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THE MECHANISM OF SPECTRAL SENSITIZATION IN THE LIGHT OF ELECTROCHEMICAL 

EXPERIMENTS: THE SYSTEM ZINC OXIDE-RHODAMINE B 

By Helmut Tributsch 

Laboratory of Chemical Bi odynami cs, Lawrence Radi ati on Laboratory , 

University of California, Berkeley, California 94720 

and Ewald Daltrozzo 

Institut fUr Physikalische Cnemie, Technische Universit~t, Munchen, Germany 

The electroche~ical t~chnique, in which semiconductors are used as one 

electrode of an electrochemical cell with sensitizing dyes adsorbing at 

the semiconductor surface from the electrolyte, is very well suited for a 

systematic investigation of sensitization reactions. A survey of the in-' 

formation is given which can be derived from already existing experimental 

data. The results show that both exchange of electrons and energy transfer. 

are possible between excited dye molecules and semiconductors, and that the 

. mechanism of sensitization has to be determined for the particular system 

involved. The mechanism of spectral sensitization of ZnO by Rhodamine B is 

studied in some detail. The Rhodamine B-sensitized photocurrent atross the 

lnO/electrolyte interface is strongly dependent on the pH value of the 

electrolyte. It is shown that this effect is produced by a pH-dependent 

double layer and not by a pH-dependent change of an electronic property of 

Rhodamine B. The potential jump in the double layer cannot influence energy 

transfer reactions; however, electron transfer is affected. Consequently, 

excited Rhodamine B at a lnO-electrolyte interface sensitizes this semi­

conductor by electron transfer into the conduction band. This conclusion 

'is supported by calculation of the pH-dependence of sensitization. 
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I. Introduction 

Although the process of spectral sensitization of in0rganic semiconductors 

by adsorbed dyes has been the subject of intensive investigation for more than 

50 years, its mechanism is still a mattEr of controversy. Ample experimental 

evi dence for two mechanisms - primary electron transfer and primary energy 

(1-5) transfer - has been suggested. 1- 5 A decisive in t 2rpretation of experimental 

data in terms ofa special mechanism of spectral sensitization has turned out to 

be extremely difficult. Only recently, experiments in ~hich sensitization of 

silver bromide ,could be obtained across isolating molecular layers, could be ex-
\ 

(6) plained convincingly in terms' of a!1 energy transfer methanismof sensitization. 6 

These experiments, however, do not incl~de the important case where sensitizing 

molecules are ,in direct contact with the substrate. 

Th~ difficulties met in the studies of the mechanism of spectral. sensiti­

zation are mainly due to the fact that sensitization effects were usually 

st~died at semiconductor surfaces in contact with a vacuum Or a gas. Experi­

mental methods of investigation, applicable to such a system (~. surface 
.. . 

conductivity, photographi c effects) are hardly sui ta,ble for the. study of hetero-

geneous photochemical reactions: neither the physical situation in the semi­

conductor surface (space charge layer, concentrati on of charge carri ers in the 

surface) can be contro lledand vari ed ina we ll-defi ned way" nor can photo-

chemical reaction parameters (molecular environment of photoactive molecules) 

easily be changed and the turnover of reacting molecules determined .. 
• 

To obtain the advantage of a more flexible and adequate system for the • 

investigation of the mechanism and the kineticibf spectral sensitization, 

attempts have been made to study sensitization reactions at surfaces of inorganic 

semiconductors which are in contact with ane lectro lyte and used as electrode of 
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an electrochemtcal cell. 7- 15 In the same arrangement, sensitization effects 
•. . 7 16 

at organi c semi conductors have been investi gated. ' 

Experimental indications that sensitization effects can also be observed' 

at semiconductor-electrolyte interfaces are very old. As early as 1893 it was 

found by Rigollot17 that copper electrodes, oxidized by glowing, when pl,aced in 

contact with an electrolyte and IIdyed", showed a sensitized photoeffect. It 

is now difficult to decide whether Rigollot has seen a 8equerel effect which 

may ari se from a semi conductor property of the dye 1 ayerand can also be: seen 

(18) with dye layers, deposited at platinum electrodes,18 or whether he saw a real 
.. ' : 

sensitization effect which was produced by monomeric dye molecules adsorbed to 

a semi conducting cuprous oxide 1 ayer at hi s electrodes. 

Only in recent times:'has the electrochemical method become practical for 

the investigation of spectral sensitization, because only in the last two 

decades has th~ electrochemical behaviour of semiconducting electrodes become 

sufficiently elucidated, and suitable single crystal semiconductors become 

available for investi~ations. 

