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ABSTRACT

The adsdfpfion of rhodamine B on the (0001) faée of Zhb
'single cfystalé from an aqueous solution was monitored through measure-
ment of the absOrbahce of the adsorbed dye. Analysfs'of these spectra
yielded a Langmuir type adSorptiqhvisdtherm with é platéau surface

7.mm01es/cm2} A comparison was made between

concentratiohfof 1.1 XYIO;
the absorbéncé of the adsorbed dyé and thaf of thé‘dye in solution.

| These'dafa"Were correlated with e]ectrochemjéé]‘measurements of =
the photdoxidétion of'this‘dye.athhO crystals uséd>$s electfodes;

The quantum'efficfency of photooxidation was .027 Qﬁich was approximatély

constant as a function of surface coverage. A kinetic model was formu-

lated for the time decay of the photocurrent.



I. Introductlon
A s1mp]e and stralghtforward techn1que for 1nvestlgat1on of dye
sen51t12at10n of sem1conductors 1nvolves-employment of the solid as an

' In the case of photooxidation of

electrode'tn an electrochemical cell.
the'adsorbed.dyestuff, the semiconductor electrodevcan‘be positively
po]arized so that an electron injected‘by an excited dyevmolecule will be
drawn off and measured asvcurrent, L |

A nuhberxof reports in the literature have been concerned with
_ investigatioh'of thTS'phenomehon using thts techniqde'and most of these

2- -4

have utilized aqueous e]ectro]ytes and water so]ub]e dyes. In these

cases the dye must adsorb onto the electrode from solutlon before electron

5,6

transfer can be observed. Yet ‘there have been_few instances”*”* where

the absorbance and adsorption characteristics ofra dye’adsorbed on single

| _crystals have been estab11shed and compared with photocurrent data.

This 1is not to say that th1s po1nt has been over]ooked ‘there have been
several cases where data from the adsorptlon of these dyes onto powder
has been applled to electrochemical results from. s1ng]e crystal studies. 3’7
It implies, rather, that the character1zat1on of the .absorbance and absorp-’
t1on of dyes on s1ngle crystals is a difficult task

It is the purpose of th]S work to study the adsorpt1on of rhodamine
B on the (0001) face of Zn0 single crystals and to compare the resultant
data with electrochemical measurements of the photoox1dat10n of this
dye at electrodes constructed from these same crysta]s.; The absorbance
of the adsorbed rhodamine B can be used to-calculate.the surface'concentra-
tion of the dye:and to determine the quantum efficiency of electron

‘transfer. A kinetic model formulated to explain the. time deoay of the

photocurrent can also yield a.value for the dye's sgrface concentration.



II. Experimental

Two d1fferent types of ZnO s1ngle crystals were used in these exper1-
ments. One was undoped and the other was L1 doped

The undoped crysta]s»came in the form of cross settiohal cuts frOm
a large hexagona] Pprism with a d1ameter of 5 mm. ”A crystal cleaved
perpendlcular to the main or "c" axis of this pr1sm, the or1entat1on of the
cut descr1bed here, will expose two d1fferent faces, one Zn (0001),»and
the other 0 (OOOT) The crystals were cut with a strlng saw set at a th1ck—
ness of 250 u;F'After grinding w1th 91{S1C grit, poth sides of the crystal
were po]iehed'wﬁth.o 3u a]uminavdntil anAoptical'edrface was obtained.
The final th1ckness was est1mated to be 150 u. |

Real surfaces were created from these po]1shed faces through the use
of 85% H3P04 as an etching agent. The crystals were mounted with beeswax on
a gTass slide so that only one face was exposed; the_faees could then be
- separately etdhed. At one point the adSorption sfudies also utilized e_Li
| doped single cryéta] of Zn0. This specimen was purchased from the Lambda-
Airtron Corp. of Morris Plains, New Jersey, and had dimensions of 2 cm x
1 mm. The ]arge exposed surfaces were the (0001) and (0007) faces. Before
use, the crystal was polished to a 1 u finish, but it was not etched.

_ Absorbance'measurements of the dye adsorbed at less than mono]ayek
coverage of a single crystal surface were made byAa1ignment of four of : -
the undoped crystaTs (each with an adsorbed dye layer) in the light path
of a Cary 118 spectrophotometer. Two special ce]lsiwere constructed,
each with fouflerystals, so that the use of one aé.a reference cell in the
spectrophotometer resulted in the cancellation of the extrinsic, impurity,
absorption of Zn0. Thus, the absorption spectrum of the rhodamine B

adsorbed on the surface of the sample cell could be recorded easily.
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Each crystai was mounted on a teflon circle over a hole 4‘mm in
diameter through:which‘the‘speCtrophotometer'beam‘passed.‘.Théy were
oriénted with thé (0001) surface upwards.' RTV‘silicdhe;rubberfglue wés
used to secure the crystals around the edges. . |

