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SI1. Fitting of steady-state SECM approach curves with finite first order Kinetics at the

sample and diffusion controlled kinetics at the UME

Normalized heterogeneous rate constants x have been extracted from experimental approach
curves by fitting them to an analytical approximation of simulated data evaluated by Cornut
and Lefrou.! The radius of the active part of the UME, rr, the ratio RG of insulating sheath
Fgass and rr, and the point of closest approach do have been determined from independent
experiments. RG was determined by optical microscopy; rr and do were determined from
approach curves to glass or D149/Zn0O film in the dark and fitting them to theoretical curves
proposed by Amphlett and Denuault.” The formula of Amphlett and Denuault given for RG =

10.2. Constants for other selected RG are also available.

1,57 (L) = 0.72627 + 27901, g 26015exp[ 121332 (SI-1)
T L L

Normalized approach curves It vs. L have been calculated from each experimental approach
curves it(z) using It = it/it. and L = d/rr. The analytical approximation of Cornut and Lefrou*

was used for calculating a theoretical current I+ for each experimental, normalized distance L.

1 1."™(L,RG)-1
IT(L’ K, RG) = IT d[L + ;’ RG) + (1+ 2 47RG 0'31LKTXIS— LO.OOG)RG+0.113K0.0236RG+0.91) (SI_Z)
with
1 1 1 1
ITCO”"(L+—,RG):0¢(RG)+ +£1—a(RG)——j§(L+—J (SI-3)
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a(RG)=In2+1In2 1—Earccos(i) ~In2/1- Earccos(i] (SI-5)
b4 RG Vs RG
2
B(RG)=1+0.639 1—3arccos(ij -0.186/ 1— Earccos(ij (S1-6)
T RG T RG
é[L+lj:£arctan(L+lj (SI-7)
K T K
K= keffTrT (SI-8)

K, it and do (within reasonable range) were varied in order to fit the experimental approach

curves. Heterogeneous rate constant ke was calculated from «.
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SI2. SECM approach curves on D149/ZnO samples of 2352, - “*S6.
a) SECM approach curves with varying [I57]*

2.3 3.3
822_5 533.0
2.54 \ 1.2
1.0

0.8 1
. 1.5+

i / i,

=i /i,

0.6 ,

.

T

0.4 4

0.2

0.0F T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0

1854, 6 1855, ,

=i/ i

0.2+

0.0 T T T T T T T T
0.0 O. 10 15 20 25 30 35 40

L=dir,

0.0 T T T T T T T T T T
0.0 05 1.0 15 2.0 25 3.0 35 4.0 45 5.0

L=dir,



Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2012

Figure SI-1. Normalized SECM approach curves obtained with Pt UME (rr = 12.5 pm) on
D149/Zn0 films of %352, 33S33. 185446, 1S5, and °*S6,4 containing different [15]*: (1)
0.057 mM, (2) 0.124 mM, (3) 0.248 mM, (4) 0.687 mM, (5) 1.24 mM and (6) 2.01 mM with
Er =-0.7 Vand Jy, = 9.1 x 10° mol cm? s, The summary of « obtained from the best fits of
experimental data (open symbols) to theoretical model (solid lines) were, respectively, >3S2,¢:
(1) 1.18, (2) 0.75, (3) 0.44, (4) 0.28, (5) 0.24, (6) 0.22; >*S35,: (1) 0.66, (2) 0.50, (3) 0.41, (4)
0.25, (5) 0.19, (6) 0.12, *8S4,¢: (1) 0.40, (2) 0.28, (3) 0.18, (4) 0.09, (5) 0.06, (6) 0.02; 1835, ;:
(1) 0.74, (2) 0.60, (3) 0.42, (4) 0.28, (5) 0.11, (6) 0.08; **S6,4 (1) 0.0195, (2) 0.0151, (3)
0.0089, (4) 0.0067, (5) 9.03 x 10, (6) 6.39 x 10™. The top and bottom dashed curves in (a)
represent responses limited by diffusion-controlled feedback and hindered diffusion,

respectively.

