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Abstract

Results are presented for the steady state and light-on transient photoelectrochemistry of two colloidal semiconductor/electron scavenger
systems, CAS/FEN)g®~ and CAS/MV#H, studied with the optical rotating disc electrode (ORDE). Measurements with the ORDE allow
calculation of values of Z4 x 10~9 and 312 x 10~ m s~1 for the electrochemical rate coefficient for reduction of &)g3~ and MV2+,
respectively, at the photoexcited particle surface. The difference in the valkgsg fofr the cationic and anionic scavenger species at the
negatively charged CdS particles underlines the importance of the Coulombic interaction between particle and scavenger in determining
the efficiency of particle-to-scavenger electron-transfer. ORDE measurements also indicate that the same Coulombic interactions are found
to play an important role in determining the efficiency of the undesirable scavenger-to-particle back reaction, the reduced scavenger being
oxidised by holes trapped at the particle surface. Importantly, the largest photocurrents are observed from theDg3/Rystem which
also has the lowest value for the rate coefficient for the scavenger-to-particle back reaction. The ¢ratbe gfiantum efficiency for the
photogeneration of electrons detectable by the ORDE, is found to increase upon the addition of either scavenger. However, the low values
of ¢ observed (0.027 for the CdS/fN)e3~ system, 0.02 for the CdS/MYV system) indicate that, even in the presence of an electron
scavenger, the dominant processes within the particle are direct and indirect photogenerated electron—valence band hole recombination
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Reaction (Ib) may be considered as being chemically
reversible with respect to A/A
In our previous paperd—3], we described the modelling 2. The photophysical irreversible chemical electrochemical
of the light-on transient and steady state photocurrents ex-  (PICE) process, whereiri $articipates in an irreversible
hibited at the optical rotating disc electrode (ORDE) by two ~ chemical reaction with a charge scavenger, A:

general photophysical-chemical-electrochemical (PCE) b ko
systems. solution : disles (lla)

1. The photophysical reversible chemical electrochemical
(PRCE) process, wherein the photoexcited sensitiser
S* participates in a reversible chemical reaction with a electrode : A > A+e, ng/A (lic)
charge scavenger, A, in solution, the products of which
are oxidised at the electrode:

solution: S +AMst 1A~ (Ilb)

This paper, the fourth in a series of four, describes the ap-

. L Lok i .
solution - el g (Ia) plication of the results_ of our previous paper to experlr_nents
on photoexcited colloidal semiconductors performed in the
. k k: i i -
solution S +ASst LA BA (Ib) presence of deliberately added solution phase charge scav
engers.
electrode : A—>A+e, Eg, A (Ic) Colloidal semiconductors are currently attracting substan-
tial attention, especially in regard to their applications in
* Tel.: +44-1772-893530; faxi44-1772-892996. photoelectrochemical energy conversion and environmental
E-mail address: choxall@uclan.ac.uk (C. Boxall). photocatalysis (see e.g—13]), Q (quantum)-state systems
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(see e.g[11-18) superhydrophilicity[5] and the under-  0.119 and-0.69V, respectively. As the nearly pH-invariant
standing of the mechanisms underlying these modes of ac-flat band potential of CdS is ca0.9V [26], the oxidised
tion. All of these reactions/systems rely upon the initial forms of both couples are thermodynamically capable of
absorption of photons of energies greater than that cor-scavenging electrons from the particle conduction band or
responding to the semiconductor band gap to form con- shallow traps at or near the particle surface (trapping times
duction band electron—valence band hole paig%(éﬁB). are <100fs for CdS[27-30). Each system is treated as
These holes/electrons may subsequently recombine (reacfollows. First we report the results of experiments to deter-
tion la/lla) or diffuse to the particle surface where they may mine: (i) the rotation speed dependence of the steady state
either reduce/oxidise particle lattice sites or undergo interfa- photocurrent; and (ii) the time dependence of the light-on
cial electron-transfer, reacting with a surface adsorbed sub-transient photocurrent recorded at a stationary ODE for
strate (static charge transfer), a species in solution (dynamiceach system. We then use the form of these dependencies
charge transfer), the solvent or catalysts deposited on theto determine which asymptotic mathematical descriptions
surfaces of the particles. Such reactions can be described irof the time and rotation speed dependence of the pho-
terms of an electrochemical mod&B], an approach which  tocurrent at the ORDE are appropriate for each semicon-
finds greatest utility in those processes most dependent uporductor/scavenger pair. Finally, we use those mathematical
efficient interfacial electron-transfer, such as energy conver- descriptions to derive values &, k; andk.
sion and photocatalytic systems.
Direct electrochemical study usually involves particle-to-
electrode precipitation; while mimicking particle envi- 2. Experimental
ronments found in most practical Q-state and energy
conversion systems, this perturbs the (assumed) spheri- Construction and theory of the ORDE have been described
cal diffusion fields and surface adsorption equilibria that previously[1,3,31,32] In summary, it consists of a quartz
obtain at particles in free solution, so affecting their inter- rod (radius in the range 1.5-2.1 mm) polished at both ends,
facial electron-transfer efficiencies. Thus, there is a need one of which is coated with Sb-doped Snto form a trans-
for photoelectrochemical techniques capable of in situ, parent disc electrode. The light source was a Thorn A1/233,
non-perturbative solution-phase study of interfacial charge 250 W, 24V quartz iodine projector lamp. Light from the
transfer-reactions involving colloidal semiconductors and lamp is brought to focus on the uncoated end of the quartz
charge scavengers. The ORDE is such a technique. rod of the ORDE; it then passes through the conducting coat-
Comparatively few studies have been published on the ing of the distal end and into solution. The electrode used
electrochemistry of colloidal semiconductors. Heyrovsky during this study has an area ab@ x 10-% m?.
et al. [20-23] have examined the dark polarographic and  All solutions were freshly made with doubly deionised
cyclic voltammetric behaviour of a range of metal oxide water (DDW) (resistivity >18 M2cm) and thoroughly
colloids with mercury drop electrodes. Albery et [@4,25] purged with N before use. All chemicals were of AnalaR
have previously reported polarograms recorded from col- or GPR grade and, where necessary, further purified by re-
loidal TiO, and CdS with the ORDE in the dark and in the crystallisation. Two batches of colloidal CdS were used in
light, whilst we have measured and characterised the tran-these experiments—colloids A and B. Both were prepared
sient photocurrents generated by semiconductor colloids,by the method of Gratzel and co-workgB3] as modified
so yielding information relating to photogenerated charge by Albery et al.[25]. Experiments on these particles were
carrier kineticq1,2]. Of greater utility would be a study of carried out in a sol containing 10 mM KC}@nd 10 mM
the steady state and transient photocurrents generated bgodium hexametaphosphate (HMP); the concentration of
colloidal semiconductor/charge carrier systems using the CdS was 5 mM. Experiments were conducted in the absence
ORDE and stationary optical disc electrodes (ODHS) of added charge scavengers.
Such experiments would be expected to yield information  Particle diameters and diffusion coefficients were mea-
pertaining to the interfacial electron-transfer kinetics of sured using a Malvern PCS100SM Photon Correlation Spec-
photogenerated charge carriers. However, to the best of outrometer incorporated into a Malvern Automeasure 4700SM
knowledge, this has not yet been done. system. Particle diameters were invariant over a period of
Thus, the paper will be primarily concerned with the months once an initial period of about a week had passed.
use of the ORDE in the study of two commonly en- Colloid A was found to have a mean diffusion coefficient,
countered colloidal CdS/electron scavenger systems: theDp, of 1.9 x 10~11m?s~1; that of colloid B was found to
CdS/FECN)g3~ system, wherein the scavenger is anionic; be 319 x 10-1'm?s1. Their mean radiirp, were found
and the CdS/1/idimethyl-4,4-bipyridinium (methyl violo- to be 12.4 and 6.8 nm, respectively. Colloid absorption co-
gen, MV2t) system, wherein the scavenger is cationic. We efficients were determined using a Hewlett-Packard 8451 A
have chosen to study CdS due to its stability, ease of prepa-spectrophotometer.
ration and its widespread use as both a model compound Light intensities were measured with &pplied Photo-
and in practical photoparticle systems. TEg values of physicsintegrating photodetector. Where appropriate, 10 nm
the FECN)63~/F&(CN)63~ and MVZH/MV ** couples are band pass interference filters (Ealing IRl 25 mm) were used
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to provide monochromated light. Light intensity was var- 1. The light makes only a small perturbation to the concen-

