in, e.g. propylene carbonate of 24,000 and application, and predict the mass-transfer overpotential and
44,000 at 363 and 292 nm, respectivi?], as the tails of limiting current associated with tri-iodide reduction on the
these absorption peaks extend well into the visible range. cathode, thus providing a measure of the performance limits
As a result, the increase of tri-iodide in the electrolyte will with respect to iodide and tri-iodide functions in the solar
deprive the system of photons otherwise utilized for the gen- cell, as a function of incident photon flux intensity or total
eration of conduction band electrons, contributing to the net current drawn. The implementation for the practical sys-
current output of the device. At the same time the issue of tems and certain implications of the simulation models will
dark current becomes increasingly important with elevation be discussed here, as the full derivation and comprehensive
of tri-iodide levels in the cell. The undesirable effects of the analysis is the subject matter of another publicafi®a].
dark current are the result of enhanced rate of tri-iodide re- Experiment has verified that the maximum current delivered
duction on the photoanode, which kinetics are a function of by the nanocrystalline solar cell is in agreement with the
tri-iodide concentration and become significant as the cell predictions extracted from the models derived to describe
tends toward its maximum load on the characteristic, as thethe mass-transport of the electroactive species in the solar
semiconductor Fermi level is shifted all the more negative. cell, as a function of illumination direction and light ab-
The dark current influences the open circuit voltage of the sorption mode. Although the experiment involves additional
solar cell, and in more extreme cases the fill-factor of its thermal effects and solar simulated light (variable extinction
characteristic (maximum power point). Within the context of coefficiente) the general applicability of the model is not
the above detrimental effects, one aims at tri-iodide concen-impaired, and valid conclusions can be drai8g].
tration minimization without compromising optimum per- Regarding the above low power applicatibiy. 22 for
formance on the CE. instance, shows the mass-transfer behavior of the CE within
Modelization of the inter-dependent electrochemical pro- a solar cell, depending on the mode of light absorption: sim-
cesses within the cell as an integrated system can provideulation corresponds to an ideal Beer—Lambert absorption
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law where flugps = fluxine (1 — 107¢5%) and S=6 (1 — creases to 10 mV merely as a result of variation of iodide

porosity)/(N4 deol daye?), the sensitizer concentration in the ~ concentration alone.
space of the cel[32]. The concentration polarization is a Experiment has revealed that solar cell electrolytes con-
function of current delivered and varies for different modes taining above 20 w/o MHImI in solvents such as NMO or
of light absorption. In the same manner the limiting current Glutaronitrile, display an improvement in solar cell linearity
on the CE is dependent on the mode of light absorption. and have increased fill-factors at 1 sun. Linearity is affected,
It is, of course, desirable to extend the limiting current to besides the inefficient tri-iodide transport, by the local de-
higher values in order to achieve higher photocurrents whenpletion of iodide in the vicinity of the oxidized dye, result-
the photoelectrode is not limiting, and at the same time de- ing in recombination rather than electron injection into the
crease the concentration polarization loss manifesting as thesemiconductor. Obviously a higher concentration of iodide
operational cell current increases from open circuit, in order in the electrolyte provides for efficient dye interception even
to less effect the fill-factor. at high currents, when the concentration risks to reach its
In particular, the anticipated values for the limiting cur- lowest threshold value. lodide concentration threshold ap-
rents predicted from the model with illumination from the pPears to be at about 0.3 M. That is to say that the require-
CE side have been experimenta”y proven to be correct. Al- ment for efficient electron injection into the semiconductor
though four times higher currents have been measured by CES the subsequent'Sinterception, and that therefore iodide
illumination at 1 sun, there are experiments that give some- concentration should be always >300mM in 3mPa s solu-
what less, because of the slightly impaired photoelectrode tions. PE illumination in solar cells containing around 0.4 M
efficiency, due to a higher rate of conduction band electron iodide (normally the level in low viscosity organic solvent
recombination the thicker the filnf§7], and in other cases  electrolytes) and with a slightly higher viscosity can be eas-

resulting from a red shifted light source spectrum. ily depleted of iodide, especially close to the side of light
lodide concentration has an effect on the mass-transferincidence, where redox activity is far greater.

