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We report here the novel use of scanning electrochemical microscopy (SECM) to study photoelectron transfer
(PET) kinetics at the semiconductor/electrolyte interface. The model system chosen consisted of a polycrystalline
cadmium sulfide thin film in contact with methyl viologen (M¥/*) and triethanolamine (TEOA) as redox
mediator and hole scavenger, respectively. In the absence of illumination, SECM approach curves to CdS
films deposited on glass showed negative feedback, consistent with an insulating substrate. Upon film
illumination, positive feedback was obtained due to photoelectron reduction &8f Mtvthe interface. The
dependence of the pseudo-first-order rate constd@iy ¢n light intensity and scavenger and mediator
concentrations was estimated and the quantum efficiency as a function of light intensity was determined.

Introduction ket On light intensity and the concentration of MV and

triethanolamine (TEOA) was determined and the quantum
efficiency of the reaction as a function of light intensity was
estimated.

In this study, scanning electrochemical microscopy (SECM)
was used to study the kinetics of photoelectron transfer (PET)
reactions at the semiconductor/electrolyte interface (SEIl). SECM
has been demonstrated to be an effective means of determininqE ) )
electron transfer (ET) kinetics at polymer/liquiéijmmobilized xperimental Section
enzymet” and liquid/liquic12interfaces, as well as in corrosion
studiest®16 However, previous SECM studies of the SEI have
concentrated on imaging active sites on FiG8Ta,0s1%2%and
obtaining topographic information. Only two reports consider
the use of SECM to investigate ET at SEI. Horrocks et'al.
probed dark ET kinetics at the WSend Si/electrolyte
interfaces, while Kemp et &k described the use of transient
techniques to investigate chlorophenol decomposition kinetics
on illuminated TiQ particulate films. Here we report the use . ) o
of SECM steady-state measurements to obtain ET kinetic reported for electroless deposition (or chemical bath), with slight

information about processes at an illuminated SEI. This work modifications. Typically, 10 ’T‘L of 0.1 M cadmium acetate,
aims to understand PET using SECM feedback mode. Thefollowed by 10_mL of 0.2 M thiourea, was added to 150 mL of
model system chosen in this case was a CdS thin film in contacto'.2 .M TEhOA Ina ZngOTL stoppered ﬂ‘?k undelr codndstznt
with agqueous methyl viologen. This choice was dictated by the i&'mng'_ Then 1 m_L o rf) N&DH was su sequenfty ad ed.
simplicity of this system. Moreover, while the kinetics of the ter vigorous stirring, the contents were transferred to a
dispersed CdS colloid/MV system has been well-studied by such cyllndncal cell containing 18 precleaned (piranha soluthn) glass
methods as time-resolved spectroscébyotating ring disk SI',des (2.3 cmx 2.3 cm) thermostateq at 6C. I-!ydrolyss of
electrode voltammetr$#25 and impedance spectroscapy, thiourea leads to the formation ofSions that, in turn, react

similar studies of PET at the CdS thin film/MV interface have with cadmium acetate to form_bright orange Cds films on the
not appeared. substrates. After a stipulated time, the films were removed and

The substrate in this case, the solution containing*Navid rinsed with copious amounts of Milli-Q water. To obtain thicker

TEOA, and the CdS thin film was at the open circuit. The SECM films_, this procedu_re was rep(_eated. After the final _deposition,
response at a Pt tip showed negative feedback in the dark aéhe films were again rinsed with water f_md then dried under a
the substrate cannot reduce tip-generated®MVe., the film stream of Ar. gas. All such prepared films were stored in a
behaved as an insulator. However, upon illumination, 21V desiccator prior to use. )

can be reduced to MV at the film/solution interface and the PET—SECM Measurements. Setup A schematic of the

tip current increased in the vicinity of the SEI, giving positive €Xperimental setup is given in Figure 1. Cyclic voltammmo-
feedback. The amount of the feedback was a measure of thedrams and approach curves were obtained using a CHI 900
rate of generation of MV. By fitting experimental approach ~ SECM instrument (CH instruments, Austin, TX). The SECM
curves to theory, apparent pseudo-first-order rate constags ( Platform was replaced by a custom-designed one so that

for the PET reaction could be estimated. The dependence ofMeasurements could be conducted in an inert atmosphere with
provision for illumination of the films from below. The light

" Present address: Department of Chemistry, University of Mumbai, Source for film i!lumination Consi_sted of a 300 W tungsten
Vidyanagari, Mumbai 400 098, India. halogen lamp with an 8 cm IR filter (0.05 M Cu30O The
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Chemicals.All chemicals were of the highest available purity
and were used without further purification. Solutions were
prepared in Milli-Q water (18 M2). Cadmium acetate, thiourea,
ammonium hydroxide (30%), methyl viologen, triethanolamine,
zinc granules (30mesh), mercuric chloride, and potassium
chloride were purchased from Aldrich.