ied using Ealing neutral density filters. Transient photocur-  tration of S (in molnT3), thus not altering the dark cur-

rent studies were performed by manual removal of the light  rent value significantly. This also means that the solution

shield situated at the underside of the projector lamp. does not bleach and that the light has a Beer—Lambert
Unless otherwise stated, experiments were conducted us- profile given by

ing unattenuated white light in order to maximise the pho-

tocurrents obtained. The number of photons absorbed by the I'= loexp=&,[Sk) @)
sols during white light experiments was calculated as fol-  where I is the flux of light at the electrode surface
lows. The high energy cut-off of the lamp occursiat= (mols of photons m?s™1), ¢, the absorption coefficient
300 nm. At that wavelength, the value &f,cp (¢p, the (m?mol~1) at wavelength. (m or nm) and the flux of
natural extinction coefficient of the particles,{mol~1) at light at a distancex (m) from the electrode.

A, cp the particle concentration (molm)) was typically 2. The homogeneous loss reactions are (pseudo-) first-order
~2700nT%, which was also the largest value obtained in with respect to [S] and [A~] (mol m~3), with rate coef-

the wavelength range absorbed by our sols. The slowest ro- ficientskg andk, (s™1), respectively.

tation rate used in our experiments, Escorresponds to 3. Ais present in such large excess that: (i) [A] (mol¥h

a diffusion layer thicknessXp, of the order of 10°m. is uniform in the vicinity of S/S and that the
Beer—Lambert calculations show that the intensity of light electron-transfer reaction is (pseudo-) first-order with
after it has passed through the diffusion laygr.x, (in respect to [§] with rate coefficientky (s71); (i) the
molm?s™1), is 97.6% of that at the electrode surfate, kinetics of electron-transfer betweeri 8nd A are fast

Thus, the light is virtually unattenuated as it traverses the  compared to those of mass transport bf S
diffusion layer, which is uniformly irradiated throughout. 4. The electron-transfer kinetics of &nd A~ at the elec-
We may therefore obtain the number of photons absorbed by  trode are extremely rapid so that the photocurrent is under
our CdS during white light experiments by integrating the  either mass transport or photochemical kinetic control.
product oflg andep , cp over the wavelength range, giving
a value oflgep ;. cp of 0.587 mol of photons ms 1 Bya
similar method, the flux of photons emerging into solution ) . : .
from the distal end of the ORDE in the wavelength range be- that thg co_nvectlve diffusion equation for-Aat a rotating
tween the high energy cut-off of the lamp and the band gap ORDE is given by
of CdS is found to be .01 x 10~3mol of photons m?s~1. 92[A] A -]
This may be taken to be numerically equal go Da o2 Tt ¢ Ioex[S]

All electrochemical measurements were conducted at _
298 K using a purpose built low current potentiostat powered x exp(—& [S]) — k[AT] =0 (23)

by dry cells. All potentials were measured and reported with where v, and units thereof, have been defined previously

respect to the saturated calomel electrode (SCE). Unlesg1-3], D the diffusion coefficient (fis~1) of A/A~ and
stated otherwise, the working potential was 0.75V versus

SCE. This potential was found to be safely upon the mass ¢’ = < ka >¢ (2b)
transport-limited current plateau of the oxidation wave of ki+ ko
all particles and electron scavengers used in this work. In all where ¢ is the quantum efficiency for photogeneration of

experiments, the reported photocurrept, is equal to the s, The system has four characteristic lengths, all in meters:
current recorded under illumination minus that in the dark.

