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Summary. S ennconductor nanoparticles have been applied mainly to comstract a new type of solar cells. Solar
cells whichwrork on the basis of a solid-state punetion [ photowoltaie cells’, ae often wplaced by photoslertro-
cherncal cells. The photovoltae cells ae made of doping silicon and thetr masamal s ensibvity, corresponding
to the solar radisbon placed on the wavelensth wackes 650 mmn - wheres the plotoelectrockenteal cells are
made of dye-sensitized comples. Both conplex compounds, 12, dye and s emiconductor, are matched 1o each
ather to absoth Lizht fowmn the vishle mnze. The developrent of the photoelectrochermeal cells 15 prommoted by
inrreasing public srareness that the Earth'’s o1l wserves conld man oot dunine ths cembary, Public concern has
been alsa heightened by the disastons ervircrumertal polhition avisivg fiom all-to-frequernt cal spills amd the
frigltering climmatic consequences of the greenhouse effect cansed by {05 51l fael conbus ion
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1. INTRODUCTION

Increasing detnand for enetgy is the main reason for developing alternatiee sources of elec-
tricity suchas water, wind or Sun, which are friendly to the ernirorrment. Other reasons are increas-
ing public awareness of rmming out of fossil fuels in this century, growing ervironmental pollution
and connected with it — the green-house effect. Fortunatelsy the most efficient natural somrce of
energyis the Sun which suppliss 3 - 10 joules a year of enerzy to the Earth's swface. It iz ahout
10 000 tirnes more than the global poprlation e nily consutves. In other words, cosvering 0.1% of
the Earth’s swface with solar cells with an efficie neyof 10% wonld satisfied our present needs [5].
Unfortunately, the silicon solar cells are charac terized by small aolar energy-to-elec fricity coree -
sion efficiency Mowadays, there are used mainly seraiconductor nanoparticles, nanoc rystalline ete.
to constucta new type of energy sowee. Physical and cherdcal properties of the nanocorapourds
prorvide taro weays of using thern for industrial parposes like photocatal yeis and corre rsion of solar
energy into electricity in solar cells [13].

Solar radiation (sunlight) iz the flux of electromagne fic waves and eleme ntary particles grven
off by the Sur. The sunlight irtensity on the upper part of the Earth’s atmosphere is descrbed by
solar constant. The solar constant is the amonnt of ine ormdng solar electroraghe tic radiation per unit
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area that wonld be incident on a plave perpendicular to the rave, ata distance of one astronoraical
unit {the mean distance fror the Sun to the Earth). Value of the solar constant iz 13661 W' It
fluctuates by ahont £5.4% duting a year due to the Earth’s warying distance from the Sun. Spectral
resolution of the sarlight is similar to the perfect radiator of teraperature about 5800 B Enewgy
toaziraurm is placed at the wave length of 500 ren. Half of the solar energy corre sponds to the visihle
light, whereas the other part is conmected with ultrasdolet and nearinfrared. The solar radiation is
weake ned by the atrosphere due to absorption, reflection and scattering. Ahout 30%; of the sunlight
iz reflected by the atmosphere, 20% of it is abaorbed, whaile ordy 50%% reach the Earth’s surface.

Photocatalysis is ore of the sericonductor applications. It is defined as the acceleration of
cherical reaction by the smlizht [11, 18], This process iz use d to water splitting, orzanic rmoleculss
mineralization and catbon dioxide binding [16]. Titardun dioxide (TiD ) nanoparticles are the most
popular and promising photocatalyst There are a fow advantages of TIO,. One of them iz stability
in various sobvents. Furthermore, Ti0), is not destroved under the influence of light, is coraron,
and can induce different types of cherdcal reaction [16, 39]. The serniconductor is characterized
by a hizh photocatalytic activity if it is used in the form of nanopartcles because of a lage surface
area. For this reasor, a large arount of molecules can adsorh on the nanoparticle swface. Further
more, navocrystallites should be heavily doped to decrease a recorsbination rate of the electron
—hole (e - h") pairs [16]. Photcatalytic process starts when light of an adeguate eneigy falls on the
photocatalysts sarface. There is forreed an electron — hole pair on the TiO, surface . The electrons
react with an oxygen from the air, forming acttve oxyzen, while hydroxide radicals are forred in
reaction of the holes with stear or water. The radicals are strong enough to oxidize ~arions types
of organic pollutants e.g. exhaust firaes.