The technique of studying sensitization reactions at inorganic semicon­

ductors which are used as one electrode of an electrochemical cel1 7- 15 turned 

out to be very effective, mainly for the following reasons: 

1) The space charge layer and thus the concentration of carriers in the 

surface of the semiconductor electrode can be conveniently controlled and 

varied by means of the electrode potential which can be measured against a 

reference electrode. 

2) Excited dye molecules generate a sensitized photocurrent across the 

semiconductor-electrolyte interface which is controllable with the electrode 

potenti al. 
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3) Chemical agents can conveniently be added to the electrolyte; they 

were found to influence the sensitization effect in a specific way. 

4) The appearance of sensitized photocurrents across the s~miconductor 

surface is coupled with a chemical turnover nf agents which ~articipate in 

the sensitization reaction. The Faraday law can therefore be used to 

determine reactants. 

5) Various techniques of ~lectrochemical kinetics can be applied to 

investigate the mechanism of spectral sensitization: dynamic current-voltage 

characteristics, potential-jump experiments, alternative current experiments 

(capacity measurements), experiments at rotating disc electrodes (diffusion 

controlled reactions), change of composition of electrolyte, etc. 

Sensitization effects, produced by excited dyes, have been found at various 

. ; (" 'd" . d t') . d ,', 1 d (' Z ° 7-12, 15 CdS 14, 15 lnorganlc p- an n-con uc 1ng semlcon uctor e ectro es n, , , 

14 '14 13 19. 19 Cu20, GaAs, GaP, Sn02, SlC ). Dyes of very different classes (tri-

phenylmethane, phencarboxonium, cyanine, fluoresceine dyes, dyes of the 

chlorophyll group) showed sensitizing activity, provided semiconductors with 

appropriat~ electronic structure are used as semiconductor electrodes. 

In their interaction with semiconductor electrodes, sensitizing dyes have 

shown a remarka/)le specificity: excited Rhodamine B,for example, generates 

electrons, i n the conduct; on bands of ,ZnO and CdS '(both n-type semi conductors) , 

thus giving rise to sensitized anodic photocurrents, when a positive potential 

is applied to the electrode. With GaP 01\ Cu 20 (p-type) as electrOdes, the 

same dye generates holes in the valence-band of the semiconductor, thus pro­

ducing a cathndic sens·itized photocurrent, when a negative potential is 

applied to the electrode. Similarly~ pseudo~isocyanine aggregates, which 

show a very narrow characteristic polymer band in their spectrum, generate 
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electrons in the conduction band of lnO and holes in the valence band of 

GaP. Methylene blue. which generates holes in p-GaP. however. does not 

show noticeable sensitization of lnn. On the other hand, molecules of the 

chlorophyll group, which generate electrons in the conduction band of lnO, 

do not show sensitization of p-GaP. 

Although excited dye molecules at semiconductor electrodes sensitize 

anodi c or cathodi c e lectroni c photocurrents across the semi conductor-e 1 ectro lyte 

interface, and although these sensitized photocurrents reflect the oxidation 

or reduction of some participants of the sensitization reaction, this does 

not prove a sensitization by electron transfer. In principle, both sensiti­

zation by electron transfer and by energy transfer to suitable acceptors in 

the semiconductor surface can generate a photocurrent across an electrode 

surface. This is shown in Figures 1 and 2 for both p- and n-conducting semi­

conductor electrodes. 

If the process of sensitization occurs by exchange of electrons between 

one of the electron levels of the excited dye molecules and one of the energy 

bands of the semiconductor (electron injection lnto conduction band or hole 

injection into valence band) (Fig. 1), there has to be a!1 energetic correlation 

between energy bands of the semiconductor and electronic levels of the excited 

molecule. During theprocess of sensitization, the sensitizing dye becomes 

oxidized or reduced. In the case of a primary energy transfer by dipole-dipole~ 

dipole-quadrupole or exchange-interaction, a cori'elation of energy levels of, 

the dye and: the semi conductor i snot needed. However, sui tab le energy 

acceptorshiive.to be present within the semiconductor surface. Since in the 

i nvesti gated cases the transferred energy is usually smaller than the energy 

gap between valence band and conduction band of the semiconductor, the energy 
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acceptors will constitute irregularities or impurities in the .crystal lattice 

or surface states. Also in the case of a primary energy transfer a sensi­

tized photocurrent across the semi conductor surface can be generated, provi ded 

holes (or electrons) which are p'Y-oduced at discrete levels within the energy 

gap can reach the electrode surface (Fig. 2), andihitiate a suitable electro­

chemical reaction which enables the transition from electronic into ionic 

conduction (~. oxidation or reduction of the sensitizing dye). 