Using these assumptions and the boundary conditions
[S*] = 0 atx = 0 and ast — oo, solution, we have shown

the thickness of the diffusion layer :
— 1/2 1 1/6 n1/3
3. Results Xp =0.643W ~“v° D)
. . Dp 12
The CdS/FECN)s3~ and CAS/MVE systems studied be-  the thickness of the reactionlayer : X; 2> = (E)
low are found to behave in accordance with the PRCE pro-

. . . . 1
cess described by reaction 1. For the convenience of thethethlckness of the absorbance layer : X,

reader, we will first summarise the findings of our previ- - &[S]
ous three papefd—3] that are of relevance to such systems b oN12
when studied using the ORDE. the thickness of the hydrodynamic layexy; = (2 W)
T
3.1. Summary of the steady state behaviour of PRCE whereW is the rotation speed of the electrode ¥ v the

systems at the ORDE kinematic viscosity of the solvent fs—1).
It is worthwhile considering these lengths in the light of
The behaviour of the PRCE system (reaction 1) at the assumptions 1-4. Assumption 1 means that the light obeys
ORDE has been modelled using the following assumptions: a Beer—Lambert profile across all four layers. The thickness
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Fig. 1. Approximate solutions for the photoelectrochemical collection efficiéygyof PRCE systems, assuming thit= 1. Different approximations

hold for different values ot and«x, where& (=Xp/X.) compares the diffusion layer thickness to the distance over which the light is absorbed and
k2 (=XplXk,2) compares the thickness of the diffusion layer to the distance a photogenerated species diffuses before decomposing. Thédparameter
(=Xp/Xn) compares the thickness of the diffusion layer to the thickness of the hydrodynamic layer. The ‘signpost’ shows how chéngés.irand

Xp affect the position of the system on the diagram.

of the reaction layek; » is defined by the rate of the as- where j,- is the flux of A~ reaching the electrode, in
sumed (pseudo-) first-order loss reaction of Aescribed mol m—2s~1. Fig. 1shows the case diagram for the approx-
in assumption 2. Finally, as described in assumption 4, theimate solutions oNy,, derived fromEgs. (2) and (3) [1,31]

photocurrent is controlled by the time taken for Ao dif- assumingp’ = 1. The solutions may be grouped into five
fuse across eitheXp or X; 2, whichever is the smaller. cases, A-E, depending on the relative magnitudes efnd
Egs. (2a) and (2kiay be solved by recasting in terms of  £. Table 1summarises the rotation speed dependence of the
the following dimensionless parameters: steady state, mass transport-limited photocurrént).(, at
the ORDE for each case.
moXo o _ X0 Xp
7 Xy X' Xk,2

3.2. Summary of the transient behaviour of PRCE
and using the boundary conditions that{A= 0 atx = 0 systems at the ORDE
and asx — oo. It has proved useful to express the solution

of Egs. (2a) and (2bj)n terms of a photoelectrochemical ~ The stationary ODE is assumed to be illuminated by par-
collection efficiency,Ny,,, describing the recovery of the allel light switched on at time = 0, and which produces a
photogenerated A species at the electrode concentration of Sdenoted by [§], att (in seconds). The
ja- scavenging of charge by A produces a measurable concentra-
Npy = I_o 3) tion of A—, [A™];. Using these assumptions and assumptions
Table 1
Summary of rotation speed dependence of steady state photociujrerior cases A—E of the PRCE system (adapted fi@r8])
Case Dependence bf, Parameters Equation fori,
onwW obtainable
A Independent of ¢’ in = FA9 Iy (4a)
B Independent of/ ()2l inw = FAQ' I );‘-2 (4b)
£

C ihu (e 8 ‘/V_]'/2 (]5/ i/lU = FA‘#’O% (40)

s
D Independent ofV/ @ iy = FA¢'10?% (4d)

2
E iny o0x W2 #'lkz in = FAQ Io—22- (4e)

X:Xp
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Fig. 2. Case diagram for the approximate solution&qf (7) Different approximations hold for different values gfand y,, whereg (=(ko + k1)/k2)
compares the rate of loss of Svith the rate of loss of A andy, (=X, 2/X;) compares the distance”Adiffuses before participating in a loss reaction

with the distance over which the light is absorbed.