Deposition CdS Films.CdS films (ca. 1@m thick) were
deposited on glass substrates by the methtdpreviously
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semiconductor, oxidation occurs by the capture of holes by
TEOA at the CdS surface and reduction by transfer of electrons.
In the presence of excess TEOA, the overall kinetics of reactions

Tnch worm 1-4 are governed bk and ke, However, at moderate light
= intensitiesk; is negligible and reaction 4 is the rate-determining
w i step33 Thus, experimental rate constants can be correlated with
R ———— Micro-tip Ket.
Arin L Plexi To study PET at the SIE using SECM, a CV was first
exiglass box .
| with cell recorded for the M¥"* redox couple. Subsequently, the tip

< SECM platform was biased at a potential in the diffusion-limited regier®(72

V vs Ag/AgCI). Approach curves, where tip current is monitored
as a function of distancd, were obtained by moving the tip
toward the SEI. The tip current was normalized by the diffusion
assembly limiting current, i. = NFDCa where D is the diffusion
coefficient;C, the bulk concentration of MV, a, the electrode

E radius; andr, Faraday’s constant. In the absence of illumination,
Figure 1. The setup used for PETSECM measurements. The CdS  tip-generated M¥" is not reduced at the semiconductor solution
film was back-illumipated, as it was technically difficult to iIIuminate interface; thus, as the tip approaches the film, diffusion oftMV
from the top due to inch-worm assembly. The cell was enclosed in the 4 the tjp js hindered and tip current decreases (so-called negative
plexiglass box. The positive pressure of Ar was always maintained in feedback). Such approach curves fit to the following ap-

the box through out the experiment in order to avoid air oxidation of . . . ;
MV, proximate analytical equation for feedback to an insulator:

~— Light source

intensity of the source was controlled by a rheostat and measureq ins(L) _ 1 (5)

by an optical power meter (Newport Model 1815C). T 0.292+ 1.5151L + 0.6553 exp{2.4035L)
Microelectrodes (ME) PreparatioSECM tips were prepared

by heat-sealing Pt wires (26m diameter Goodfellow, UK) in where,L = d/a.

borosilicate glass capillaries under vacuum, followed by polish- £r5m guch fits, the exact tip distance from the film could be

ing and sharpening as previously describd@ihe viability of calculated. The tip was then withdrawn to a distance far from

the resulting tip was determined by slow sweep cyclic volta- e sypstrate and the approach curve was repeated under film

mmetry (CV) h a 2 mMferrocyanide, 0.1 M KCI solution. jyymination. The photoreduction of tip-generated fi\to MV*

Tips were characterized by an R&r/a, whererg is the tip ¢ the SE| leads to an increase in tip current close to the interface
radius anda the radius of the Pt wire) between 3 and 5. The tip (ositive feedback). At high intensities, feedback reaches a
was polished with 0.0zm alumina (Buehler, Lake Bluff, IL), |injiting value and fits the equation for feedback to a conductor:
rinsed with water and ethanol, and dried prior to each measure-
ment.

Preparation of Redox Mediator Solutiomhe chosen redox ITC(L) = 0'733774- 0.3315 ex(r%ma +0.68 (6)

mediator M\ZH/MV * undergoes photoreduction at the substrate

upon illumination. Thus, to study this reaction in feedback mode Under these conditions. the rate of reaction is mass transfer
requires that MV is generated at the SECM tip, i.e., M\is '

the initial redox species in solution. Freshly prepared Zn limited and PET kinetic parameters cannot be estimated.

amalgam was used to reduce a solution of aqueougMy .Depending on experimental co.nditions (light intensity, film
MV*, and the resulting violet solution was immediately thickness, and redox concentration) chosen, feedback in the
transferred to the SECM cell using a syringe that was degassedntermediate region between conducting and insulating extremes

with Ar. Approach curves were obtained by plotting tip current €an be obtained. In this region, tip current is governed by the
(i) for MV oxidation as a function of distance)(from the PET rate at the SEI and the feedback response can be fitted to

film/solution interface at various light intensities. Fresh solution the following equation, enabling estimation of the pseudo-rate
was used for each measurement to maintain the same concentrgkonstant Ket):
tion of MV™ throughout.