overpotential, but naturally not on limiting current. Toexem-  Fill-factor decrease is most often the result of the dramat-

plify this, the concentration polarization at, e.g. 48/cm? ically increasing concentration polarization at the CE with

for the photoelectrode illuminated-simulation model for increasing current, especially when the tri-iodide limiting
the case of pure MHImI (ca. 4600 mM iodide) is just be- current is relatively low, i.e. low diffusion coefficient, low
low 6 mV, whereas the corresponding value in an assumedcolloidal film porosity or even low initial tri-iodide concen-
100mM in iodide and all other parameters identical, in- tration. It is conceivable that a high molten salt content, and

0.52M = 70mM
N —IL'] E
0.50 I (1] 3 uniform illumination
C - 60 = simulation
048 E
- CE illum. =
0.46 |- 4 50
044 E
042; ﬁ 40 [L ] =40 mM
o F 3 F  [T1=400mM
- C ] — D, - =2.82e-06 cm®/s
040 — — - = = 30 : )
Froeee e L y D,-=2.82e-06 cm”/s
038 E L =10um
r 3 20 porosity = 0.4
036 - 3 € =12500mol/L cm
E ] colloid diameter = 20 nm
C N dye diameter = 12 Angstrom
0.34 ~ 4 10 [dye] = 207.57 mM
C 3 A =540 nm
0.32 |~ &
B 0 [=185mA/cm’
0

distance

Fig. 23. Concentration profiles of iodide and tri-iodide in the nanocrystalline solar cell at steady state operation according to the variousseriaats d
the mode of illumination-light absorption.
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Table 4

Photovoltaic characteristics of quasi-transparent, nanocrystalline, dye-sensitized solar cells operating with molten salts as eleatediyxenaediator,
measured under 0.020 AM1 illumination, aged under AM1

lllumination MEImoTf? MEImTf,NP
time (h) @
Isc (wA/cm?) Uocd (MV) ff¢ (%) s (nA/cm?) Uoc (MV) ff¢ (%)
0 9.5 531 69 11.8 570 72
200 12.5 542 68 12.5 540 70
1000 13.0 535 68 11.3 510 69
1800 11.2 535 68 10.4 487 69
2400 9.8 527 68 9.0 491 70

a Suntest Original Hanau, AM1, with polycarbonate UV filter cutting at 400 nm. Cell temperatur€. 44
b Values given are means of three cells.

¢ Open-circuit voltage.

d Short-circuit current.

€ Fill-factor.

therefore iodide, moderates the polarization fluctuations attocurrent and unchanged voltage. The cells display good
the counter-electrode with current passed (Nernst equation),stability towards illumination, as illustrated ifable 4by
in addition to concurrently providing improved tri-iodide the evolution of their photovoltaic characteristics. For all the
transport through the alternate mechanisms of chemicalmeasured cells, an initial current rise is observed, followed
exchange-ion hopping. by a slow decrease to the initial value. The fluctuation of the
Lower viscosity co-solvent addition into MHImI, even in  photocurrent was found to be due to the temporary decrease
small amount can affect important changes in the viscosity in the tri-iodide concentration, as can be inferred by mea-
and consequently on the diffusion coefficients of the me- surement of the diffusion limiting photocurrent under full
diator. Onto this must be added the beneficial effect of the AM1 irradiation. It is likely that this change in tri-iodide
high iodide concentration with MHImI, which in itself, as concentration arises from interference of the epoxy sealant.
has been shown, improves the mass-transport properties ofAdventitious contamination of the TigJilm may occur dur-
tri-iodide. Measured diffusion coefficients of tri-iodide, fluc- ing the sealing with epoxy glue which is done prior to filling
tuate greatly with system composition: for example in ace- the cell with electrolyte. There is a risk of introducing lig-
tonitrile: >85 x 106 cm?/s, NMO: 28 x 10~6, MHImI 10 uid precured components of the epoxy into the porous TiO
w/0 + MEIM-NTf,: 3.4 x 10~/ and MHImI neat: % 108, structure. The better stability displayed by the cells contain-
However operation of a 10m solar cell at 18—20 mA/cfn ing the triflate-based molten salt is not yet fully understood,
with 40 mM tri-iodide and 0.3-0.4 porosity, requires around but the higher solubility of the epoxy glue in the hydropho-
2.8-3 x 10 %cn/s for tri-iodide, in agreement to model bic MEImTf,N stands as the most probable reason.
(Fig. 23 and experiment alike (high power application). In this particular case, over the 100 day AM1 illumina-
Acetonitrile diluted systems are promising as a relatively tion period, the short circuit current passing through the cell
small weight percent content corresponds to significantly was about 0.6 mA/cf) implying an electron generation of
larger mole fractions and commensurate reductions in vis- 537 mol/nf. Now, a cell absorption of 3% corresponds to a
cosity, with concomitant decrease in electrolyte vapour pres- maximum sensitizer quantity of 2110~ mol/m?. The sen-
sure. A projection for tri-iodide mass-transfer in a mixture of sitizer turn-over, defined as the ratio of electrons generated
25-30 w/o AcN in MHImI, corresponding to approximately to the quantity of sensitizer, is therefore estimated at around
0.65 AcN mole fraction, an Einstein—Stokes ratio of around 50 million electrons per dye molecule from these long-term
6-7x 10719gcms2K—1, and a maximum value 5-7 mPa tests. The low-power, however, non-transparent but low light
s for the viscosity, determine a tri-iodide diffusion coeffi- intensity (up to 50 Ix) sealed cells operating on pure MHImI
cient of 32 x 10~%cn?/s. This value, as indicated earlier, melt with 7mM b as electrolyte display remarkable stabil-
meets the requirements for operation at 1 sun, a fact whichity with time in the longer term after continuous exposure
has been experimentally verified. to 5000 Ix at 50C.