1-4, we have shown that the time-dependent convective dif- Eq. (7)may be expressed as a group of less opaque, asymp-

fusion equation for A at astationary electrode is given by

[3]:

AT ATl -
=D Ios; [S] e 55K
Py A=z ¢ loeilS]e
x (1— e (atholly — kp[A ] (5)

Eqg. (5)may be solved by recasting in terms of the following

dimensionless parameters:

T2 = kot (6a)
Xk,2
_ Xk, 6b
v2=3 (6b)
k k
p="01 (60)
2

and using the boundary conditions that (ixat 0, [A™] =
Oatallt; (i) [A 7] —» Oasx — ocatallt;and (ii)[A7] =0
atallxats = 0. Expressing the solution &fq. (5)in terms of

the time-dependent equivalent of the photoelectrochemical

collection efficiencyNp, ;, gives

/
Npyi = (12)—)/21 {yz —erft; — yp eV D72 erfc(yzﬁ)}
Yo —

Py
yF—(1-PB)
—y2 €7 V72 erfc (y2/72) ] ©)

{e—ﬂfz [)/2—\/1—,6 erfy/(1— ,3)12]

totic solutions. These solutions fdl;, ; are of greater an-
alytical utility and are summarised in the case diagram of
Fig. 2 The solutions may be grouped into four caseslJ,

II1 and Ik, depending on the relative magnitudespoéind

y2. Table 2summarises the time dependence of the light-on
transient photocurrenti,(),, recorded at a stationary ORDE
for each case.

Table 2

Approximate analytical solutions for the transient and steady state pho-
toelectrochemical collection efficienciebl,,, observed at a stationary
ORDE from a PRCE systen

TransientNp, Steady stateNy,,

Case {
y2 <1
B>1

d'y2erf 2 ¢'y2  (8a& b)

Case §
y2 <1
B<1

Case I}
y2>1
B> vE

Case Ip
y2>1
B <v?

Py, 1—eP)erf /1, ¢'y2  (9a& h)

¢ (1- @2 erfc(y2y/72) ) ¢ (10a& b)

¢'(1—e P2 ¢ (11a& b)

2To obtain the corresponding photocurrent, multiply the relevant so-
lution by FAlg.
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Thus, five cases fully describe the steady state photocur-colloidal CdS. Upon illumination, despite ferricyanide pos-
rents produced by a PRCE system at a rotating ORDE, while sessing a broad absorption band centred at about 420 nm
four cases fully describe the light-on transient photocurrents that is coincident with a significant amount of light output
produced by the same system at a stationary electrode. Werom the lamp, FECN)g3~ was found to exhibit no intrinsic
have shown that these steady state and transient cases mayhotocurrent activity over the wavelength range and at the
be more satisfactorily expressed in terms of 14 combined light intensities employed in this work. Thus, any photocur-
cased3] that completely describe all of the cases presentedrent enhancement found in the presence of colloidal CdS
in Figs. 1 and 2specifically cases BJ Bl,, Cly, Cly, DIy, must be due to the interaction between ferricyanide and the
Dly, Ely, Elp, All 1, All 2, Cll4, Cll; and Elk, Ell,. Assign- photoexcited particles. Further, calculations indicate that,
ment of a system to a specific case is made on the basisat the maximum concentration of ferricyanide used in the
of both the time and rotation speed dependence of the pho-experiments described herein, the transmittance of light
tocurrents observed at the ORDE and may be most read-across the electrode diffusion layer or the ferricyanide re-
ily accomplished by use of the flow diagram showrFig. action layer is greater than 99.7%. Thus, the light emerging
3. We shall useFig. 3 to assign the CdS/FEN)g>~ and from the electrode surface is practically unattenuated as
CdS/MV2t systems to their appropriate cases, and use theit traverses either of these layers, allowing us to say that
expressions foN;, andNy, ; associated with each case to assumption 1 (vide supra) applies to A as well as S.

derive values fop, ¢’, ko, k1 andk, for each system. Fig. 4 shows plots of the mass transport-limited steady
state photocurrentjs, )., versusw-/2 for CdS colloid A

3.3. The photoelectrochemistry of the colloidal as a function of added [FEN)g®"]. Fig. 5 shows plots

CdS/Fe(CN)g3~ system of the light-on transient photocurrent,,();, versust as a

function of added [FECN)g3~] for the same system. Fol-
Photoelectrochemical control experiments were per- lowing the procedures outlined {2], the data recorded at
formed on solutions of ferricyanide in the absence of [Fe(CN)g3~] = 0 in Fig. 5can be used to calculate a value

| rotation speed dependence I

w-12 WAL none
v v v
C EI A/B/D
| time (t) dependence I
erf~/t 1-e7P"
\4 A4 _ Y
" El " || EL, " i(W dependence) =
transient i(t = )?
yes no
v 4
I time (t) dependence H AB | ‘ D l
1-e "erfevTy verfT
AlL BI,
{ 1- e'ﬁt
4 v v
¢’(W dependence) = All, ¢’(W dependence) =
¢ (from (i,),=FAI9")? or @ (from (iy,)..=FAI$")?

o L !
o O A o

|tdependence I Itdependence I differemiat(? |tdependence | ﬂdependence |
by concentration
erfvT  [1-e erfet | | dependence of i erfVT | 1-eerfev y
Loy L cm | Lo | [ pon |
1-e 1-ePr 1-¢7PY 1-¢7P
v v v v
[ [on_] [on

Fig. 3. Flow diagram summarising the protocol for PRCE case assignment.
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(i) / DA Fig. 3can now be used to determine the transient sub-case
40 of steady state case C to which the system conforms. Broadly
350 - (vi) speaking, the transient cases lefy. 2 break down into

two categories: those for whicjp, > 1 where the tran-

300 sient current at near-steady staig, Yoo is given byFAlg¢’
2501 V) (Egs. (10b) and (11l)and those for whicly, < 1 where the
200 A (iv) transient current at near-steady state is giverFAl¢'y 2
150 4 (Egs. (8b) and (9h) Use ofEq. (10b) or (11b}o calculate

100- (iii) ¢’ from the {5,)oo data ofFig. Srecorded at [FECN)g3~] =
// (ii) 0.0933mol m 2 gives a value ofp’ of 0.0008. This is sig-
> W . nificantly lower than the value of 0.018 obtained at the same