The teflon circles were inserted in glass tubing cut so that the
(0001) crysta] fates were accessible (fig. 1). wheh the”ce1l was placed on
end with the Zn fc,es ~up, the dye solution could be depos1ted on the surfaces
through the apertures in the surroundxng glass. |

About 1-2 ml of an aqueous dye solution were deposited on the Zn sur-
faces of the cell des1gnated the sample cel] Raté studiés showed thaf ,
20 min were requ1red for the system to attain equ111br1um after wh1ch the
remaining solution was removed with a wash with nonane or octane. The
cells were thén p1aced in the spectrophotométer and spectra were recorded.
Absorbahce measﬁrements Qf'dye adsorbed on the Li‘dopéd-crystal involved
b]acing this cryéta] in the samb]é beamvof fhe spectrbphotometer.

| The photbelectréchemicaf‘cell-used for measurgménts of rhodamine 8

6. In this set-up

indhced phot6curreﬁts has been described previously.
the potentiaﬁ>qf'the ZnO.e1ectrode‘was,céntro11ed poténtiostatically; the’
light iﬁcident on the electrode surface was deUIatéd at frequencies
'of.3 to 11 Hz uﬁing the Zn0 electrode as the optical'window. Only the
undoped Zn0 crysté]s were sufficiently conductive to be used as eléctrodes.
The rhodamine B was obtained commercially and pur1f1ed through
recrysta]11zat1on in ethanol. An extinction coeff1c1ent of 1.1 x 105M ]cm L
monomer max imum in ethanol was used in this work. |
The net charge on the dye will depend on the bkvof the carboxyl
function; the molecule will be either cationic or neutfal. To determinér,

the region of charge neutrality for this dye, isoe]etiric focusing was



used.s An LKB Uniphbr Column Electrophdresfs system Qas‘employed.for this
determination. . - |

The dye:wasvspread even]y over the entire pH range of the ampholyte.
After 48 houfs'in this set-up,'éil'the dye at low pH had moved to a higher
‘pH., There was a distinct break between colorless and ¢olored portions
of the column at a pH of 4.85. Higher than this pH there appéared to be

‘no movement of the dye indicating that above pH 4.85 the dye is electro-

3 M solution of the dye was

neutral. To confirm this result, a 6 x 10°
titrated yie]ding a pk of 3.5 for the dye which is consistent with the
obéérvation thatithe isoelectric point of a molecule is about'Z-pH units
higher than its pK.i

IIl. Results

A.  Absorbance Spectra

Using the’opticai ce]]s,.absorbance measuremenis were récorded for
"rhodamine B adsorbed on the (0001) face'ofvundbﬁed_ZnO’at dye concentra-
_'tions of ub to 4 x 10'4'M.‘ The_rhodamihe B solutiqns.were prepared using
i doubly djsti]led’watér with the pH édjusted to 6.5.

An eXamplévof the bése]ineiofvthé sample cell without adsorbed dye

can be seen in fig. 2a. In the spectral region from 450 nm to 700 nm, the

basé]ine was flai\to within an absorbance of .003. . The absorption spectka
of the adsorbed dye can also be seen in fig. 2a for a range of solution
concentrations of the dye . The flat baseline allows observation of

a shift of the monomer maximum form 557 to 562 nm as the dye concehtfation

5 M to

of the solution from which it is adsorbed ranges ffom‘l x 107
4 x"10"4 M. In fig. 2b is a plot of the.optiéa] density of the monomer
peak versus the concentration of the dye in solution with which the surface

is in equilibrium.
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B. Photocurrent Act1onSpectra

At an applled bias of suff1c1ent magn1tude to draw off all anected

| charge, the current will varysw1thﬁthe wavelength of the lvght 1nc1dent

on the dye- Semiconductor interface An example of such an action spectrum
for rhodam1ne B at a Zn0 electrode 1s given in f1g 3 The absorbance

of the dye on the crystal surface is also 1nc1uded in this figure; ‘it

is taken from the data of fig‘ 2a. For this measurement the crystal was
maintained at a bias of +1.0V (SCE) and exposed to light modu]ated at
11.6 Hz through backside illumination. The bandw1dth of 1nc1dent 11ght
for both spectra was 0.5 nm.