Titamiur dicxide (Ti0) is used in photocatalysis as well as in solar cells the most often
becanse of its availability and lowr price. It is included to the wide band gap serdconductors with
E =32eV Hence, formationof the ¢ - b° p&].rls canse d only by photons of energyeomresponding to
the ultrarviolet wavelengths. The charge carrviers move fo the serniconductor swrface where react with
adsotbed molecules or recombine. The charge carers recombination is unde sivable process [39].

The sunlight iz alzo used in the solar cells to corwerse solar evergyto electricity The aim of
thiz arficle is to present constuetion schewe and principle of operation of the nanoparticles solar
cells.

2. B30LAR CELLS

Solar cells correrse solar ens gy into electricity Mowadays, correntional solar cells workon
the basis of solid-state junction (p-n junction) wsing photovoltaic phenomenon. They we re irented
i the 19505 and first corome roialized in the 1960z for use in the space program. Since then, there
hiree been oheerved rapid developiment in the efficienc v and reliability of these cells, along with
substantial decrease in cost [6]. Howeser, 4 solarenergvto-ele ctricity e orsrersion e fic ene yof these
cells equals 10% and cost of thelr production is still too high to use it cormrmonly as an electricity
sorce. Hence, there is seena continmons developreent of new stbstances which are characterized
by a high corversion e fiiciencyas well as a low cost of production. It canbe include d conduc ting
polymners and swface comple xes to such cornpounds. The swface coraple x consists of a wide band
gap seroiconductor (Ti0, Su0, Zn0) in the form of nanoparticles and molecules. The molecules
are adsorhed chemdcally on the nanoparticle swface and absorh light from the wistble region or
neatr-infrared [5, 26]. Sdsorption of the molecules on the semiconductor surface with sirultane ons
decrease in the photon energy whichis adsothed by the sernicondue tor nanoparticle, 1z well krown
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as photoss nsitization. Catechol iz an exaraple of the photosensitizer which shifts & TiC), absorption
maxirorn from 370 to 420 nom.

21 FHOTOV OLTAIC PHENOIENCH

Botheorrentional and photoele ctroc hernical cells workon the basis of photovoltaie phetorm-
eno. It was discovere dbyr Edroind Becguerel in 1239, Becgue rel illuminating solufions contairng
a mietal halide salt ohserved & current be twreen two plativonm electrodes rnrmersed in the electrolyte.
This phenoraenon has been applied mainlyin the photographbor sinee siber halides have been used
as a photographic ermulsion. Initally flms were sensitive onlyto light of wavelength smaller than
460 rrn in the I centory This is now recoghized as being due to the sswiconductor natore of
the silver halides grains (LgF, AzC], &gl LaBr). Their band gap ranges from 2.7 0 32 &V, 20
theyr absorh only altraviolet. In 1883 Vogel discovered that eranlsion photosensitivity could be
extended to the longer wavelenzths by adding an adequate dye. & few years later Vogels discoversy
was applied in photoe lec troche inical cells by Ibser. He used erytheosine as a dyve on siker halide
electrodes [5].
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Fig. 1. Band gap positon of several senmeonductors formung mnction with elcholyte at pH 1
using the vamum level as a wfernce. The normal lopdrogen elechode was nsed as a wfbrence
for standard potential of several edox coaples [5]

Nowadays, there are carried out researche s on looking for new photosensitize rs whic habsorh
light from the visible region. To this group are included: dibgadrosymntheaguinones [12, 17, 25, 317,
photosyrthetic [21] and fluorescence dyes [33, 35, metal corplexes of matherdurn [2, 19] and iron
(15, 37 Purthermore, titaniura dioxide (Ti0,), mrconiurm oxide (Zn0), in dioxide (S0, nicbiur
oxide (Mb 0} and cadmiur seleride (CdSe) are the seradconductors with an adequate band gap.
Semicondnctors and dyes are ratched fo each other very carefully It is conrected with the encrzy
of serwiconductor conduction bavd and dye excited state. Both states st have sirailar energy to
allovar fast transition of electron frorn the excited state to the conduetion band. Electrolyte, charac-
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terized by a redox potential, also has to le in the serniconductor band gap (see Fig 1) It iz used
the nornal hydrogen electrode as a reference to measure the redox potential The main reason of
such proceduare is to allow electrons free fow betaeen parts of the syeterm: sericondue tor — dye -
electrolyte — external circuit.