0 , ' ’ - [Fe(CN)63~] usingEq. (4c)and the data dfig. 4, indicating

0 0.2 0.4 0.6 0.8 1 12 thatEgs. (10b) and (11kjo not hold for this system. On the
W-1/2/s12 basis of this observatiorkig. 3 indicates that the light-on
) o ) 12 photocurrent behaviour of the CdS(EN)g3~ system con-
Fig. 4. Plots Qf mass transpor.t-llmlted photocurr'em;.,)(_ vs. WY forms with transient case I, wherejp < 1 and (4)eo iS
for CdS colloid A as a function of concentration of [EN)g3]. . ! . _h" oo
[Fe(CN)63] = O (i); 7.7 x 10~ (ii); 0.013 (iii); 0.025 (iv); 0.037 (v);  diven byEq. (8b)/(9b) Use ofEg. (8b)/(9b)in conjunction
and 0.093 molm? (vi). [CdS] = 5molm3. with ¢’ = 0.018 and theif,,)~ data ofFig. 5 recorded at
[Fe(CN)3~] = 0.0933 mol n3 then allows calculation of
of ko of 0.091 s for colloid A, which may then be used Values 0fX.2 andk; of 7.6 x 10-°m and 0.101s, re-
with the data recorded at [FEN)g3~] = 0 in Fig. 4to ob- spectively. As the slowest rotation rate used in these experi-
tain a value ofp of 0.011. ments, 152, corresponds to a diffusion layer thickneXs,,

The data inFigs. 4 and 5can now be used to assign ©Of 5.4x10~°m for FACN)g®~, which is again suggestive of
the CdS/FECN)3~ system to its appropriate case and so the majority of the photoreduced charge scavenger species
calculate values Ok]_ and k2_ From F|g 4, it can be seen being kinetica”y stable as they cross the diffusion |a.yer of
that (i5,)L o« W~Y/2 under conditions where assumption 3 the electrode.
would be expected to hold, i.e. high [f@N)3~]. From this From Egs. (8b), (9b) and (2bi} can also be seen that,
observation Fig. 3 indicates that the system conforms to When assumption 3 holds:
steady state case C and, necessdgily,(4¢) indicating that

the photoreduced charge scavenger species are kinetically— = Xe <1+ k_O)

stable as they cross the diffusion layer of the electrode. Use (h)oe  ¢AFlOXk 2 ka

of Eq. (4c)and {;,). versusi-1/2 data fromFig. 4recorded X 1 ko (12)
at [FECN)g3~] = 0.0933molnr3 (where assumption 3 ~ pAFloX) 2 ki[A]

holds, vide infra) allows calculation of a value ¢f of

0.018. This value indicates that the main reaction for photo- Wherek; (m®mol~1s~1) is the second-order rate coefficient
generated electrons is recombination and that those surviv-for the electron-transfer reaction betweeh &d A. Fig.
ing to participate in particle-to-scavenger electron-transfer 6 shows a plot of(is,) s} versus [FECN)g>~]~1 derived
do so because corresponding holes have been lost to particlérom appropriate data frofig. 5. FromEq. (12) a value of
corrosion reactions or trace adventitious electron dofgjrs

(i) / A
. 7.E+06
(lhv)t / HA
600 6.E+06 1
500 (vi) 5.E+06 -
) .
400 4.E+06 1
300 (iv) 3.E+06 -
| (iii) 2E+06{ ¢
200 (ii)
1.E+06 -
100 (@ 0.E+00 . . . .
0 , ] ] i . 0 20 40 60 80 100
0 5 10 15 20 25 30 [Fe(CN)>]"/m? mol-!

t/s
Fig. 6. Reciprocal steady state photocurrent recorded at a stationary ODE,
Fig. 5. Light-on current time transient for CdS colloid A at a stationary  (i,)=!, vs. [FECN)g>~]~1, plotted in accordance witkq. (12)for that
ODE as a function of [FE€N)s>~]. [Fe(CN)s3~] = 0 (i); 0.013 (ii); 0.025 data of Fig. 5 recorded under conditions where assumption 3 is valid.
(iii); 0.037 (iv); 0.0604 (v); and 0.093 molm¥ (vi). [CdS] = 5molm 3. [CdS] = 5mol m3.
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ko/ k} can be obtained when the slope of this plot is divided
by its intercept. Usingo = 0.091s ! (vide supra) and the
data ofFig. 6, k] is then found to be 2.029%mol-1s™2,
which corresponds ta; = 0.189s ! at [FACN)g3] =
0.0933 mol m 3,

Having obtainedko, k1 andky, it is now possible to iden-
tify which transient casey lor I, the system conforms to in
Fig. 2, and to compare the consequently predicted theoreti-
cal transient photocurrent behaviour with that observed ex-
perimentally. Differentiation between casesahd b can be
most easily accomplished by consideration of the value of
B (seeEg. (6¢) which, using the rate coefficient values de-
termined above, is found to be 2.77 for the Cd$()g3~
system at [FECN)>~] = 0.0933molnm 3. Used in con-
junction with a calculated mean value p$ of 0.044, this
allows the system to be nominally assigned to casklbw-
ever, calculations indicate that the derived valug ef 2.77
is too close tg8 = 1 for the approximation given biq. (8a)
in case { to hold. Therefore, the theoretical transient pho-
tocurrent behaviour must be computed using a more accu-
rate asymptotic expression fay(); aty, < 1,8 > 1, given
by Eq. (26¢) off3]:

(inv)e = FAlgg’

V(B—1)t2
yoerfy/t2 —

e_ﬁ 2
0

2yo 2

— e dr) (13
VB-Dr ) 43
The quality of the approximation provided I&Bg. (13)may

be clearly seen fronfrig. 7 which shows both the exper-
imental {;,); versust plot recorded at [FE€N)g>"] =
0.0933 mol 3 in Fig. 5and the theoretical plot computed
from Eg. (13)using the rate coefficient values derived above.