"~ C. - Photocurrent vs Solution Concentration

As has already been established the adsorptibn'Of rhodamine B on
Zn0 will vary with solution concentrat1on. Consequently, the photocUrrent
| in an electrochemical arrangement can also be expected to change with
the solution concentratlon of the:dye.' It should;be informative to compare
- the data from the absorbance'spectra of fig. 2b with data from similar |
photocurrent meaSurement§ to obtain a measure of’the'quantnm efficiencyf
of charge transfer as a funct1on of solut1on concentrat1on o
However, the photocurrent measurement requ1res the presence of an N
e1ectrolyte‘1n solution and this may affect the adsorption of the dye.
At pH 6.5, though, rhodamine B is a neutral epeéies so that coulombic
forces can_be.expected to have little inflhence on adsorption. This
was demonstrated through the measurement of the absorbance of the rhedamine
B that was adsorbed onto the Li doped Zn0=crystal-from a3.0x107°M |
_ solution of the dye in the presence of 0.25 M solutions of KN03 and KC1. .

Compared with'the optical density of the dye adsorbed from water (.0045)



there is little difference in the amount of dye aﬁsbrbed from the twq. |
electro]ytes,(KNO3-.0044, KC]-.OO47).-.This confirm; )itefature reports
that the adsorption of rhodamine B.onto ZnO is independent of KC1 -
concentration.3,. | B | : |
The magnitude of the photocurrent at the dye's abéorbance maximum
was determined for solutions up to 3.0 x 10'4 M in rhodamine B for .25 M
KNO, and‘KCl'sdlutions¢ ~The results can be séen‘in'figé 4 along with the
optical dénsity.measureménts from fig. 2b. The tHréé:curves are very
similar.  Each pbint is the average:of.six to ten measurements of the
photocurrent;at its‘initia1 value before any time décay. The bias was
+ 0.50 (SCE)} ‘After each measurement the crysta].w$s washgd with |
successive baths of doubly distil]ed water, methéno],‘and,distilled water.
A twenty minute equilibration time was allowed affef'immersion of.the
electrode before il1umination.and measurement.
The photbﬁ fiux was 2.1 x]Ol5 photons/émz-sec at,56O nmlwith a bandwidth
of 8 nﬁ at half bf the maximum intensity. The calcpléted efficiency, 9,
of electron fransfer for each surface concentration is listed in Table 1
for both KC1 aﬁd-KNO3 as e]ectro]ytés. For a'KC1‘e1éctr01yte the average
value of @ was ;037; for KNO3 the result was .027. This is in agreement
with reports that C1~ functions as a reducing agent fof the adsorbed

3,9

dye while KNO3 proves to be inert.”*” This feature of the C1™ electro-

lyte has been examined and will be discussed in detail els',ewhere.]0

D. Time Decay of Photocurrent

~ As can be seen in fig. 6 the photocurrent by rhodaminé B at a Zn0
surface diminishes with time. . After 10 minutes the rate of photoinjection
has dropped to'40% of the initial value as the dye on the surface is

oxidized.

e e o e e 18
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Jt is’évident;that;aprdionged exposure'of thé“interface:to'illumina-
tion results in a decrease in the numbér'oprhotoéctive dye moleculés
at the surface. Gradué]ly the surféce must become covered with inactive,
oxidized'rhodamine.B‘whjch is only slowly replaced~with_new'dye from |
solution. This picture of the time decéy implies that the magnitude
of the photacurrent after initial esposure will dépénd on fhe'relafive
rates of photooxidation of the dye and replacemeﬁt ofithe oxidized holecule.

These pbeedures héQe been depicted in fig.,7;'lAt the beginnihg
of illumination there is an equilibrium between fhé dye on fhe sdrface;
D,q» and the;dye in soldtion,:Dsd].. The exposufefbf the electrode to
a photon F]ux‘iresults in.oxidation_of D4 qnd_creation of iﬁe adsorbed
‘oxidized species D;d. ContinUedvj]luminationIOf the sqrféce converts Dad
to D;d, and thé'photocurrént.produced at the interfage décreasés;:

The only way that-Dad can be replenished is'thrCUQh desorption of
.Dad+ at a rate k3[D;d]»f0110wed byvadsorptjon of:D;oj.mdlecules on the |
vacated sites. It shou]d'be~expected that at some point during the time
. decay of the bhotbcurrent,'desorption of D;d.shou]d be rate limiting and
the rate of cbnsumption °f<Dad should_equal thé rafe of desorption of
D;d and adsorption of Dyo,. | - ’v
C An attempt will be made to corfe]ate-this infuitive picture of the
 time decay with the observed decline'in the photocurrent using a kinetic
model. Two sét$-of‘data are available for examination. One is the time
behavfor of thefphotocurrent for rhodamine B in an.ihert eleﬁtro]yte;
0.25 M KN03,iand the other is the corresponding.decay for the dye in
1.0 M KCI. | o |