The electrochemical technique offers various experiments to distinguish 

between sensi ti zati on by ~lectron trans fer or by energy transfer. In most 

cases which have been investigated up to now, experiments support a sensiti­

zation mechanism by direct injection of electrons or holes into the conduction 

or valence band of the semiconductor electrode. 10 ,13 However, in a few cases, 

strong evi dence for the occurrence of ~nergy transfer reacti ons from exCi ted 

dyes to the semiconductor has also been found. l 3. 

Among others, the foll owing experimental evi dencecan be cited in support 

of a mechanism of spectral sensitization by electron transfer: 

a) Reactions of sensitizing dyes \ ith redox agents. Redox agents which 

are known to reduce exci ted sens i ti zi ng mol ecul es inhomogeneous sol uti on, or 

at least form. complexes with them,remarkably ;ncrease electron liberation 

in an n-typ~ semiconductor electrode (ZnO), suppress the consumption of the 

sensitizing 'dye (~.chlorophyll in the presence of hydroquinone 15 ), and get 

oxidized themselves. This behaviour can only be explained by a reaction in 

which the sensitizing dye exchanges electrons with both semiconductor and 

reduci ng agent. 

b) Comparison of quantum efficiency of spectral sensitization and of 

the semiconductor bulk photoeffect. The quantum efficiency for charge separation 

after photon absorption in p-GaP is only 1% (due to surface recombination of 

'.I 
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electron hole pal rs). The quantum effi c; ency of spectral sens; ti zati on (~. 
, .. . 13 

Rhodami ne B), however, reaches values of approximately 30%. S; nee energy 

transfer would generate electron hole pairs in the same way as photon absorp­

tion, this difference in quantum efficiency is very difficult to understand. 

It can, however, be easily understood if holes are injected by Rhodamine B, 

sin.~€L_thereare no surplus electrons in p-GaP to recombine with them. 
, 

c} Kinetics of impurity-level photocurrents. If sensitization would 

occur by energy transfer, the transport of holes or electrons over impurity 

levels and their electrochemical reactions at the semiconductor surface would 

enter as rate-limiting steps in the kinetics of sensitized electrode photo­

currents (Fig. 2). The kinetics of impurity photocurrents can be studied 
. . 

independently in the absence of sensitizing dye 'when the semiconductor is 
, . 

illuminated beyond the absorption edge in the tail of absorption. It does 

not show any simi 1 ari ty to that of sens i ti zed photocurrents. It is especi ally 

remarkabl ethat sensitized photocurrents (~. Rhodamine' B , chlorophyll E.. at 

ZnO, and Rhodamine B at GaP) reach a limiting, light-dependent saturation value 

at very low electrode potentials, whereas impurity level photocurrents strongly 

increase wi th the app 1 i ed potenti a lover a 1 argerange of potenti a 1. The 

kinetics of sensitized photocurrents is, however, easily explainable in terms 

of a sensitization by electron or hole transfer. On the other hand, there are 

also clear indications that energy transfer reactions between adsorbed dyes 

and a semiconductor are possible under favorable conditions. This conclusion 

is derived from experiments with gallium phosphide electrodes to which dyes 

like Rhodamine B, rose bengale or crystal violet were adsorbed. 13 

It has been observed that the spectra of sensitized photocurrents, which 

have been found to be generated by hole injection from the adsorbed dyes into 
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the valence hand of the semiconductor, we~e cut off in the spectral region 

of the edge of the absorption of the semiconductor. The only possible ex­

planation for the cut-off of a part of the sensitization band was the action 

of energy trans fer reacti ons from the thermally non-equil i brated exci ted 

molecules to acceptor levels in the semiconductor- which begin to reach a 

high density near the absorption edge. In contrast to the hole injection, 

the quantum effi ci ency for charge 1 i berati on and thus generati on of sensi ti zed 

photocurrents by energy transfer remained low because of the high recombination 

pr.obability for electron hole pairs in the electrode surface. 

Thus, the experimental evidence shows that both sensitization mechanisms, 

electron (or hole) transfer and energy transfer are possible. In the case of 

an electron exchange, an energetical correlation between the levels of the 

excited dyes and the energy bands of the semiconductors must exist; in the 

case of energy transfer reactions, suitable acceptor levels in sufficiently 

hi gh densi ty have to be present in the semi conductor surface. 

As i ndi ca ted by the experiments wi th GaP electrodes, a hi gh probabil i ty 

of energy transfer is not sufficient for a high quantum efficiency of sensiti­

zation by energy transfer; it is also necessary that one of the levels of the 

acceptor belongs to an energy band and that the .probability for a recombination 

of electron hole pairs is low. 