ins!
Experimental Procedures and Data Analysis 1L = 5(1 - IT—C + 1, )]
lllumination of the CdS/electrolyte interface leads to the T
following of series of photochemical reactions: 1.067
0.68+ 0.3315 ex(r—zj
by | = 0.78377 L ®8)
CdS— CdS(gg + hyg) (1) s L(l N 1) 1+ F(L,A)
A
K
CdS(gg + hyg) — CdS+ A 2)
wherel+"s andI+C are given in the eqs 5 and 6, respectivedy.
hyg + TEOAﬁ» TEOA™ (3) is the kinetically controlled substrate curremt; = (kerd/D),
kerr is equal to the apparent heterogeneous rate constant (cm
Ket " s, and
e + MVZ =MV (4)
11
wherek;, kn, andke; are the rate constants for recombination, F(L, A) = (1A +73) (9)
oxidation, and reduction, respectively. As CdS is an n-type ' 110— 40L
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Figure 2. Approach curves recorded at various light intensities on
CdS film in 0.1 mM MV*" as a redox, 50 mM TEOA as a hole
scavenger, and 0.1 M KCI supporting electrolyte in the inert atmosphere.
(a) in the dark and (e) high intensity of illumination. The solid lines
are fits of eq 7 at various values kfi. The inset depicts a plot ¢«

vs photon flux. The hyperbolic nature of the curve was attributed the
mass-transfer limit reached at high photon flux. The ackuatould

be higher than 0.2 cm% at higher illumination at those intensities.

This procedure allows us to probe the localized kinetics at a
small portion of the macroscopic substrate at open circuit.

Results and Discussion

Effect of Light Intensity. Figure 2a (hollow circle) depicts
a typical dark approach curve to the CdS film at a low MV
concentration (0.1 mM) in the presence of excess (50 mM) hole
scavenger. As expected, this fit very well to the theoretical
approach curve to an insulator given by eq 5; thus the film is
insulating. In the same figure, the approach curve (e) obtained
under high illumination intensity<5 x 10 photons cm? s,
integrated between 400 and 550 nm) is given, where positive
feedback is due to photogeneration of M¥t the CdS/solution
interface. As can be seen, this fit well to the theoretical curve
for a conductor given by eq 6 and the reaction is under mass-
transfer control. To determindes, approach curves were

Haram and Bard
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Figure 3. Change in quantum efficiency as a function of photon flux.
Deviation at higher intensity was attributed to approaching the kinetics
at the mass-transport limit of the SECM.
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Figure 4. Approach curves recorded at various TEOA concentrations.
The [MV*] = 0.1 mM in 0.1 M KCI. The solid lines are fits of eq 7
at various values ofesr. The inset depicts a plot d&x vs [TEOA].

2.0

recorded at various light intensities, and the corresponding plots3. The low magnitude ap was attributed the back-illumination

are given in the same figure. Fitting these curves to eq 7 allowed
determination okess at each light intensity, and this dependence
is plotted in Figure 1 (inset). At low to moderate intensities,
the rate increases with intensity, while at very high intensities
(ca. 5x 10 photons cm-2 s-1) it saturates (i.e., a hyperbolic
relation). This dependence did not fit a relation proportional to
the square root of the light intensity, as typically expected for
recombination-limited rate¥.Thus, the observed saturation can
probably be attributed to mass-transport limitations.
Determination of Quantum Efficiency. To determine the
guantum efficiency#), knowledge of the photocurrent generated
at the substratefs,p) and the photon flux are required. While
the photon flux can be experimentally determined, we do not

configuration in which a large part of the light was absorbed
by the film before it reached to the SIE. The decreass at
higher intensities is due to mass-transport limitations rather than
the dominance of the recombination rate at these photon fluxes.
Effect of TEOA Concentration. To consider the effect of
the hole scavenger concentration on PEC, approach curves were
obtained at mass-transport-limit illumination, and the TEOA
concentration was varied from 0 to 1.0 mM. Typical approach
curves obtained in the absence of added TEOA are depicted in
Figure 4. In this case, the rate of hole transfer, and thus electron
transfer, is negligible and the film behaves as an insulator. As
the concentration of added TEOA increases, there is a con-
comitant increase in the rate of electron transfer and this results

have direct knowledge of the generated photocurrent, as the CdSn an increase in feedback measured at the SECM tip. Values

film was on insulating substrate (glass). From eq 8, however,
the substrate current<{,) as a function of tip distance can be
estimated for various values kfi. Thus, values of‘s,obtained
from fitting the approach curves with the tip at close proximity
to the film (L = 0.2) were used to estimate the substrate current
and¢. The dependence @f on photon flux is given in Figure

for ke were obtained by fitting approach curves obtained at
each TEOA concentration, and the resulting dependenkg; of

on TEOA concentration is given in Figure 4 (inset). The plot is
sigmoidal, indicating that the rate saturates to the mass-transport
limit at [TEOA] > 5 mM. At concentrations below this, reaction
kinetics are dictated blg, rather than byket.
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02 ' molecular rate constant due to difficulties in quantifying the
steady-state concentration of photogenerated electrons in the
CdS film. However, at high light intensities and low MV
concentration in the presence of excess TEOA, PET is mass-
transport-limited. Thus, the reaction under investigation can be
assumed to be fast.
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