Journal of Colloid and Interface Scien286,375-378 (2001) ®
doi:10.1006/jcis.2001.7440, available online at http://www.idealibrary.corl |IE %l

Interparticle Charge Transfer in Dye-Sensitized Films Composed
of Two Kinds of Semiconductor Crystallites

J. Bandara and K. Tennakdne

Institute of Fundamental Studies, Hantana Road, Kandy, Sri Lanka

Received September 12, 2000; accepted January 22, 2001

Electron transfer from low- to high-band-position semiconduc

Interparticle charge transfer between different types of semi-  tor (e.g., from Sn@to ZnO) is more advantageous, because i
conductor crystallites in contact on band gap excitation or dye- s case wider charge separation could be achieved by tunnell
sensitization is documented. The general consensus had been that of the electron injected by the excited dye to the CB of the sem
electrons always transfer from particles of higher conduction band conductorwith the higher CB position and subsequent relaxatic

position to those with lower conduction band position. Obser- h f her | band . . d icl
vation on dye-sensitizated photoelectrochemical cells made from tothe CB of another lower band position semiconductor partic

SNn0O,/ZnO films sensitized with different dyes suggests that the elec-  IN contact with the high-band-gap semiconductor (Fig. 1a, ii)
tron transfer could occur in either direction, that is from semicon-

ductor of high band position to the semiconductor of the low band 2. EXPERIMENTAL
position or vice versa, depending on which surface adsorbs the dye ] ) ] )
more strongly.  © 2001 Academic Press SnQ, nanocrystallites were coated on conducting tin oxid

Key Words: dye-sensitization; PVC cells; tin(1V) oxide; zincoxide.  (CTO) glass plates (k 2 cn?, sheet resistance 10Q01)
as follows: 5 ml colloidal tin oxide aqueous dispersion (Al-
pha Chemicals, 15% SnQaverage crystallite size-15 nm)

1. INTRODUCTION mixed with 15 ml of methanol and few drops of acetic acid i

ultrasonically agitated. The solution is then sprayed onto CT
Electron transfer between semiconductor microparticles hayRiss plates heated to 18D and sintered in air at 435G for
been recognized and adopted as a means of enhancing the goamin. ZnO was coated on CTO glass by the same procedt
toinduced charge separationin photocatalysis (1-6). The genegihg a dispersion of 0.50 g ZnO (Aldrich, average particle siz
consensus is that the electrons are transferred from the semicogo0 nm) in 15 ml methanol to which few drops of acetic
ductor of higher conduction band (CB) position to that of thgcid are added. Composite films comprising of $@@d ZnO
lower CB position. The same effect occurs in dye-sensitizggkre prepared by the method described below. Colloidal,Sn(
(DS) composite semiconductor particulate systems (6, 7). Hgles ml), acetic acid (0.1 ml), and ZnO (0.30 g) are ground il
again the assumption had been that electron transfer takes plagagate mortar, mixed with 20 ml methanol, and ultrasonical
only if the semiconductor with the relatively higher CB pOSitiO@gitated_ The dispersion was sprayed onto CTO glass plates
is sensitized (6, 7), when injected electrons are transferred to §igered as in the previous cases. Films used in all experimel
semiconductor having the lower CB position and in contact witiiad a thickness and areaef0,.m and 1 cr, respectively. Film
the first (Fig. 1a, i). One of the authors of this paper (K.T.) angensities were determined gravimetrically. Films were coate
his coworkers have pointed out that the impressively high effiith the dyes EosinY (E) (BDH), Rose Bengal (RB) (Aldrich),
ciency of a DS photoelectrochemical cell made from a compaghodamine 6G (RG) (Aldrich), Hematoxylin (H) (BDH) and
ite SNQ/ZnO film sensitized with the ruthenium bipyridyl dyeru bipyridyl dye (RuB) (Solaronix) by immersing them in a
results from tunneling of electrons across $n®ZnO which  solution (1.5 x 10~* M) of the dye for a sufficient amount of
has a higher CB position compared to $r(8, 9). In this note time. The surface concentration of the adsorbed dye was ¢
we present our observations on sensitization of nanocrystall@emined by observing the decrease in dye concentration of t
films of SnQ, ZnO, and Sn@ZnO with different dyes to show coating solution. This was also confirmed by extraction of th
that in composite DS semiconductor particles, electron transggfe into an alkaline alcoholic solution and spectrophotometr
would occur in either direction, if the excited level of the dy@stimation after adjustment of the pH to neutral. Absorptio
molecule is greater than the CBs of both of the semiconductejigd fluorescence spectra of the dye adsorbed films were a
and depending on which surface adsorbs the dye more strongdorded (Shimadzu UV-1601 spectrophotometer and Shimad
Spectrofluorophotometer RF-5000).