3.4. The photoelectrochemistry of the colloidal
CdSMV2+ system

As in the case of ferricyanide, in control experiments,
MV 2t is found to possess no intrinsic photocurrent activity

(i), / DA
1.2
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100 1 ..
80 1 //‘"_"_'—’_' (i)
60 @)
401 /
20 1
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Fig. 8. Plots of mass transport-limited photocurrent,)( vs. W-1/2 for
CdS colloid B as a function of [M%"]. [MV 2*] = 0 (i); 0.99x 10~ (ii);
1.98x 10~ (iii); 3.38x 10~ (iv); 6.98x 10~* (v); and 909x 10~* mol m~3
(vi). [CdS] = 5molm 3.

over the wavelength range and at the light intensities em-
ployed in this work. Thus, any photocurrent enhancement
found in the presence of colloidal CdS must be due to in-
teraction between scavenger and photoexcited particles.

Fig. 8 shows plots of the mass transport-limited steady
state photocurrent,if,)., versusW /2 as a function of
added [M\Z*]. Fig. 9 shows plots of the light-on transient
photocurrent,ig, );, versug as a function of added [M&#]
for the same system. Following the procedures outlined in
[2], the data recorded at [M&] = 0 in Fig. 9 can be used
to calculate a value dfy of 0.119 51 for colloid B, in good
agreement with the value of 0.091'sobtained for colloid
A. This value ofkg may then be used with the data recorded
at [MV2*+] = 0 in Fig. 8 to obtain a value o for colloid
B of 0.012, in excellent agreement with the value of 0.011
derived for colloid A.

The data inFigs. 8 and Scan now be used to assign the
CdS/MV2+ system to its appropriate case and so calculate
values ofk; andky. FromFig. 8 it can be seen that,()L.
is independent oW under conditions where assumption 3
would be expected to hold, i.e. high [M¥], and most

i),/ nA
180 {noe (vi)
r{+ 160 ™)
08 § 140 (iv)
120 (iii)
0.6 1 100 (i)
049 /7 80 )
60 (@)
024 /- 40
0 : : : : . 20
0 5 10 15 20 25 30 35 0
t/s 0 2 4 6 8 10
t/s

Fig. 7. Matching of experimental data (unbroken line) derived from
the light-on transient photocurrent behaviour of CdS colloid A in
the presence of FEN)s>~ as an electron scavenger, to the theo-
retical curve (broken line) given byEg. (13) [CdS] = 5molm3;
[Fe(CN)63~] = 0.0933 mol n3,

Fig. 9. Light-on current time transient for CdS colloid B at a stationary
ODE as a function of [M¥+]. [MV2t] = 0 (i); 0.99 x 10~* (ii);
1.98x 10~ (iii); 3.38x 1074 (iv); 6.98x 10~* (v); and 909x 10~4 mol m 3

(vi). [CdS] = 5molm3.
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especially at values o < 9sL. Further,Figs. 8 and 9 (i), / DA
show that, under the same conditio&, ). = (iny)eo at a 50

given [MV2+]. From these observatiofjg. 3indicates that 2(5):
the system conforms to steady state case A or B. Differentia- 35 ]

tion between the two cases can be made by consideration of 5 |

the relative sizes oKy 2, Xp andX;. In case AXp > X, 25
while in case B Xp > X; 2. Given thatDy,,2+ = 7.2 x 20
10719m2s1, X, = 0.97-579x 10> m over the range of 151
rotation speeds studied Fig. 8 Spectrophotometric mea- 10 1
surements on colloid B show that, = 0.37-32x 103m 51

over the wavelength range between bandgap and the high 0
energy cut-off of the lamp. Thus, it can be seen that, at all ro-

tation speeds studied;p < X.. Therefore, by elimination,

the data ofFigs. 8 and Tonform to case B and, necessarily, rig 11 piot of {,,), vs. ¥/2 for 1 < 0.5s, taken from data oFig. 9
Eqg. (4b) indicating thatXp > Xj 2 and that the photore-  at [Mv?+] = 9.1 x 10-*molm~3. Experimental data (unbroken line),
duced charge scavenger species are kinetically unstable asgegression line (broken line), slope1.52 x 10~7 As=%/2,

they cross the diffusion layer of the ORDE.

Examination ofFig. 3 allows assignment of the transient
photocurrent behaviour dfig. 9 to transient caseylor Iy,
wherein ()0 IS given byEq. (8b)/(9b)andEg. (12)holds.
Fig. 10 shows a plot of(is, )+ versus [MV?*+]~1 derived
from the data of-ig. 9where assumption 3 is valid. Follow-
ing the procedure oFig. 6, and usingkp = 0.119s* for
colloid B (vide supra), a value df; of 1094 n¥ mol~1s71,
can be obtained frorfrig. 10 which corresponds té; =
0.995s 1 and (kg + k1) = 1.114s 1 at [MVZH] = 9.1 x
10~4mol m~3. It can be shown (Eq. (27) ¢8]) that, at short
time (typically + < 15s) the light-on transient photocurrent

0 005 01 015 02 025 03
{32 [ §302

0.018, which is in excellent agreement with that obtained un-
der similar conditions from colloid A in the CdS/F@N)g3~
system. Use ofEqg. (8b)/(9b)in conjunction with¢’ =
0.018 and theif, )« data ofFig. 9 recorded at [M\#*] =
9.1x 10~*mol m~2 then allows calculation of values ¥f ,»
andk, of 2.56 x 10-°m and 1.094 3, respectively. As the
slowest rotation rate used in these experiments?lsorre-
sponds to a diffusion layer thicknesép, of 5.79x 10°m

for MV2*t, this is again suggestive of the majority of the
photoreduced charge scavenger species being kinetically un-
stable as they cross the diffusion layer of the ORDE.