b) SECM approach curves with varying [I3]*
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Figure SI-2. Normalized SECM approach curves obtained with Pt UME (rr = 12.5 um) on
D149/Zn0 films of 235256, *3S330, “®S446, 2S5, and %*S6,4 with [Is]* = 0.124 mM with
different J,, (10 mol cm? s™): (1) 0.982, (2) 1.70, (3) 4.50, (4) 9.10, (5) 15.1 and (6) 25.5, Et
=-0.7 V. The summary of x obtained from the best fits of experimental data (open symbols) to
the theoretical model (solid lines) were, respectively, >3S2,4: (1) 0.18, (2) 0.25, (3) 0.43, (4)
0.61, (5) 0.65, (6) 0.70; *3S33,: (1) 0.09, (2) 0.22, (3) 0.30, (4) 0.48, (5) 0.56, (6) 0.68, 1S4y
(1) 0.089, (2) 0.15, (3) 0.22, (4) 0.30, (5) 0.38, (6) 0.45; %S5, ,: (1) 0.07, (2) 0.16, (3) 0.34, (4)
0.50, (5) 0.64. (6) 0.72; °*S6,4: (1) 0.0006, (2) 0.0008, (3) 0.009, (4) 0.013, (5) 0.014, (6)

0.018. Dashed lines represent response controlled by hindered diffusion.

Table SI-1: Apparent heterogeneous first-order rate constants ke derived from normalized

pseudo first order rate constants x for the reduction of photoexcited D149 by I" for D149-
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sensitized ZnO photoelectrochemical electrodes of | and [D°]. (a) For varying [I5]* at a fixed
Jhy = 9.1 x 10° mol cm? s* and (b) for varying Jn, at fixed [Is]* = 0.124 mM. Other

parameters D (I3) = 1.37 x 10° cm? s, rr = 12.5 pm, RG = 10, ks = xD/rr.

(@) For varying [I37]*

[157*/ mM ket / 10° cm s™

13511, 238256 33333, 1854, 1855, 0436,.9
0.057 23.02 12.93 7.23 4.33 8.11 0.214
0.124 10.3 8.22 5.48 3.11 6.58 0.165
0.248 5.48 4.82 4.46 1.97 4.60 0.097
0.687 3.07 3.12 2.73 1.02 3.02 0.073
1.24 2.41 2.63 2.07 0.621 1.25 0.0099
2.01 2.26 2.41 1.32 0.212 0.93 0.007

(b) For varying LED intensity

I/ ket / 10° cm s™

10° mol cm? st 13511, 235256 33330 834,56 1855, 0436,
255 9.96 7.67 7.45 4.93 7.85 0.198
15.1 9.10 7.12 6.14 4.16 6.98 0.157
9.10 8.10 6.74 5.22 3.31 5.44 0.138
450 477 471 3.30 2.39 3.71 0.093
1.70 2.78 2.74 2.41 1.64 1.70 0.0091
0.982 1.57 1.99 1.03 0.97 0.82 0.0071
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SI 3. Complete derivation of SECM model for dye regeneration

The following reaction mechanism for dye regeneration is widely accepted: We assumed
similar molecular mechanism of dye regeneration in D149-sensitzed ZnO and N179/TiO,.
Therefore, using D149-sensitzed ZnO electrode the model developed for steady state SECM

experiments in the feedback mode.

D/ZnO + hy —%— D*/ZnO (SI-9)
D*/ZnO0 —%i 5 D*/ZnO + e'cg(ZnO) (S1-10)
D*/ZnO +IT —%— [D1]/ZnO (SI-11)
[D1)/ZnO+ 1" —2— D/ZnO+1,° (SI-12)
21,0 —f s 15 + 1 (SI-13)

Steady state for [D']

*

db]

T =0= ¢hv‘]hv[D]_kinj[D ] (SI-14)
[D] _ K (SI-15)
[DT ¢,

Steady state for [D 1]

D11 _ o iD 11—k ID... 11

=0 =k[D ][]~ k,[D- 1[I (S1-16)
= k[D"1-k,[D--1]

[D--1] k. ]
D7 - C (SI-17)

Diffusion limited tip current (n = 2) for reduction of one I3

8
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iT,Iim =8FD[l;]*rr 1 (L)

Steady state for [D]

b1 _, =k,;[D"1- k[DI[I']s
[D*] _ Kir
D1 k'L

Combining (SI-17) with (S1-20)

[D---I]: Ki
[D1 k[l

Mass balance for the total dye content

[D°]= [D]+[D"]+ [D1+[D---1]
S ECNINCTN

*

[D'1 [D] [D]

Steady state expression for ratio of [D"]

Do _ D* I(inj kinj kinj 1
e P T T

[D°]
Ky Ky K

inj inj inj

+——F——+1
$dn Kl K[V

[D']=

(SI-18)

(SI-19)

(SI1-20)

(SI-21)

(SI-22)

(SI-23)

The kinetic current iy is expressed from the iodide concentration [I']s at the surface of the dye-

sensitized electrode, the volume concentration of the oxidized dye [D*]. The current is

generated over the thickness of the porous film lyous and the area of the electrode A. The

experimentally accessible dye loading /7 (total dye content per geometric area /p = [D] lporous)-

9
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i = NFA (Koo [D 11T ) = nFA(K T [1]s ) (SI-24)

Substitution of the bracketed term using the Bodenstein principle for the steady state

experiment (S1-19) and introducing the dye loading yields kinl o~ = kil'p+[1]s (n = 1)

i, = FAK T (SI-25)

inj~ p*
Substitute the expression for I'p~ from mass balance analogous to eq. SI-23.