1 To whom correspondence should be addressed. Fax: 0094 8 232131. E-maiPhOtoele.C'FrOChemical cells were constructed by placing
ktenna@ifs.ac.lk. lightly platinized CTO glass (as the counter electrode) i
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guantities of dye adsorbed in each film. Location of the groun
(S) and excited (9 levels of these dyes and band positions o
SnQ and ZnO (based on literature data) are presented in Fig. :
(10, 12). The anionic dye RB is very strongly adsorbed on Zn(
and feebly on Sn@ Consequently the ZnO cell yields highgg
than the Sn@cell. As expected, the former cell has a highfgy
because the CB position of ZnO is above that of Sn&ain
the faster rate of charge injection due higher coverage of dye «
ZnO helps to build up the quasi-fermi level of electrons favoring
an enhancement of thé,; (the V. obtained from a cell is the
difference between the quasi-fermi level and the potential c
the redox couple). The cell constructed from a S2Q0O film
sensitized with RB shows a marked increase in hgthndV,.
compared to the cells made from the individual oxides. In thi
system, electrons injected into the CB of ZnO by the excited dy
on the ZnO surface are transferred to lower lying CB of §nO
ie.,

hv + D/ZnO/SnQ — D*/ZnO/SnQ
— DT/ZnOE™)/SnQ
— D1/Zn0O/SnQ(e). [1]

The wide charge separation achieved as a result of transfer
electrons from ZnO to SnOsuppresses the recombinations
of the electrons and the dye-cationf(Denhancing thels.
(Fig. 1b, i) Suppression of recombinations also raises the qua:
fermi level of electrons increasing thg.. When the photocur-
rent spectra of cells made from RB sensitized ZnO, S&Dd

TABLE 1
Short-Circuit Photocurrent, Open Circuit Voltage, and Extent
of Dye Adsorption in SnO,, ZnO, and Sn0O,/Zn0O Films Sensitized

FIG. 1. (a) A schematic diagram illustrating (i) electron transfer from afvith Different Dye

excited dye molecule on a ZnO particle to a Srgarticle in contact with the

ZnO particle. (ii) Electron transfer from an excited dye molecule on a surface of Isc Voc Adsorbed dyﬁo
a SnQ crystallite to a ZnO particle in its vicinity and subsequently to a snO  Film Dye (mA) (mv) (mol/cn?) x 10~
crystallite in contact with ZnO particle. The movement of this electron to the

back contact via the interconnected Snidystallites is also illustrated. (b) An

SnG E 0.050 175 149

energy level diagram indicating the bands positions of ZnO,,Sg@und (S) Zno E 0.050 306 251
and excited () levels of the dyes. SnG/ZnO E 0.198 512 205
SnGy RB 0.026 144 1.01
Zno RB 0.405 356 5.24
contact with the dyed film and the electrolyte (0.5 M KI g;gg:ga Es 3'9350 ggg ;gg
0.05 M |, in acetonitrile) introduced into the capillary space,q, RG 0166 293 548
between the two electrodes. The open-circuit voltagg)@nd zno RG 0.035 321 148
the short-circuit photocurrent4,) of PECs were measured at arfn/Zn0O RG 0.108 693 65
illumination intensity of 1000 Wm? (tungsten filament lamp). Sn®/zn® RG 0.035 442 70
Photocurrent spectra were obtained using a Nikon Autosc%n:—g2 : %‘11%% 121‘8 ;3'21
ner AS D102 monochromator and Standford Research Systgfg,;zno H 0341 440 678
lock-in-amplifier, connecting the cell output to an X-Y recordegno, RuB 2.50 335 145
Zno RuB 4.0 540 45.5
SnG/ZnO RuB 22.0 690 207.0
3. RESULTS AND DISCUSSION Sn%/ZnOa RuB 14.5 635 187.0

Table 1 gives thdss andV,cs of the cells made from ZnO,

2The particle size of ZnO is 50 nm; in all the other cases particle size of Zn(

SnG, and SnQ/ZnO films sensitized with different dyes and thes 600 nm and that of Snds 15 nm.
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SnG,/ZnO are examined, a higher photocurrent quantum effion spectra of H-coated ZnO and Spfiims are different (i.e.,
ciency for composite system is noticed. 610 and 540 nm, respectively). When photocurrent spectra
The cationic dye RG is strongly adsorbed by Sra@d very cells made from Sng ZnO, and Sn@ZnO sensitized with H

poorly by ZnO. When cells with ZnO, SnQand SnG/ZnO are examined, itis found that in the cell with the film SO,
are sensitized by Rhodamine 6lgs obtained are 0.035, 0.166,the peak corresponding to light adsorption in $i€more pro-
and 0.108 mA, respectivelys. of ZnO cell is insignificantly nounced than that seen in the cell with a $riin sensitized
small owing to poor dye adsorption on ZnO. Cells made fromith the same dye. Thus it becomes clear that the photoct
SnG, and SnQ/Zn0O films sensitized with the same dye generent originating from sensitization of Sa@ets enhanced when
ate comparablé,s and the slightly higheks; of the SnQ cell there are ZnO crystallites on the neighborhood, suggesting tt
can be understood, as Sp@dsorbs more dye than Sp@nO electrons are transferred from Sxntd ZnO.