~ The two'elecfro]ytesvused in this investigatioﬁ of the time_behavior |

4

of the photocurrent were 1.5 x 107" M in rhodamine B, a concentration

which corresponds to the plateau region of the adsorption isotherm of
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of fig. 2b. Qualitatively, the results were similar although the magnitude
of the photocufrent from the KC1 experiments was 1argér than the_KNOé '
results. The'photocufrent always represents thatlobtained at a saturétion
bias; monoéhkomatic il]umination_through thercrysta] as an opfi;a] window
at the dyé's absorbance maximum was used. ~The so]utions were deoxygencated
and stirred w1th ultrapure N2

As shown in fig. 6, the photocurrent decays smoothly w1th t1me
-Thisvlogar1thm1c analys1s'does reveal, though, two Tlimiting regions denoted
by "F" and "S“: They-corresbond to'én'initiai faét decay succéedéd by
a s lower, - long term decrease in the photocurrent '

At th1s point it 1s appropriate to mention that accompany1ng th1s
photocUrrent decay 1s a dc dark current that results from the potent1ostat1c
control of the electrode bias pptentxa]. As a polarmzab1e semiconductor
electrode ZnOlis nearly ideal with dark currents‘df about 5 nanoamps
in these experfhénts at pH 6.5. This current is thoUghtvtd be partially
ionic in charactef and ﬁas beén,attributed to tho‘spdrcés:]] the anodic
~ dissolution of the Zn0 lattice into 2n** jons and 0, gas, and the ionic
'migration'bfuinterstitial Zn* to the surface where it is oxidized and
solvated. The dark Current decays with time. | |

Severé]‘experimehts’serve to clarify the ro1e‘of this potentiostatic
dark current in tﬁe long term decay of the dye sengitized photoéufrent;
two of these7exberiments are shown in fig. 8. In this figure the photo-
current was meaéured as a function of time, but withvsignificﬁnt periods-
during which the crystal was in the dark. It can be seen that the long
term decay is dependent on the dark current, if the exper1ment is run
_w1th an interruption of the light and the potent1ostat1c control then

this decay in the dark is halted (fig. 8b). These results indicate that -
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the long term decay ortginates in processes ciosely tied to the dark
current. In fig. 9 can be seen an ertension of;the experiments'depicted
in fig. 8. Here the dependence of the long term decay on the dark current
is easily,seen.,
The time decay of the photocurrent was not quantitatively reproducible.
The photoox1dat1on of the dye is expacted to be very sens1t1ve to the
condltlon of the electrode surface and this: w1ll change w1th 1ong periods
of anodic polar1zat1on. AS nanoamp dark current should lead to d1sso]ut1on
of 50% of theaSUrface after 2000 seconds of po]ar1zat1on Furthermore,
the dye's adsorpt1on and desorpt1on rates are dependent on the st1rr1ng
| of the e]ectro]yte. With the apparatus used in these exper1ments, it
was nOt possible to reproduce ‘this stirring rate from exper1ment to.experiment.
It uas also recognized that the modufation techn%que used for measure-
ment of the photocurrent can 1nf1uence the rate of photo 1nduced decay.
In the light chopp1ng cycle each exposure of the. surface to 11ght is

followed by a dark period during wh1ch the system can recover to some

o extent. _Consequent?y,-the observed decay is not as fast as it would be

under a condition of COntinuous illumination. In order to permit a quantlta-
tive analysis of the decay, the photocurrent behav1or under constant
1]1um1nat1on was_measured, an example of which is shown in fig. 6 for

a KNOg e]ectrbTyte.

Iv. stcusswon

A. . Absorbance of Adsorbed Rhodam1ne B

A comparwson of the absorbance of rhodam1ne B adsorbed on Zn0 with
the solut1on absorbance (fig. 5) reveals that there is but 11tt1e d1fference
- between the two. The relative concentrat1ons of the monomer and dimer

~ species may change in going from solution to surface,cbut no new transitions
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appear upon absorptfon to change the enrelope of the absorotion spectrum.
The most'significant'differenee is a red shift of the absorption maxima
from their. correspond1ng energ1es in so]utwon

Th1s is.a ‘commonly observed phenomenon for adsorbed sens1t1zlng dyes]
and is a consequence of a slight stabilization of the excited state of the
dye relative to the ground state.: Adsorpt1on of the dye from solutwon
places the molecule next to a sol1d which has a higher optical d1e1ectr1c
constant, E = nz, and with which the dye has a greater dispersion interaction.
In solvents where only dispersioo forces are'present, an increase in the
n of the enVironment'wi11 result iﬁ a shift of the‘electronic spectrum of
a so]vatedi'species.j9 ' | | |

Therefore, if e]ectrostatic fdrces or hydrooen bonding are‘notvinvolved
in the adsorptioo process, this red shift in the absorbance spectralshould

be a measure of the optical die]ectric constant at the surface. 14 Although
6,14

this may be true for adsorptlon of a dye like rose benga] it is

probably not the case for rhodamine B since hydrophoblc interactions do
appear}to p]ayla significant role in aggregation]5 and . in adsorption on
organic solids. I o

N1th only these small changes in the exc1tat1on spectra, 1t can be
conc luded that no major modification of the'electronwc structure of the
chromophore isginvolved in the adsorption of this dye. Although this {s
not always the case with sensitizing dyes,sgthe interaction between the
chromophoric function of rhodamine B and the underlying substrate hust be'
on1y a slight perturoation from that between the djevand the solvent from
which it was adsorbed.