In the case of sensitization by electron or hole injection, it has been 

found that a quantum effi ci ency of more than ten percent can be reached 

under favorable condi~ions (hole injection in the presence of oxidizing 

agents, electron injection in the presence of reducing agents). In the ab­

sence of reducing agents, the efficiency of sensitization reaches values in 

the order of a few percent. It is clear that these values of quantum effi­

ciency are average values. Recent experiments with chlorophyll molecules 
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adsorbed t6 semiconductor electroly~e interface~ have shown that adsorbed 

molecules are distributed over a variety of adsorption sites with different 

., . probability for sensitization and that a portion of molecules :might be ad-

sorbed at such unfavorable sites that they practically do not participate at 

all in sensitization reactions. 15 Therefore, sensitization effects should 

have averagequanturn efficiencies of less than one, even under very favorable 

condition~ (in the presence of suitable redox agents, optimal realizable 

surface conditions). (See, however, ref. 12.) 

The suitability of electrochemical measurements for the determination of 

the mechanism of spectral sensitization for individual· semiconductor/dye 

systems should be demonstrated here for the case of Rhodamine B adsorbed at 

ZnO, a system which has already received considerable 'attention. 10 ,12 

I L Experimental Secti on 

As semiconductors, plate-shaped ZnO single crystals, obtained from the 

3-M Company, were used. The preparation of the crystals and the electro­

chemical cell arrangement which allowed the crystal to rotate to control the 

diffusion of dye molecules to the surface of the electrode and of reaction 

products away from the surface (rotating disc electrode) have been described 

elsewhere.10 A simple scheme of the arrangement in shown in Fig. 3. The 

\... electrode surface was prepared by grinding, and was subsequently etched in the 

electrolyte used. Both polar surfaces, 0001, and 0001, were used in the 
•• experiments and no qualitative differences werefound~ In the experiments, the 

e1 ectrode: surface' was illuminated across' the rotating semi conductor electrode. 

The electrode potential was controlled .gainst a 1 n Kalomel electrode (not depict~d ir 

. \ 
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Fig. 3). As electrolyte, 1 M KCl was used. The pH of the electrolyte was 

adjusted by addition of small quantities'of acid (HC1) or base (KOH). The 

electrolyte was flushed with nitrogel1. 
, ' , 

Ab'S'orptiol'l andfl uorescence measurements of Rhodamine B have been per-

formed ,', n the same electrolyte 'as used for the e 1 ettrocheini ca 1 experi ments 

(aqueous 1 M KC1)~ 

I I I • Measurements 

When Rhodam'ine B is excited at the surface of a ZnO single crystal 

electrode (positive electrode potential), anodic photocurrents are s'ensitized 
. '. . 

across the electrode surface. The photoclJrrents reach a maximum' at Rhodami ne 

con~'eritr~tion'()f approximately lO-3 M in the electrolyte. 10 The analysis of 
: '. ." " " , - . 

the spectrum of sensitized photocurrents shows that both 'Rhodamine Bmorlomers 

and di~ers c~ntri bute to the photocurrent. At a Rhodamine B concentrati on of 

10-6 M in the electrolyte (when only a very small fraction of the electrode 

surface is covered by adsorbed,Rhodamine B) the sensitization spectrum corres­

ponds to that of Rhodamine B monomers. The maximum of the Rhodamine B sensiti­

zation, however, is shifted towards longer wavelengths, when compared with the 

abso.rption pe~k of RhodamineB in the electrolyte (Fig. 4). This allows the 

conclusion that photocurrents are sensitized by adsorbed dye molecules only. 

This conc1usiPl1 is SUPPQf'te9 by th~op~~rv~tipn th~1: ~99Hiqn of ll1~thanol 'to ,.. 

the aqueous el ectrolyte ~ (whi ch i ncreasessol ubi lity), effecti ve ly decreases 

Rhodamine B~sensitized photocurrents. It is ~lso supported by the observation 

that additfonof salt (KC1) to the electrolyte increases sensitization. 

• 
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The production of a sensitized anodic photocurrent is accompanied by 

the oxidation of the sensitizing Rhodamine B molecule. 9,12 This conclusion 

is supported by quantitative measurements of the bleaching of Rhodamine B 

in the el'ectrolyte, by studies of the kinetic behavior of sensitized photo­

currents after onset of illumination, and by the observation of diffusion-

1 imited photocurrents at hi gh 1 i ght i ntens iti es (experiments at rotati ng di sc 

electrodes). The consumption of the dye during the sensitization reaction 

can also be observed visually at the semiconductor surface after longer 

peri,oJJs"of photocurrent generation by excited Rhodamine B. In illuminated 

areas of the electrode surface a red dyed layer of reaction products is 

deposited. 