is given by Having obtainedko, k1 andky, it is now possible to iden-

) 4¢'yo8 32 tify which transient casejlor I, the system conforms to
(ihv)r = FA|OWT in Fig. 2, and to compare the consequently predicted theo-
retical transient photocurrent behaviour with that observed

_ 4FAlo | Dy 2+ (ko + kn)o'%/2 (14) experimentally. As in the CdS/FEN)3~ system, differen-

3X, 4 tiation between caseg bnd b can be most easily accom-

for all cases ofFig. 2 Fig. 11 shows a plot of i, ), ver- plished by consideration of the value gf(seeEq. (6c)

sust¥2 for r < 0.5s at [MV2T] = 9.1 x 104molm3. In which, using the rate coefficient values determined above, is

accordance withEq. (14)the slope yields a value af of found to be 1.018 for the CdS/MYV system at [MV*'] =

(ihv)m-l /A-l (ihv)t / l'lA

9.E+06 12
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Fig. 10. Reciprocal steady state photocurrent recorded at a stationaryFig. 12. Matching of experimental data (unbroken line) derived from the
ODE, (iny)=, vs. [MV2+]-1, plotted in accordance witEg. (12)for that light-on transient photocurrent behaviour of CdS colloid B in the presence
data of Fig. 9 recorded under conditions where assumption 3 is valid. of MV2+ as an electron scavenger, to the theoretical curve (broken line)
[CdS] = 5molni 3. given by Eq. (13) [CdS]= 5molm3; [MVZt] = 9.1 x 10~*molm™3,
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9.1 x 10~*mol m~2. Used in conjunction with a calculated  Table 3

mean value Ofyz of 0.014, this allows the system to be Summary o\flzthe physical and kinetic properties of the CA&IRe3
. . . . +

nominally assigned to casg. However, calculations again 2" C4S/MV™ systems

indicate that the derived value gf= 1.018 is too close to  Parameter Cds caolloid Cds colloid
B = 1 for the approximation given biq. (8a)in case | to AFe(CN)g®~ system  B/MV?" system
hold and that, as in the CdS/f@N)g3~ system, the more fp/l(Tglfg . 12.4 6.8
accurate asymptotic expression giventy. (13)provides gpllll(r oS 0.19 3219
a closer theoretica] description of the experimente_ll time d_e— Eé\( A/(/I,),T/ \fs. SCE 563.315199 —0.69
pendence of the light-on photocurrent. The quality of this ys-t 0.091 0.119
description can be seen froffig. 12 which shows both ¢ 0.01F 0.012
the experimentalif, ), versust plot recorded at [M¥t] = Ky/m® mol~* s~ 2.029 1094
9.1 x 10~4molm~3 in Fig. 9and the theoretical plot com- ¢’ 0.018 0.018

: e : 0.027 0.02¢
puted fromEq. (13)using the rate coefficient values derived kols T 0101 1094
above. ker/ms ! 1.74x 1079 312x 106

aValue calculated from experiments conducted on colloidal CdS in
the absence of a deliberately added charge scavenger.

b Obtained at [FECN)g3~] = 0.0933 mol n 3,

¢ Obtained at [M\#+] = 9.1 x 10~*molm™3.

dvalue calculated fromEq. (2b) ko, ki and values ofp’ obtained
from experiments conducted on CdS in the presence of a deliberately
added charge scavengers(EBl)g>~ or MV2+,

4, Discussion

As has been suggested previoudy and by other work-
ers, the surface of the CdS particles employed in this study
are characterised by a distribution of inter-band surface
states. These particle surface states may be surfacofs . )
(as suggested by, inter alia, Kamat and co-worka4s35] of the electron scavenger at the particle surfagg, by [38]:
and Baral et al[36]), sulphur vacanciesVg, suggested by 1 1 < 1 n 1 )

ket

(15)

where Na is the Avogadro’s constantEq. (15) has
two limiting forms; that which obtains when interfacial
charge-transfer is rate determining:

(16)

ky = 4rSNa ((DAkz)l/z + (17)