It can be seen from fig. 2a that rhodamine B adsorbs from solution

as a monomer..  Evidently, adsorption must occur in an orientation that

16

interferes with dimer formation, A model’™ for dimer formation of rhodamine
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B pairs the molecules through appoeition of1thevehfemophoricfplanesLWith
the aitached-bhenyl groups oriented about 180% apart; ~An fnhibition of this
aggrégatiOn would ensue if the molecule were adsorbed with the chromophoric
amino groups hext to the surfaee as has been propbéed‘for-adsorption of this
dye on organic single crystals.] E | | |

No experfmental measurement of .the amount ef dyeeadeorbed or the semi-
conductor surface was hade because of the small serfaee”area'of the crystals.
However, a theoretical analysis of these absorbaneejspectfa'ean*yield the
surface concentration, CS, of the dye'ifeit is assuméd that the transition moment
for the excitation is conserved after the dye enters the adsorbed state.
From thisvthebfetiealvca]cu]ation, adsorption isptﬁefms can be constructed-
and a heat of:adéorption can be determined. H

Such a theoret1ca1 analysis. was carried out uSIng the spectra of fngr

17

2. and 5 after the manner of Pando1fe and Bird. There are-errors in these

ca]culatlons wh1ch or1g1nate in the treatment of the rhodamwne B spectrum
as one trans1t1on when it is,; in fact, two. _ However, they were small ‘and
| have been neglected. | |
A calculation for,CSuwasepekformed for each'sbectrgm of fig 2a.and
~an adsorption isotherm was established as seen ih-fig; ZbQV The envelope
of the absorbance spectra changed so little from the lowest to highest surface
concentration that the calculated value for C was found to be proport1ona]
to the optical dens1ty of the absorbance max1mum‘of‘each spectrum. Thus,
the absorbance data of fig. 2b reflect an adsorption isotherm which can be
described by the ordinate on the right side of :hj's’_f_igu.ref..

At the plateau ef the isotherm, the surfacefepverage of 1.1 x 10'7

R

mmoleSIsz yields an-area of 150 A per mo]ecule.:.Anvexamination of a model

of rhodamine. B indicates that 100 Kz would be a reasohable'approximation of
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the area occupied by the adsorbed dye molecule. Thus;‘this plateau éppears
to représent a.monolayer coverage of the surface. | . |

This isotherm of fig. 2b conforms to Langmuir’type adsorption. Analysis
of these data with a Lgngmuir éxpression for adso‘r.p'tion]8 allows én estimation
of 6.2 kcals/mole for the heat of adsorption of rhodamine B on ino; This
“value for A H ié in the same rahge as heats ofad#brbfioh reported for
sensitizing dyes on powder substrates]9 and indicates an adsorptionvgovérned
by dispérsion forces‘aﬁd, to some small extent,_coulomb_forces;]z‘zq

0vera11, these results for adsorption of rhodamihe B onto an single
crystals do ﬁdt-djfféf'to é.great extent from theibéhavior observed fof

12,20

adsorption of similar dyes onto powders. ThiS‘hés also been found to

be true for adsorption of rose bengal on TiO2 single crysta]s6 and several

24 The conclusions to

other dye/semiconductor single crysta] combinatiohs.
these sing]e'crystal.studies must perforce be similar to those drawn from
work performed.with powders. However, it will be_séen how the single
crystal absorbahce data can be used to effect further conclusions when

“correlated with photocurrent measureménts'at the same crystallographic face.

B. Comparison Of_AbSOrbance and Photocurrent Measdnements

The'photocurrent action spectruh of rhodaminé B on Zn0 reflects the
absorbance speéfrum of the adsorbed dye,_,AsideAfrbm‘minor differences, the
envelopes of two sample Specfra (fig. 3) aré the same,éhowing that the
efficiency df electron transfer is constant over fhe~spectra1 range of the
dye. Therefofe; as expected, the higher energy excifation of the adsbrbed