There are included regenerative, photosyrthetic, dye-sensitized and ETA (extrerne Iy thin dh-
sorther) cells to the photoe lec troche rical cell group.

22 BEGEWERATIVE &WD FHOTOSYHTHETIC CELLS

Begenerattve cells cornerse the solar energy into electric power without net chernical chang-
es. Operation principle of this kind of solar cells iz shown in figure 2. The electon — hole pairs are
generated by incident light of enegy exceeding that of the band gap. The peirs are separated by
the electric filed present in the serniconductor — electrolyte interface. The negative charge carriers
(electrons) move throngh the bulk of the serniconductor o the cwrent collector and the extermal
cirouit. The positive holes are driven to the interface where they are svavenged by the reducing
agent (Red) in the electrolyte. They are also oxidized. The oxidized form (Ox) is reduced back to
the Redbythe electrons that re-enter the cell from the extermal cirenit [5].

gepuconductor

conmnter=slectrade
elecipoe G

Eed 1:
< )
s

L

“
; i
; .H |
. /‘I
et

Fiz. 2. Puncple of operation of mgzenerative-type solar cell

Photosymthetic cells operate on a similar prineiple except that there are ano redox systerns
(zee Fig 3). Ore of thein reacts with the holes at the sewiconductor swface, while the second rearcts
with the electrons entering to the counter-electrode. This kind of electrochernical cells iz used to
produce a chernical fuel, hydrogen, through the cleavage of water by sunlizht. The water is oxidized
to oxwgen at the serniconductor photoanods and reduced to hydrogen at the cathode [5].

There iz used the titardurn dicoxide (Ti0,) a5 a semiconductor. However, it absorbs only ul-
travinlet due to energy of its band gap (E = 3.2e¥). Thus thess cells exhubit a low value of [PCE
(an indueed-photon-to current corversion efficiency) [3].
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Fiz. 3. Panciple of operation of photosyrthetie elechrochenneal cell

23 D¥E-SEMEITIFED SOLAR CELLE

To increase cormversion efficiency of the electrocherdeal cells there have been used dye-
sericonductor complexes. The sermiconductor has a wide band gap, so absorbs light from the
ultraviolet region, where as dwe, adsorbed at the sericonductor surface, absoths vishble lizht. Serd-
conductors with band gape navvow enough for efficient absorption  of wishble light are unstable
against photocorrosion and they are not utilized to construct these cells [5]. Dye-sensiized cells
harvee one advantage in comparison with corsentional solar cells. They separate light ahsorption
from the transfer of charge cariers [7].

electrode  Tilk, chee dectrolyly conater-electrode

o
F

R -]
H.'ﬁl_'l- I-L-"l_.*--'u--'
F,a"'r‘ﬂ--...,___,.par'
I
—ahi
= —3
o —

Fiz. 4. Scleme of operaton of dyve-sers thzed solar cell

Figure 4 depicts principle of operation of the dye-sensifized solar cell. Semiconductor elec-
trode 15 sensitized by the mothendurn coraplex Ral (3TN, (L is 2,27 hiprmidid-4-4°-dicarthoxydate).
The rutherium complex is considered to be the best photoss nsitizer becanse of strong absorption
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band in the wisihle regior, long-life excited state and photochemical stability [27]. The cormplex is
adsotbed on the mesoporous surface of Ti0),. Electrolyte contains [V, redox system. The ruthenium
cornplex plave the sarme role as a chlorophydl in a green leaf. It abeoths incident light and induces
onented transfer of electrons. The TiO), layer in the cell acts as a lipid membrane in the leaf. The dwe
adsorbs on the layer which also transfers electrons to the external cirouit. This layer is mesoporons
and a large nuober of dye molecules can be adsorbed on it Hence the IPCE of this kind of solar
cells increases to 30% in cormparison with a cell of & fatlayer of TIO,, Both type s of the cells were
sensitized by the rutherdom complex [3].