Especially remarkable is a strong dependence of the Rhodami ne B-sensi ti zed 

photocurrenton the pH of, the electrolyte. With increasing pH value, the 

photocurrent decreases between pH 2 and pH 10 by two orders of magnitude 
, 

(Fig. 5). The dependenc~ of the injected ~hotocurrents follows an exponential 

1 aWe When a llythi ourea is added to the electrolyte, the photocurrents I 

increase, however, maintain their logarithmic pH-dependence. When the elec­

trode surface is not renewed with every change of the pH of the electrolyte 

( renewal made before every meas urementof Fi gure 5), but the pH gradually 

changes by addition of acid or base, the pH dependence of sensitized photo­

currents shows a hysteresis. When the experiment starts with an alkaline 

electrolyte and gradually acid is added, the value of sensitized photo currents 

does not follow the logarithmic line, but a, loop below this line. Similarly, 

when an acidified electrolyte ;s slowly neutr~lized, the values follow a 

loop above the line. Renewal of the surface brings the values of the sensi-

t i zed photo curren ts back to the 1 ogar; thmi c 1; ne. 
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The observati on of a hysteres is of the pH, dependence of Rhodami ne 8-

sensitized photocurrents clearly indicates that a pH-dependent double layer 

at the ZnO surface is involved in the sensitization reaction. It is known 

from capacity measurements 20 ,2l that this pH-dependent double layer actually 

exists. and, when produced at high or low pH, equilibrates only very slowly 

at neutral pH. 

To get further indications of whether the pH dependence is caused by a 

pH-dependent property of the semi conductor surface or of a property of the 

dye, the pH dependence of the energy transfer property of Rhodamine B was 

determined. According to well known relations on energy transfer reactions, 

this examination requires the measurement of the pH dependence of the Rhoda­

mine B absorption, fluorescence, concentration-dependence of fluorescence and 

,dimerization. It was found that the absorption spectrum of Rhodamine B is 

practically independent of pH between pH 3 and 12.' Towards lower pH the 

absorption slowly decreases because of increasing protonJtion and bleaching 

of Rhodamine B. A similar relative independence of pH was found for the 

intensity and the spectral distribution of the fluorescence in a wide range 

of concentration (Fig. 6). These results imply the conclusion that a pH­

dependent property of Rhodamine B in its ground 3tate or excited state cannot 

account for: the observed pH dependence of Rhodamine B-sensitized photocurrents 

at ZnO electrodes. 
i 

Discussion 

Since absorption, fluorescence, and concentration quenching of fluores­

cence (in. part caused by the formation of non-fluorescing dimers) is constant 

• 
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between pH 3 and pH 10, it can be concluded that the energy transfer capacity 

of excited Rhodamine B molecules its~lf is nbt depende~t on the proton concen­

tration in this range. Therefore, the strong pH dependence of Rhodamine B­

sensitized photocurrents has to be caused by a pH-dependent property of the 

ZnO surface. 

From other investigations,20,2l it is known that there is actually a 

surface parameter of a ZriO electrode which is strongly dependent on the pH 

value of the electrolyte; it is a pH-dependent double layer which is produced 
+ ... -

by an exchange of Hand OH ions between the ZnO surface and the electrolyte. 

The dependence of the double layer (Helmholtz layer) on the pH can be obtained 

by detennining the flatband potenti.al (electrode potential, at which the 

space charge layer. in the electrode surface vanishes) by means of capacity 

measurements~ 

According to Lohman,22 the potential drop in the double layer of ZnO is. 
. ' 

linearly dependent on the pH of the~lectrolyte. A re lati on for the potenti a 1 

drop· in the Helmhol tz 1 ayer has been deri ved, and was found to be very well 

in accordance with experimental data:.· 

~~H - const - 2,~ RT pH (1 ) 

Since the pH-dependent double.layer appears to be the only plausible reason 

for the observed strong pH dependence 6f Rhodamine B-sensitized photocurrents, 

an important concl.usion for the mechanism of sensitization can be drawn: .. 

A gradual change of sensitized photocurrents with pH over more than two orders 

of magn; tude cannot be; nterpreted with an energy transfer mechanism of spectral 

sensitization. A potential drop'in the Helmholtz ·layer cannot influence 
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energy transferiand secondary phenomena li ke changes in, the refraction index 

or the adsorption state could not account for the magnitude of the effect. 

An electron transfer mechanism of spectral sensitization, on the other 

hand, i scomp 1 ete ly consistent with the observed pH dependence of spectral 

sensitization. This will be shown by the following calculation: 

The calculation of the transfer of an electron from an excited molecule 

to'an electrode may be performed along similar lines of- thought as the 

(22 24) l ' t f' 'b 't 'd 't t 1 1 ." 1 't· 22,,23 d t " t d 24 ,- e ectron rans er e ween groun s a e mo ecy es 1n'SO u 10n an a e ec ro es. 