-12

shoulder must then decay quickly (10']] - 10 set)'to a lower energy

excited state from which oxidation occurs.
The absorbance sbectrum of fig. 3 is red shifted from the action spectrum

by several nanometers. There is also a slightly higher shoulder in the action

spectrum where:tﬁe dimer absorbance of the dye is qund. Both of these



| 13
differencesiaré probably due to the presence of the salt in solution. The
electrolyteféould salt out the dye to form dimeré'on the surface to sdme
small extent; the Helmholtz layers formed by these ith-peruce an electro-
static environment greatly different from the so]fd/gas interface at which the
absorbance spectra were taken. »With only these minor;differéncés; though,
the action spectrum can be seen as a .measure of the absorbance of the adsorbed
dye layer. v_ | |

The phobability that an excited, adsorbed dye_wil] transfer energy to
a neighboring dyevmolecu1é has been disédﬁsed in prévious invéstigation§.6’2]
It was conc]udéd, for examp]e,vthqt a weak,,]ong.range enefgy transfer does
oécur between rose bengal molecules adsdrbea on a TfO2 e]ectrode.6 An
energy exchange.by'A F8rster mechanism is also possible for rhodamine B on
Zn0, but oniy via.a weak, long réngevmechaﬁism since”the absorbance spectra -
of fig. 2a do hot_exhibit the spectral characteristics of a stroﬁger inter-.
action. .v ) o

This phenomenon would be dependent on the surfdcé»concentration_of the -

‘dye. With the data of fig. 7, it can be determined if the efficiency of

é]ectron transfer is a . function of the dye concentration on the e]ectrode.
The results of such a calculation are listed in table 1 for each surface
concentratibn.ét which photocurrent measurements wefe taken. Complete surface:

"mmo tes /em? .

coverage, © = 1.0, is defined as 1.1 x 107
The quantUm efficiency of electron transfer appears to be constant with
surface coverage although the KNO3 data are not too convincing. The effect

of the salt on adsorption may account for the discrepahcies as the curve “

~described by the KNO; photocurrent data of fig. 4 is different from the curves -

of the optical density and KC1 data. However, the relatively small range
of the © data does require consideration of the phbbabi]ityvthat the efficiency

of the charge injection does not depend on the.surface'COncentration of the
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dye over this range of 0. Two conc]usions are possible. Either excitation

‘does not occur or its effect on the charge transfér.efffciency has saturated
8

before the surface coverage of 4.0 x 10~ -mmo]es/cm2 (0= 0.4) has,béen reached.
The rate of this type of energy transfer Wi]]Adep of f sharp]y.once

the intermb]écuTar separation exceeds 50 A. This limit wou]dvcdrrespond

to a surface coverage of 0= .01 which is much lower than the surfdce 3

concentrations of Table I. .Therefore, the data of-fig.'4 are inconclusive

~concerning the question of the existence of energy transfer in this system.

C. Kinetic Modé1vof Photocurrent Decay
A kinetic mode] for the time decay of the photocyrrent was formu]ated
with the conéideratibn that the rhodamine B is adsorbed ét a variety of sites
on the surface. - Theée sites do not influence the quantum éfficiency of dye
photooxidatfon; but some of them are disabled for photoactive purposes through
the dark‘current processes revealed fn fig. 9. Ana]yéis of the data with
this assumptféh,yie]ds information'concerning desbrpfion rates of the oxidized -
dye and the total_éurface concentration of the dye. | |
An'aﬁa]ysisvof the kinetics of this time decay wifhout consideration
of the dark'current blockage of surface sites requires consideration of these

events at the eiectrode surface:

. > 4 _'] )
D, +s T p K M (1)
D+ hv - D* o sec!
D* -+ D'+ e Ko sec”! (2)
+ + -1
D + Dso] + S 'k3 sec (3)
D* D k, sec] - (4)



CUuvud8uss5 7

The photocurrent measured at an intefface'reflects the oxidation of
_the excited dye: |
J = k [0*] R
Here [D*] is in units of molecules c;m'2 and J-in electrons cmfz. In
.the steady state during i1lumination

[p*]

5t

o ] (e
Tk o o

so that 3 a0 [D] = Q[Dj:

“where ¢ = kz(.k2 + l%) is the quantum yield for photoinjection.

The time dependence of [D]., and therefore J,’may be described by
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considering reactions (1) and (3) aboVe. At the sb]dtion concentrations of

rhodamine B used in these experiments it can be assumed that the equilibrium

(1) always lies far to the bight so that the surface.concentration ef vacant

sites, [S] is small. Thus, new D appears on the surface at a rate limited

by the desorption of D (reactibn-(3)),‘wh11e it disappears when electron
injection oCcufs. The time dependence of [D] is therefOre given by

d[p] = k., [D] - Q[D] : (7)

T 3 o
The total surface occupancy can be written

[o;1= [p] + [0 e

since [Df] is nég]igib]y‘small. This gives for the solution of equation (7)

e |
] - [Dgg_LkB«»oe s Q)t]- (9)

and for the photocurrent

Gy t]
=-_Q_[P°_]_['§+Qe3 ' ] (10)
ky*Q .