Duonghong et al[33]) or some other surface defect. Upon k_/l - 4’”FZ>NA (Dpk2)Y2 + Da/rp
illumination, these defects are oxidised by photogenerated
valence band holes, hole capture by S vacanciesiéns
occurring in 0.2-2 n§33] and, in the case of% ions, with
a quantum efficiency of 0.7[B34,35] As a result of these
hole_trapping processes, a populqtion of electrons can nowy/ — 4ﬂr§NAkET
survive on the particles due to their corresponding holes be-
ing unavailable for the direct recombination reaction. How- And that which obtains when mass transfer is rate determin-
ever, these electrons (which themselves reside in shallowing:
electron traps at or near the particle surface, having been Da
captured within 100fs of their photogenerati{@2i’—30) r—>
can also react with the surface-trapped holes, and it is this P
indirect recombination reaction that is being interrogated  Calculated values df; obtained usingeq. (17)are found
through measurement &g. to be inconsistent with those observed experimentally for
Table 3summarises the kinetic parameters obtained for the CdS/FECN)6~ and CAS/MVF* systems, indicating that
both systems. The values kf for colloids A and B are in interfacial charge-transfer is the rate limiting step for both
excellent agreement with each other and a value @f 84+ systems. Values okgt can therefore be calculated using
0.044 571 reported previously2]. The average value d§ Eqg. (16)and are shown imable 3 The value of 312 x
for the two systems is 0.105% which corresponds to an  10-®m s obtained for the CdS/M% system is broadly
electron lifetime of 9.5's, supporting the suggestion that the in line with that of 044 x 10-5ms! obtained for the
photogenerated electrons are kinetically stable over the timeTiOo/MV 2+ system[39]. The difference between the two
it takes the illuminated particle to cross the ORDE diffusion values is a reflection of the fact that the value for the sliO
layer (it takes a 5nm particle-ls to cross the diffusion  system is reported at the point of zero zeta potential (PZZP)
layer of an electrode rotating at 16%. Albery et al.[37] of that material;, consequently, there will be no electrostatic
report photogenerated electron lifetimes of >10 s when CdSfactors to affect the electron-transfer rate coefficient. How-
colloids are illuminated in the presence of a hole scavengerever, the particles in the CdS system, having been prepared
such as cysteine. As cysteine plays a role analogous to that ofn the presence of HMP as a stabilising agent, have a neg-
the surface states on CdS particles, the agreement betweeative surface charge and so are electrostatically attractive
the two values is not unexpected. to the cationic M\#t, ultimately leading to an enhanced
If it is assumed that the particles are roughly spherical, rate of electron-transfer, more than likely through a static
it can be shown that the second-order rate coeffici¢ns charge transfer mechanism, as first established through flash
related to the electrochemical rate coefficient for the reaction photolysis measurements by Duonghong et[aR]. The
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opposite effect can be seen to operate in the case of thendicating that a possible source of the observed increase in
CdS/F&CN)g3~ system wherein the expected anion/particle ¢ upon introduction of electron scavengers is a decrease in
Coulombic repulsion should cause electron-transfer to occureither [&g] or [er].

through a predominantly dynamic charge transfer mecha-

nism and results in a value &fT three orders of magnitude

less than that obtained for the CdS/KVsystem. 5. Conclusions
A qualitatively similar, but quantitatively less extreme,
trend can be seen in the valueslef suggesting that the The ORDE is a powerful tool for the interrogation of

loss reactions for the photoreduced electron scavengers arglynamic particle-to-electrode and particle-to-charge scav-
oxidation of F€CN)s*~ and MV"* by photogenerated holes  enger electron-transfer. Interrogation of the two model par-
on the particles. At this point, it is difficult to say for certain  ticle/scavenger systems, CdS(E&)g3~ and CdS/M\At
whether the holes participating in such an oxidation reside in with the ORDE allows for the determination of the rela-
the particle valence band or oxidised S vacancfeskStes tive sizes ofXp, X;.2 and X, for each system with sub-
on the particle surface; however, that hole trapping from the sequent calculation op, ko, &}, k» and keT. Values are
valence band by surface states occurs on the ns timescalegiven in Table 3 The value ofky supports the assump-
while scavenger reoxidation occurs s timescale, is strongly tion that the charge carrier loss process interrogated by
suggestive of the participation of oxidised surface states. transient photocurrent measurements on particles in the ab-
As has been defined previougdB5], in the case of col-  sence of an electron scavenger is not direct photogenerated
loidal semiconductorg (the quantum efficiency for pho-  electron—valence band hole recombination but loss of elec-
togeneration of Sin reaction (la)/(l1a)) corresponds to the  trons left on the particles after some valence band hole fill-
photogeneration of holes that react in such a fashion as to being reaction has occurred. This reaction is the filling of the
unavailable for direct recombination processes, so leavingholes by electrons originating from inter-band surface states.
stable photogenerated electrons on the particles (whether inThe values ok} andker for the two particle scavenger sys-
the conduction band or shallow traps at or near the surface,tems underline the importance of Coulombic interaction be-

vide supra)¢ is then given by tween particle and scavenger in determining the efficiency of
N particle-to-scavenger electron-transfer. The back reaction of
¢ = 2_ikilTnlilhyg the photoreduced electron scavenger is reoxidation by holes
Ziki[Th]i[h\J}B] + le[eEB][h\J,FB] + kroler ][h\J,“B] trapped (most probably) on the surface of the photoexcited

(18) particles. The relative sizes & for the two systems indi-

cates that, unless the charge on the scavenger is neutralised
wherek;, kr1, kro are the rate coefficients for the reactions or reversed during the process associated kitthen those

of valence band holes with hole trapk,, of typei, con- Coulombic interactions that work in favour of the desirable
duction band electrons (concentration given byg[g and particle-to-scavenger electron-transfer event also promote
photogenerated electrons in shallow traps at or near the parthe undesirable scavenger-to-particle back reaction. Indeed,
ticle surface (concentration given by;[g. From Table 3 it would appear that the system that ultimately gives rise

it can be seen that the average valuepatalculated from to the highest photocurrent, and thus yield of photoreduced
experiments conducted on colloidal CdS in the absence ofscavenger, is that for which the rate coefficient for the back
a deliberately added charge scavenger is 0.0105 indicatingreaction is lowest, i.e. the CdS/@N)3~ system. This in-
that the dominant reaction for photogenerated electrons isdicates thak plays a key role in determining overall process
recombination with valence band holes and that those sur-efficiency, an observation that has far-reaching implications
viving to reach the electrode do so because correspondingfor the design of CdS-based photocatalytic systems.

holes have been lost to particle corrosion reactions or trace

adventitious electron donor$able 3also shows values of

¢ calculated fromEq. (2b) ko, k1 and values of)’ obtained Acknowledgements

from experiments conducted on CdS in the presence of a
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be understood by considerationef]. (18) Given that it is

now widely held that the dominant process in these systems

is electron hole recombinatioig. (18)could be written as References
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