(25) Jnanalogy to electron transfer reactions from ground state: molecules,25 

:26)" 

several theoretical treatments are, in principle, applicable to sensit,ization 

reactions by electron transfer: ' 

a) A calculation can be based on the theory of absolute rates, arid pro­

cedures of thermodynami cs and stat; s ti cal mechan i csmay be app 1 i ed. 22,26 

Contributions of quantum mechanical interactions during the ~lectron trarisfer 

reaction may be introduced as corrections into the activation energy of the 

activated complexes. This treatment is mainly applicable to electron transfer 

reactions with strong electronic interaction of the reactants (adiabatic 

electron transfer), and thus high 'electron transfer probability. 

b) A quantum mechanical approach can be made which·is mainly applicable 

to electron transfer reactions with weaker electronic interaction between 

reactants (non-:adi abati c el ectron transfer) and uses' perturbati on theory for 

the calculation of electron transfer rates. 23 When simplified and restricted 

to appropriate cases, the results of the perturbation calculations can be 

shown to lead to analogous relations like the thermodynamical-statistical 

approach~ which is more e~sily evaluated.25 For both adiabatic and non-adia­

batic electron transfer reactions,the electronic energy in the activated 

• 
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complex is not as high as the classical potential energy barrier. Hence, 

electron transfer is a quantum mechanical tOnne1in~ proc~ss, in which the 
, , 

electron passes through the potential barrier rather than over it. This 

situation has led to attempts to calculate transmission coefficients by 
; 

another approach,' namely 

c) In terms of the penetration of the potential barrier by a plane wave
27 

(tunneling coefficients). (This approach has also already been used for the 

calculation of sensitlzation by electron transfer.) However, the height and 

shape of the energy barrier and the total energy of the electron, which are 

needed' for the calculation of tunneling, are difficult quantities to estimate 

reliably. Besides, this/approach does not permit one to take account of 

poss i bl e spi n- orsymmetry-forbi dden trans i ti ons. 

Conventional time-dependent perturbation method~ are more realistic, and 

a thermodynamical-statistical approach (corrected for quantum mechanical inter­

actions) is easier to handle. This latter ~pproach (a), which should be 

applied here, is based on the assumption that the theory of absolute rates is 

app 1 i cab 1 e and that rate constants may be wri tten ,as,: 

, f1G* 
k = K Z,exp ( -RT ') = 

=to 
k '( -f1

RT
G ) o exp (2) 

(K= transmission coefficiem.; K :tl= adiabatic electron transfer; 

K « 1 = non-adiabatic electron transfer; Z = collision fre-quency) 

Consequent1.y, the photocurrentsensitized by transfer of electrons from excited 
i 

Rhodamine B! into a ZnO electrode at sufficiently high anodic potential (sensi­

tized photocurrent is quantum-limited) can be written as: 

. * * J = k Da (Da = concentration of adsorbed dye molecules (3) 

in their excited state) 
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A quantitative calculation of electron transfer is very complicated, as 

the involved free energy of activation is composed of a series of contributing 
. . 

free energy changes which arise from several mechanisms of interaction: 

n 

* G = ~ Gi 
.* (4) 

i=l 

An imp,ortant factor in the activation energy of an electron transfer 

reaction in: solution and at electrode/electrolyte interfaces is the state of 

solvatation of the reactants. Outer-sphere activated complexes (inner coordi­

nation shells of reactants left intact as to number and kind of ligands, 

however, usually distorted) or inner-sphere complexes (inner shell ligand 

rep 1 aced) may be fonned duri ng electron transfer, and the correspondi ng free 

energies of rearrangement will contribute to the energy of activation. Further 

contributions arise from th~ free energy change due ,to coulombic interaction 

of reactants at the nuclear configUration of the collision complex, from 

quantum mechanical exchange interactions and from a change of entropy due· to 

change of electronic quantum numbers during electron transfer. In an electron 

transfer reaction at an electrode surface, additional contributions to the 

free energy of activation are essential: free energy of adsorption, free 

energy changes due to image forces and polarization, and especially, potential 

. gradients in the double layer (Helmholtz layer) at the electrode surface. 