Operation of dye-sensitized electrochernical cell is started by the photoe xeitation of the dye
(ruthe raurn coraplex) adsorbe d on the sereiconductor (TI0L) photoanode. The electron is transferred
fromn the metal (B to the lizand. In the next step electron is ivjected to the condue tion band from
a molec ular orbital of the dye. Photoinduced ele ctrons e theongh the sernicondue tor layer to the
conducting glass. Part of thern are driven to the cathode because the dye have to be regenerated.
The negative charge carriers are transferred fhoough the redox syster fo the dwe [27].

The dye-sensitized solar cells canbe classified into taro types, Type Tand Type 11, de pending
on the electron-injection pathway fror the dye to the conduetion band of TiC,. Principle of opera-
tion of these solar cell fypes is showr in figure 5 [33]. The first pathweay s photoexeitation of the
local band of the adsorhed dye followed by electron ivjection from the excited dye to the condue-
tionband. IPCE of these cells iz abont 11%%. These dyes are classified as Type-1 dyes. To this sronp
helong dyes with a cathoxylic unitsuch as B (IT) coraplexes [5, 20, 35], comrnarin derveatiees [@,
10, 34] and rmetal-porphyrin cormplexes [1, 14]. Another pathwayis direct electron irjec ion from
the ground state of the dwe to the TiC), conduction band. The IPCE of the Tipe II cells does not
exceed 0.7%. Type-1I dyes include enediols (arormatic corapounds having twro herdroxsd sroups) and
cornpounds with ritile groups. Catechol [22, 24, 258], doperaine [2, 24], fuoron [3] and ascorhic
acid [23, 36] are examples of such dyes.
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Fig. 5. Schemes of o elertion ingection patharays fiom adsorbed dye to o0, ind ye-sens itsed s olar cells

Drye-gensitized solar cells are characterized by the ultrafast electron injection frorm the dye to
the conduction band occwring in titne ravge of pico- and femtoseconds. Whereas the back-electron
transfer frorm the semiconductor particle to the oxidized sensitizer ocomred with a rate that was sev-
eral orders of magritude slowerthan the forerard inje cion (microseconds) [4, 8, 17]. This process is
probably connected with a stnall overlapping of dye molecular orbitals with 3d orhbitals of titanimm
which forn the conduction band [7]. There has heen ohaerved the fastest elechon injec ion process
of 3 femtoseconds ina bi-isonicotinie acid, so far [30].
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24 ETACELLS

Extremely thin ahsotber (ETL) aolar cells are conceptually close to the dye-sensitized cells.
The molecular dye is replaced by an extrervely thin (23 rea) laver of a namowband gap sericon-
ductor like CulnS . & compound, which acts as a hale conductor, is placed on top of the ahsarther,
producirg a PIN junction (ptype sericonductor — insulator — n-type serniconductor). This june-
tion enhances light harvesting due fo the swface enlargement and rnltiple seattering, which is
considered as a biz advantage. Furthe rmore, higher levels of defects and irnpnrities are tolerated in
thess cells because photo-induced charge separation ocours on a length of a few nanometers. On
the other hand, yroduction of PIN-type solar cells of such high contact ares iz diffienlt and their
corrrersion e fieienc v rermains belowr 53 [5].

3 ADVANTAGES AND DISADVANTAGES
OF FHOTOELECTROCHEMIC AL CELLE.

Photoelectrochemical cells are now under interstee itrvestigation. They have a lot of ad-
vantages such as low cost of production and siraple and fast production technology comparing
to cowventional solay cells. Farthermore, sore of serniconductors and dyes are easily available
and IPCE cowsersion increase to 20%% [3]. On the other hand, instability under imeident photons is
considered as undesirable process. There iz a stnall araount of dyes and sericonductors corapatible
encugh to absorh light from the ultraviolet and vishle region and effec tive Iy corserse photons into
electricity, But dye-sensitized solar cells will be corape titiee with corsventional silicon solar cells.
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ZASTOSOWANIE NANOCZASTEK POLPRZEWODNIKOWY CH
WENERGETYCE

Stresremende. Nanocmsthd polpezesr odinikowre stosowrane 53w preentd le energetyemom ghdvmie do badoary
nore] generacyi baterii stomecmoeh Baterie stotecere, d=idajges w oparen o =laeee pn, 53 corms czeiciy
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