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Photoelectrochemical responses arising from the heterogeneous hole-transfer from colloidal TiO, nanoparticles
to ferrocene species across the polarizable water/1,2-dichloroethane (DCE) interface are investigated as a func-
tion of the formal redox potential of the electron donor. The interfacial assembly of electrostatically stabilized
5 nm TiO, colloids was monitored by impedance measurements at various Galvani potential difference across
the liquid/liquid interface. The onset potential of the photocurrent responses is close to the potential at which
the excess interfacial charge increases due to the assembly of the TiO, nanoparticles. However, a closer examina-
tion of the potential dependence of these two parameters show that the interfacial excess charge is not solely de-
pendent on the adsorption of charged nanoparticles at the interface. We also provide strong evidence that the
photoelectrochemical responses are determined by the relationship between rate of electron capture at the

Keywords:
Photocurrent
Liquid/liquid interfaces
TiO, nanoparticles

Ferrocene

derivatives. Second order surface recombination constants of the order of 1073 cm? s

nanoparticle surface and surface recombination processes, rather than the interfacial oxidation of the ferrocene

2 s~ were estimated,

which are consistent with a ~0.6 quantum yield for the heterogenous hole-transfer.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Polarisable interfaces between two immiscible liquids (ITIES) are a
highly versatile platform for investigating a wide range of interfacial pro-
cesses promoted by illumination, including heterogeneous quenching,
homogeneous photoreaction coupled to ion transfer and charge transfer
at solid electrodes coupled to ion transfer across polarizable liquid/liquid
boundaries [1-8]. Recent investigations have looked at a variety of com-
plex multi-electron transfer reactions at the ITIES employing fully molec-
ular redox active species [9-11]. In this sense, it could be argued that
introducing colloidal nanomaterials (e.g. metal or semiconductor nano-
particles) can introduce more profound effects in interfacial reactivity as
a result of significant changes in the electronic density of states. Indeed,
potential-induced assembly of nanostructures at the polarizable ITIES is
a highly elegant approach to tuning the reactivity of this molecular inter-
faces which has been largely unexplored.

Photocurrent responses originating from heterogeneous quenching
of dyes assembled at the ITIES have provided fundamental insights on
the potential dependence of heterogeneous electron transfer across

Abbreviations: AcFc, Acetylferrocene; BTPPA-TPFB, bis(triphenylphosphoranylidene)
ammonium tetrakis(pentafluorophenyl)borate; DCE, 1,2-dichloroethane; DMFc, 1,1'-
dimethylferrocene; E,., potential at point of zero charge; Fc, ferrocene; %IPCE, incident
photon to current conversion efficiency; ITIES, interfaces between two immiscible liquids;
Io, incident photon-flux; jinot, Photocurrent.
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these systems [12-14]. Eugster et al. have shown that the potential de-
pendence of the effective heterogeneous electron transfer rate constant
involving self-assembled water soluble porphyrins and a range of ferro-
cene derivatives can be described on the basis of the Marcus formalism
[15]. In the case of molecular species, the dynamics of heterogeneous
electron transfer is mainly determined by the distance separating
redox donor and acceptors, which translate into solvent reorganization
energies of the order of 1 eV [13,15,16]. Based on the Marcus model for
electron transfer [17-19], these reorganization energy values are con-
sistent with an effective distance separating the redox species of ap-
proximately 1 nm, assuming a molecularly sharp liquid/liquid
boundary layer. This point raises the question of whether these consid-
erations apply to nanoparticles exhibiting dimensions similar or larger
than this electron transfer length scale.

In the present paper, we investigate dynamic aspects associated with
interfacial hole transfer of TiO, nanostructures to ferrocene derivatives
across the polarizable water/DCE interface. As demonstrated previously,
colloidal TiO, nanoparticles can be assembled at the liquid/liquid inter-
face depending on the pH of the aqueous solution and the Galvani poten-
tial difference [20,21]. Our results show that the magnitude and potential
dependence of the incident-photon-to-current (IPCE) is essentially unaf-
fected by the formal redox potential of the ferrocene derivatives. We con-
clude that the rate limiting step of the interfacial photochemical event is
linked to the lifetime of the radical intermediates, determined by the re-
lationship between electron capture by species in the aqueous phase (ox-
ygen) and surface recombination processes, rather than the
heterogeneous charge transfer across the liquid/liquid boundary.