In the present study of the influence of a pH-dependent double layer on 

sensitized electron transfer, only the latter contribution needs to be con­

sidered explicitly: This double layer may be looked upon as an inner ligand 

layer of the ZnO electrode which has to be surmounted during the electron 

transfer reaction. Consequently, the pH-dependent potential jump (1) in this 

layer has to be considered.in the free energy of activ.ation: 

• 

• 
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(5) 

In this relation, a is a factor (0 < a ~ 1), dependent on the ·shape of the 

activation barrier, which determines the fraction of the potential drop which 

actually contributes to the activation energy (Fig. 7). An influence of the· 

pH on other parameters whi ch contri bute to the free energy of acti vati on is 

not evi dent and will be negl ected here. The sens i ti zed photocurrent may 

thus be written as 

and with relation (1) for the potential drop in the double layer, after writing 

the logarithm: 

log j = -a{pH) 
·6G * o const * 

+ 2,3 RT + logkoDa 
2,3 RT . 

(6) 

with a ~ 0.21, relation (6) exactly describes the observed pH dependence of 

Rhodamine B-sensitized photocurrents (Fig. 5). The parallel shift of the 

photocurrent dependence, caused by the presence of a suitable reducing agent 

(allyl-thiourea) in the electrolyte is also described by relation (6) and 

confirms the assumed mechanism of supersensitization by these agents: 10 

reducing agents might react with excited molecules by forming complexes or by 

directly reducing them, thus decreasing the activation energY.{6Go*) for 

electron transfer or delaying (or preventing) the recombinati·on of the excited 

electron (i ncrease of total colli s i on number [ko]). 
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This calculation of the pH dependence of Rhodamine B-sensitized photo­

currents at a 2nD electrode confirms our conclusion that Rhodamine B sensitizes 

2nOby transfer of an electron from its excited level into th~ conduction band 

of the semiconductor. This mechanism of spectral sensitization is very well 
. . . . 

in accordance with other experimental results previously mentioned, and is 
. . 

con~~stent with conclusions from oth~r inve~tigators~12 In addition, the small 

. factor ofa 'obtained'means that electron transfer occurs only across a fraction 

. of the pH":dependent double layer, indicating that the Rhodamihe B wave 'function 

is in close contact with the electrode surface, and electron transfer occurs 

from wi thi n the He lmho 1 tz 1 ayer. 

Theresu1 ts which have been obtained for a semi conductor which is in con-

tact with an electrolyte cannot easily be generalized and applied to sensiti­

zation effects at s'aniconductor gas interfaces, at which many of the experiments 

in the past have been performed. At least with respect to the conditions 

existing in photographic emulsions, however, a semiconductor/electrolyte ihter-
. . 

face seems to be a more realistic system to study sensitization effects thana 

clean ~emiconductor ~urface in a high v~cuum~ and .it is evident that the electro~ 

chemical 'technique,with its flexibility with respect to kinetic studies and the 

possibility to change reaction parameters easily and in a controlled way, will 

allow a systematic investigation and e 1 uci dati on of the mechanism of spectral 

sens i ti za ti 011. 

AcknowT edgemen ts 

The experimental work has been performed at the Institut fUr Physikalische 

Chemie, Technical University, Muni.ch. The skilled experimental work of Mr. D. 

Regler, who collaborat.ed in the course of a studen~-traini.ng'program, is grate­

fully acknowledged. We are indebted to Prof. H. Geri scher forsupporti n9 the 

• 

• 



• 

• 

-19-

work and to Dr. F .. Hein and Dr. G. Petermann for stimulating discussions. One 

of the authors (H.T.) is supp()rted by a fellowship from the Deutsche Forschungs-

gemei nschaft. 

References 

(1) A. N. rerenin and 1. A. Akirnov, J. Phys. Chern . .§i, 730 (1965). 

(2) R. C.Ne1son, J. Phys. Chern. 71, 2517 (1967). 
. -

(3) H. Meier, J. Phys. Chern. 69, 719 (1965), and in Die Photochernie der 

'- organischen Farbstoffe, Springer-Verlag, Berlin, 1963. 

(4) 1. A. Akirnov, in Elementary Photoprocesses in Molecules (Edited by 

Bertol'dS. Neporent),p. 300, Consultants Bureau, New York, 1968. 

(5) J. 8ourdon,J. Phys. Chern. 69, . 705 (1965)~' 

(6) L. v. Szentpaly, D. M~bius, and H. Kuhn, J. Chern. Phys. g, 4618 (1970). 

(7) H. Gerischer, M. E. Michel-Beyerle, F. Rebentrost, and H. Tributsch, 

Electrochirn. Acta ~, 1509 (1968). 

(8)H. Tributsch, Ph.D. Thesis, Institut fUr Physikalische Chernie, Technische 

Hoch~c~ule, MUnchen (1968). 

(9) H. Gerischer and H. Tributsch, Ber~ Bunsenges. -physik. Chern. 72, 437 (1968). 

(10) H. Tributsch and H. Gerischer, Ber. Bunsenges. physik. Chern. 73,251 (1969). 