(Table 1). The cell made from SpZn0O has an exceptionally In SnG,/ZnO films the larger ZnO particles are embedde
high V¢ (~693 mV) compared to the cells made from the inin a porous matrix of smaller tin oxide particles. If we assum
dividual oxides (321 and 293 mV, respectively, for ZnO anthat zinc oxide crystallites are spheres of radiuand density
Sn() and we present the following explanation. An excitegs (~5.6 g cnt3) surrounded by tin oxide matrix of gross density
dye molecule on the surface of a Sn@ystallite could inject ps (~2.0 g cnT3), the distancel between the centers of zinc
an electron to the CB of a ZnO particle in its vicinity tunnelingxide particles can be expressed as
across few Sn@crystallites. As the excited level of the dye is

located well above the CB of ZnO, tunneling of the “hot carrier” 4 Wep, 1
(i.e., an electron not relaxed to the bottom of the CB of §nO d= [ (1 W )} R,
to the CB of ZnO is permitted. Subsequently, this electron re- zPs
laxes to the CB of another Sa@atrticle in contact with a ZnO
particle. The process can be schematically represented as

3

(3]

whereW;, andW; are the weights of tin, zinc oxides in the film
and value obtained fat from [3] is 240 nm. The mixing ratio
(Wz/Ws = 1.33) used inthisinvestigation gives the optimigg
hv + D/SnG,... SnQ/Zn0/SnG for several dyes (i.e., RuB, RG, E), suggesting that the distan
— D*/SnG ... SNG/ZnO/SNQ between the zinc oxide particles is the crucial parameter. It seel
_ that, even electronsinjected to Sy@a distance o120 nmare
— DT/SnQ;... SNQ/ZnOE")/SnC, transferred to ZnO and then relax to Sn@ystallite in contact
— DT/SnG, ... SNG/ZN0O/SNQ(e7), [2] with the ZnO particle. Electrons should be finally transporte
to the back contact via the interconnection of Sro@ystallites
and the charge separation achieved here is wider than in (fjg. 1a,ii). Another important observation is the increase in th
because of the larger ZnO particle size (Fig. 1a, ii). When tifiate of quenching of the fluorescence of RG in the composi
ZnO crystallite size is reduced t950 nm, the maximunV,, films compared to the films made from the individual oxides
achievable on varying the mixing ratio was 442 mV, comparekhus the rate of electron injection from the excited dye is als
to 693 mV for particles of larger size-600 nm) used earlier enhanced in the composite film. Presumably, the presence
(Table 1). It is interesting to note that when smaller crystalliténO particles increase the available phase space (i.e., the den
size ZnO is used, th¥,. of the RB-sensitized cell is increasedf final states) for injected electrons increasing the transitic
(Table 1), because of size quantization effect (this manifegteobability. An alternative possibility is the existence of a loca
readily in ZnO as the effective mass of electrons in ZnO is smalglectric field around ZnO particles favorable for driving electron
The mechanism [2] seems to be occurring in the case reporteward ZnO particles.
earlier (8, 9) on sensitization of SB@nO films with RuB. Both
Isc and V¢ are very much higher in the composite system and 4. CONCLUSION
the effect of the ZnO crystallite size becomes evident (Table 1).

The dye E is strongly adsorbed on both $Sr&dd ZnO and  The above investigation clearly shows that PECs made fro
the cells made from both these films generate nearly dasme composite Sn@ZnO films (at the optimum mixing ratio) yields
As expected, ZnO cell gave a highey. because of higher CB higherlss andV,.s compared to the cells made from the indi-
position of ZnO. SN@ZnO films sensitized with E yield much vidual oxides. This seems to hold irrespective of which surfac
higher I and V.. In this case, the electron transfer could bé.e., SnQ of lower CB position or ZnO of higher CB position)
in both directions (i.e., from ZnO to Sp@r SnQG to ZnO) via adsorbs the dye strongly. A more conspicuous enahncelgent
mechanisms [1] and [2], both of which assists suppressionaridV,. (hotablyV,.) is observed when the dye is strongly ad-
recombinations. sorbed on the semiconductor of lower CB position (i.e., §nO

Sensitization of ZnO, Sn and SnQ/Zn0O films with H The effect of ZnO crystallite size becomes more clearly evider
presents another interesting example. In this case ZnO angl Sm@en the dye is well adsorbed on SnQarger size ZnO in the
and therefore SngdZnO adsorb this dye strongly. However, beeomposite film gives highdks as well ad/,cs. The hypothesis
cause of surface complexation, the peak positions in the absome-propose on the basis of above observations is that the elect
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