However, it‘was observed (fig. 9)'that'contindous potentiostatiC'control
of the crysfal'results in long term time decay in region "S" that occurs
even in the dark. This can be explained qUalitatiQely as a decrease in the
number of sUrféée sites avai1ab1e‘for occupation-ﬁy bhotoactive molecules.
Thus, in the mass balance expfession (8), the numbér.of'sites available
for océupatfon, Do’ should not be corstant but will'decay as a monotonically
decreasing function of time.

_Such é blockage of fhe surfacebmay proceed tﬁroughvseveral pathways.
The dafk curreht production of oxygen at the.crystal surface may result in |
adsorption Qf,quecular oxygen and subsequent absfraction of an electron to
| form 05 at the electrode. The oxygen could also reaét with the adsorbed.
dyestuff to-form‘nbn-desorbab]e o*idation products.  Both of thése redctions
'wbuld resuit‘iﬁva physical OCCUpation of the sUrfate by‘photb—inactive species
other than the oxidized dye molecule. ”

In ordef tb»interpret_the time decay of fig. 6 accOrdingbfo eqn. (10),

0.

i

the long term detay of [Do] in region “S" must be extrapolated to t
~This interﬁection of the curve and the ordinate can be determined throughA
light intenéitymmeasurements If the photon f]ux 1s doub]ed while the
photocurrent is. in the "S" region of decay, eqn. (10) predicts this

relationship: : :
| 3 (2 2)/9() = 2(ky + Q)/(ky + 2Q)

"This permits evaluation of the ratio (k3/Q). In this manner the long
- term decay curve can be extended to t = 0 with the:aid of a power curve
fit of the intervening points as shown by the dashed line in fig. 6.

The difference between the measured photocurrent and the extrapolated
photocurrent in the "F" region can be plotted logarwthm1ca1]y to extract a

‘value for (Q + k3), but a good linear fit was not always obtained ow1ng
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to the -approximations involved in the extrapolation p?oéedure. This evalua-
tion of the faét decay constant permits calculation of Q and k3 since the
Jratio (k3/Q):is'a1ready knowh.‘ Using eqn. (10) at t = 0, fhis knowledge
of the valués f§r Q, k3, andvoé aré'listed in table 2. The light'intensjty
was doub]ed_during the time decay to evaluate J(29)/J(9), Its Va]de.wa§
determined to be 1.65 independent of the time in the “S" regibn‘at whfch
it was measured; | o |

Through fhis mode the_dyé cdntentratibn on the_surfacevwés found io
be 3.3 x 1014/cm2 which is four times ihat calcu]aféd:from thé‘absbrbance
_Qate. ThiS'QQerestimqte originates in the value ole from which D0 was

" derived. Another example Supporting possible error in Q can be found in the

evaluation of & from the expression Q = afd. Given that ¢ .= 1.7 x 1015

photons/cmZ—Sec and & = .026, o was evaluated to be 9 x.]O'Ucm2 which.
_ , - R e 1

is about three times smaller than a measured value of 3 x_10—16cm2.-

This interpretation of the phqtocurrenf time decay has.beeh based'on

the empiricé]]y derived assumption that the adsorption sites are gradually
occupied by'noh-photoactive’specjes. The occupétiOn'of sites apﬁears to occur
at a variety of rates and is a conseqdence of the bias applied to the crystal.
Inspectibn'ofEthe tfme decay of fig. 6 shoWs‘that‘this_undefined dark
current proceséiis responsibie for the greater parf Of the decline in photo-
current over the time range of the experiment.:

~ The modei provides a reasonable explanation of the photocurrent decay
in that the initial, sharp decline of electron'inje;tion éan be seen_'
as a depletion of the dye‘on the surface until: a steady state is reached be-
tween oxidation of excited dye molecules and adsorption of hewldye from
solution. This'Value of the photocurrent decreases because of'obstrucfion 6f
sites by some unknown species. At this qﬁasi\steady state limit the photdtur-_

rent is_not,linéarly proportional to Q, but is a funcfion of the rates for
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creatlon, aQ@ - and desorpt1on k3, of the ox1d1zed dye
| An analysis of the time decay when the electrolyte conta1ns a reduc1ng
| agent wou]d be more complex than the simple mode] presented here The
comp]ex1ty resu1ts from the competition between the two energet1ca]7y
| plausible react1ons of a reduc1ng agent, R: |
R+D* » D +R - (14)
R+D+> D +R" ' o (1s)
If one reactfop could be excluded, a relatively simple'adalysis eou]d be
formu]ated fdr the other However, until some heaeure'of the're1ative
values of k]4 and k]5 has been made such an ana]ys1s would be speculat1ve
and has not been attempted here
Furthermore, a much more rigorous control of‘eXperimental_conditions
Wou]d be required in an examination:ef this decay. Specifically, a
rotating disc electrode would be necessary for accurate and complete control

of the diffusion processes at the surface.