9.4. Low-power, quasi-transparent solar cells
10. Conclusion
The performance demanded in this case is low enough

to not have to consider mass-transfer as a limiting factor.  Several organic electrolytes and their combination with
However, stability is of greater concern in such applications. room temperature molten salts systems have been used to
After 200 days storage at 8& in the dark, the molten salt  scrutinize the performance characteristics, the stability and
mixture had not altered the epoxy sealant. The cell perfor- the mass-transfer effects in a photoelectrochemical regen-
mances stabilized after 80 days at 83% of the initial pho- erative device, as the latter is influenced and can even be
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limited by the local concentration and mass-transport of the [17] B. O'Regan, M. Graetzel, Nature 353 (1991) 737.
electroactive redox mediator species in the electrolyte phase [18] M. Graetzel, Coord. Chem. Rev. 111 (1991) 167.

These molten salt systems appear to afford particular advan-
tages over pure organic liquids as solvents for solar cell elec-

trolytes. Cell performance shows outstanding stability, with
an estimated sensitizer turn-over in excess of 50 million.

A range of physical and electrochemical properties present ) _ _
d[21] P. Bonldte, A.P. Dias, N. Papageorgiou, K. Kalyanasundaram, M.

ambient temperature molten salts as practically viable, an

[19] M.K. Nazeeruddin, A. Kay, |. Rodicio, R. Humphry-Baker, E. Muller,
P. Liska, N. Vlachopoulos, M. Grétzel, J. Am. Chem. Soc. 115
(1993) 6382.

[20] N. Papageorgiou, Y. Athanassov, M. Armand, P. Bateh H. Pet-
tersson, A. Azam, M. Gratzel, J. Electrochem. Soc. 143 (10) (1996)
3099.

Gréatzel, Inorg. Chem. 35 (1996) 1168.

therefore as attractive candidates for photoelectrochemicaliys) 5 ross Macdonald (Ed.), Impedance Spectroscopy—Emphasizing

solar energy conversion devices. The high iodide concentra-

Solid Materials and Systems, Wiley, New York, 1987, p. 20.

tions possible with iodide molten salt systems; the enhanced[23] M.T. Reetz, S.A. Quaiser, Angew. Chem. Int. Ed. Eng. 34 (20) (1995)

iodine/tri-iodide transport as a result of either different sol-

vation or the change in ion or charge transport mechanism;

the formation of lower viscosity electrolytes with molten
salts, e.g. MEIMN(CESQ,), or organic co-solvents; the
high ionic solubility and miscibility with other salts or or-
ganic solvents; the chemical and electrochemical stability;
the higher boiling point or lower volatility; the optical trans-
parency and the extremely low affinity to glues and resins

used for PEC assembly, are some of the established quali-

ties of these systems. The ionic transport of tri-iodide in the

molten iodide appears to involve a different mechanism as _ _
h [30] D.T. Sawyer, A. Sobkowiak, J.L. Roberts Jr., Electrochemistry for

compared to organic solvent-low iodide salt systems, whic
results in an at least 16-fold increase in the effective dif-
fusion coefficient of tri-iodide in the pure molten iodide

salt. Experimental solar cell performance conforms well to
the limits predicted by the photoelectrochemical cell mod-

els which reveal an extended useful application range with

molten salts as electrolytes.
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