- FDO
i = FAKy ———— (S1-26)

inj inj inj

gl el n

i _ FAF ¢hv‘]hvk1k2[|_]s kinj (S|_27)
“ > klkZ[I_]S kinj + kinj ¢hv'J hv k2 + kinj ¢hv'J hv kl + klk2¢hv‘] hv [I_]S

ESNNE SEF S S—— (S1-28)
ik FAU,.4,d, FACK[I']y FATK[I']s FAL kK

DO inj

Simplifying the expression for light absorption, electron injection and dye regeneration by

summarizing  the  steps  using (K )_l = (ki )71 +(Adn) =(3,)"  and

1. 1 + L . (S1-29)
FAFDO khv,eff FAFDD kox[l ]S

I

The limiting substrate current would be reached if the iodide concentration is 3 time the
triiodide concentration, i.e. all iodide formed at the tip is available to the sample without any

dilution, [17s = 3[157*

10
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1 1 N 1
FAFDU khv,ef‘f 3FAl D° kcl)x [ IZ’:]*

IK,Iim

Normalizing the limiting substrate by it yields Ik jim

|, = Klim Klim ___ 'n=2atthetip for I3, A ~ nr®
<im . 4nFD[I, T, pIor%s T

i
i:_va+1+1,1zo
IS IK,Iim IT,cond IeI,Iim IeI,Iim
1_ 1 . 8FD[LPr 8FD[I;]*r;

IS IT,cond Fﬂ'rTZFDo¢hV‘JhV 3F7er2FDUk(')X[Ié]*
D[, T*
1 8Dl 8D
IT,cond ”rTan ¢hv‘]hv 3721’1—1—1[)0 kox

Comparison to uncomplicated first order process at the sample®

11 41 n
IS IT,cond T K D
1 1 4D 1

—_ +__

IS

IT,cond ﬂ'rT keﬁ

Ii 1 +4D{ ALy 2 }

I T,cond ﬂ.rT I D° ¢hv ‘] hv 3r D° kox

1 2L N 2
kgt Tt Jp 3T k

DO TOX

— 3an ¢hv‘]hvk(IJX
o 6k0x[|_3]* + 2¢hv‘]hv

11

(S1-30)

(SI-31)

(SI1-32)

(SI-33)

(SI-34)

(S1-35)

(SI-36)
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SI 4. Dye regeneration kinetic model of reaction order 3/2 with respect [I7], Ref *

a) b)

k,/10%cms™
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eff
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Figure SI-3. Plot of (a) ket vs. [137]* and (b) Kesr vs. Jp, for six different D149-sensitized ZnO
photoelectrodes with systematically varied thickness and dye loading. Symbols correspond to
experimental kes and lines are theoretical fittings of the model described in Ref * [eq. 18]. The
best fit of experimental and theoretical response of ket yielded a single value ¢y, of 2.29 x 10’

cm? mol™ and varying ko by fitting the data for all electrodes in one set shown. The

corresponding kox values are given in Table

Table SI-2: The ko obtained using the D149 regeneration reaction rate law of order 3/2.

Sample 1351,, 2352, 6 3333, 1854, 1835, , 0456, 4

kox/ (cm” [ 1.59 x 107 | 4.65x 10° | 2.40 x 10° | 2.87 x 10° | 6.45 x 10° | 2.23 x 10’

m0|-3/2 S-l)

12
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SI 5: The K'ox values obtained for D149/Zn0O from the linear fit SECM kinetic model (eq.

12) in the manuscript.
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Figure Sl 4. Plot of 1/kes vs. [I5T*/3n, for sample 23S2,6 - °4S6,4 showing a linear fit of the
data at lower [I3]*/Jy,.ratio.
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Table SI-3: The k'ox obtained from the linear fit in Figure SI 4 for kinetic model eqg. (12) in

manuscript

Sample 2'3822_6 3'3833,0 1'8844_6 1'8852_1 0'4862_9

Kox/ (moltcm®s™) [2.64x10° |[1.61x10° |1.89x10° |5.42x10° |7.56x 10"
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