SUMMARY |
Rhodamine B adsorbs weakly to the (0001) face'of.ZnO with a MH
of 6.2 kcal/mole. However, this heat is of sufficient magnitude to

-7

result in a complete surface coverage of 1.1 x 10 mmo]es/cm2 corre-

sbonding to an area of 150 R/mo]ecu]e.

The adserption orientation of the dye must preclude aggregation . -
on the surface since the absorbance of the adsorbed molecule differs |
vvery little from the solution spectrum of the monomer._ The absorbance_(
of the adsorbed rhodamine B was closely reflected in the photocurrent
' action'spectrum observed in an electrochemical system.

As the surface coverage of the electrode by the dye climbed from
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©=0.4 to O = ].O;thevquantgm efficiency'of electron transfer from

- the excited dye to the conduction band remained constant. This increase

in.the sufface concentration of the dye does not result in a significant
quenching of the exc1ted state of the rhodamine B.

The t1me decay of the photocurrent can be descr1bed by a k1net1c
mode] which: ascrlbes the rate limiting step to the desorpt1on of the .

oxidized dye.
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‘Table 1 The quantum efficiency of electron transfer

as a function of surface coverage ©.

 Solution

Concentration ' KNO2 - KCL
~(107%m)
.0 - 30 . 025 .03
1.0 - 15 026 .03
95 9 .02 .03
20 3 .33 .03
60 1.5 031 o83
45 0.75 00 .03
027 037§
P A A

Table 2 Data derived from analysis of the time:decay of fig. 6

Q ' 4.3 x ]03 . sec-1, )
ks 1.57 x 1072 sec”!
[Do] : 3.3x 10 cm?
o 9x 10V

21



Figdre 1:

Figure 2:

Figure 3:

- Figure 4:

Figﬁre 5:

22

FIGURE CAPTIONS

A glass cell was constructed for absorbance measurements in

which the crystals Wefe held perpendicular to the']ight path.

(a) The absorbance of four layers of the'édsorbed dye is shown
at various surface concentrations. Thé 0D at the monomer maximum -

is pTotted as a function of the'so]utidn concentration ¢f the

"dye in (b). The ordinate on fhe.right of (b) calibrates the

absorbance in terms of surface coverage.

This is a comparison of the absorbance'qnd'ébtion spectra of
rhodamine B adsorbed on a Zn0 single crystal from a 5 x 10"5 M
solution of the dye. The bias potential was 1.0 V and the bandwidth

of the light was 0.5 nm.

Photdcurrent’measurements are shown as a function of the dye's
solqtion concentration for a KNO3 e]ectfo]yteCIDC)and a KC1 electro--
lyteAas . The absorbance of the adsorbed dye 000 is taken

from fig. 2b; the surface area of the electrode was .126 cmz.

The ébsorbance of a 6.3 x 10'7 M aqueous solution of rhodamine B
in H,0 ( 1 cm path length) and of the dye.adsorbed on ZnO from

adx 10'4 M solution are compared.



"o

i) - %j ,j :‘; 6'-4 . % U ::3 :j :-:i

U,

23

Figure 6: The ﬁime decay of the photocurrenf.exhibfts an initial fast
~ decline, "F*, which is followed by a slower one, "S". The slow
decay curve can be extrabbiated to the t =0 axis.as shown by
| tﬁé‘dashed line. A KNO; electrolyte was used with the crystal
biaSed at + 0.5 V. The photon flux was 1.7 x 1015 cm'zsecf];

the light was not modulated.

Figure 7: A sChematfc presentation ié giyen of'thé3bro§esses 6ccuring
| at a sensitized semiconductor e]g;fqrdé. Adsofption 6f a dye
majééulé'ffpm‘solution, Dg 01> to éféété'Déd resu1t$ in cither
desorption, k_1, or 6xidatioh,.k2, fo]]bwing excitation by the
proton flux . The oxidized dye, D, can be desorbed, K.
‘Figure 8: (a)'PdtentioéiatiC»cOntfol of the crystéi.résu1t§ §n § Joﬁé
| termfdecayfof the phbfocurren;_e?éh‘whéh the interface is not
exposed'fohijghf. .(b) Removalbof;potentiostatic control allows
a rétovery_df the phdfocurfeht aﬁd ha]fsfthe long term decay.

A KC1 electrolyte was used with a +1.0 V.bias on the electrode.

Figure 9: An extension of the experiment depicted ih fig. 8a shows a smooth

time decay dependent on the dark current.
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