(11) H. Tributsch, Ber. Bunsenges. physik. Chern. 73, 582 (l969). 

(12) K. Hauffe, H. J. Danzrnann, H. Pusch, J. Range, and H. ·Volz,J. Electrochern. 

Soc. 117, 993 (1970). 

(13) R. Memming and H. Tributsch, J. Phys. Chern. 75, 562 (l97l) . 

(14) H. Tributsch and H. Gerischer, Ber. ,Bunsenges. physik. Chern. 73, 850 (1969) . 

(15) H. Tributsch and M.Ca1vin, Photochern. Photobiol., in press (1971). 

(16) Frank Willig, Ph.D. Thesis, Institut fUr Physikalische Chernie, Technische 

Hochschule, MUnchen (1970). 



-20-

(17) H. Rigollot, Compt. rend.acad. sci. (Paris) 116,873 (1893). 

(18) V. B. Evstigneev, in Elementary Photoprocesses in Molecules (Edited 

by Bertoli d S. Neporent), Trans 1. from Russ i an: Consul tants Bureau, 

New York, 1968 .. 

(19) R. Memmi ng , personal communi cati on. 
'. . . 

(20). F. Lohman, Ber. Bunsenges. physik. Chern. 70,87 and 428 (1966). 

(21)L. B1dk, Ph.D. Thesis,Univ. Utrecht, 1968. 

(22) R. A. Marcus, J. Chern. Phys. 43, 679 (1965); J. Phys. Chern. 67, 

853 (1963). 

(23) V. G.Levich and R. R. Dogonadze, Dokl. Akad. Nauk SSSR Jl~, 168 

(1960) (Englis·h translation, Proc. Acad. Sci. USSR, Phys. Chern. Sect. 

__ ...1 33, .591 (1960). 

(24) R. R. Dogonadze and Yu. A. Chizmadzhev, Dokl. Akad. Nauk SSSR 144, 

1077 (1962);150, 333 (1963). 

(25) W. L.Reynolds and R. W. Lumry, Mechanism of Electron Transfer, 

Ronald Press Company, New York (1966). 

(26) N.S. Hush, Trans. Faraday Soc.· 57.557 (l961). 

(27) H.Gerischer, Z. physik. Chem. N.F. 26, 223,325 (1960). 

,. 

.. 
• 



~j 

.. 

- 21-

Figure Legends 

Fi g. 1. Energy-potenti a 1 . scheme for semi conductor and adsorbed dye duri ng 

sensitization by electron transfer. * (0 =exci ted dye; CB = conduction 

band~ VB = valen~e band; . EF = Fermi"level; R = red~cing agent; 0 = 

ox; di zi ngagen t) • 

a) Sensitization by electron injection at n-type se:;!iconductor. 

b) Sensitization by hole injection at p-type semiconductor. 

Fig. 2. Energy-potential scheme for semic.onductor and adsorbed dye during 

sensiti zati on by energy transfer. 

a) Sensitization of anodicphotocurrent at n-type semiconductor. 

b) Sensitization of cathodic photocurrent at p-type semiconductor. 

Fig. 3. Scheme of electro'chemical cell (rotating electrode arrangement) for 

the investigation of spectral sensitization. 1 = rotating electrode 

support; 2 = semiconductor single crystal electrode; 3 = electrode 

surface to which dye molecules adsorb; 4= electrolyte in which sensiti­

zing dyes are dissolved; 5 = Pt-counter electrode; 6 = metal contact 

for semicoriductor electrode; 7 = gliding electric contact. 

Fig. 4. Comparison of absorption spectrum (dotted line) and spectrum of 

sensitized photocurrents (at ZnO) of Rhodamine B. Absorption spectrum 

taken in aqueous 1 M KC1, 10-5 M Rhodamine B~ Sensitization spectrum: 

electrolyte: 1 M KC1, 10-6 M Rhodamine B . 

Fig. 5. Dependence of Rhodamine B-sensitized photocurrent at a ZnO electrode 

on the pH of the electrolyte. Electrode potential: +0.5 Volt; electro.., 

lyte: 1 M KC1. Open squares, 10-4 M Rhodamine B; open circles, 10-4 M 

Rhodamine B plus 10 ... 1 M allyl thiourea. 
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Fig. 6. Dependence of Rhodamine Bfluorescence intensity (at 582nm) 

on the pH of the·solution at various concentrations. Solution: 

Fig. 7. Influence of a potential jump, t.'l'H' in the double layer on the 

free energy of activation (t.Go*) for the transfer of an electron 

from an excited level of a dye (D*) into the conduction band of a 

semiconductor (ZnO). 

.' 
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