1572-6657/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. Methods

A custom made three-compartment electrochemical cell was used in
all experiments, featuring two separate compartments for the organic
and aqueous reference electrodes connected to the main compartment
via with Luggin capillaries. The main compartment sustained the water/
DCE interface with a geometric area of 2.27 cm?. lllumination was per-
formed through the bottom of the cell, i.e. through the organic electrolyte,
via a quartz window. The cell composition used throughout is shown in
Scheme 1, where the organic electrolyte is bis(triphenylphospho-
ranylidene)ammonium tetrakis(pentafluorophenyl)borate (BTPPA-
TPFB), which was synthesized via a simple metathesis reaction of
bis(triphenylphosphoranylidene)ammonium chloride and potassium
tetrakis(pentafluorophenyl)borate (1:1 M ratio) in a 2:1:1 mixture of
acetone:ethanol:water, with re-crystallization performed in acetone [22].

Full details on the synthesis and characterization of the TiO, nano-
particles can be found in the Supporting Information, SI. Briefly, TiCl,
was hydrolysed in an ice-cold bath, resulting in a fairly mono-
disperse, electrostatically stabilized colloidal suspension of spherical
5.2 4+ 1.1 nm diameter TiO, nanoparticles, with an average particle
charge of 3.3 x 107 !° C at pH 3, in agreement with previous studies
[20,23].

Electrochemical and photoelectrochemical studies were performed
with a PGSTAT302N (Autolab) and a Compactstat (Ivium), respectively,
both fitted with frequency response analysers. A lock-in amplifier and a
function generator (Stanford Research Systems), controlled via a
LabView interface programme written in-house were used in the mea-
surement of photoresponses. Light perturbation was introduced with a
light emitting diode (Thorlabs) with an emission centred at 311 nm
(with a linear power output between 6.06 yW and 0.93 mW, which
equates to photon-fluxes between 0.1 and 14.6 x 10'*s™1). The absorp-
tion coefficient of the titania nanoparticles at this wavelength was esti-
mated tobe 7.0 + 03 g~ 'Lem™ .

3. Results and discussion

Fig. 1a shows cyclic voltammograms performed with the cell de-
scribed in Scheme 1 in the absence of ferrocene derivatives in the organ-
ic phase. It can be seen that, particularly on the positive side of the
potential scale, the capacitive currents increase when the titania nano-
particles are introduced in the aqueous phase. The ideally polarizable
potential range, determined by the transfer of aqueous electrolyte
species, remains unaffected with increasing titania concentration. The
applied potential is referred against the apparent potential of zero charge
(Epzc) of the liquid/liquid interface. Ep,. is defined as the potential of
minimum interfacial capacitance in the presence of only background
electrolytes. In terms of the Galvani potential difference based on the
tetramethylammonium formal transfer potential, the E,,,. for this system
has been reported to be shifted approximately 0.03 V [20]. Although some
deviations can be found between the minimum capacitance and the true
value of Ey,, due to non-ideal polarization and Faradaic processes, they
are minimized at low electrolyte concentrations and in the absence of
species that adsorb at or transfer across the interface [24].

Fig. 1b shows the differential capacitance as a function of applied po-
tential with increasing titania concentration in the aqueous phase.
These values are taken from impedance measurements at a frequency
of 1 Hz, with a 10 mV amplitude, assuming a simple RC circuit within
the ideally polarizable window. The observed increase in interfacial

(x mg L TiOy) (1.0 mM Fe/DMFc/AcFc)
Ag| AgCl | 0.01 M LiCl (aq) 5.0 mM BTPPA-TPFB LmMBIETAC AgCl | A
2] Ag ! ACI (aq 0m - g g
0.01 M LiCl (aq)
pH2.5 (DCE)

Scheme 1. Cell composition used in liquid/liquid electrochemical and photoelectrochemical
studies. The TiO, in the aqueous phase and the ferrocenes in the DCE are in brackets, as
they are present or absent in different experiments.
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Fig. 1. Cyclic voltammetry (a) performed in the cell described in Scheme 1, in the presence
(dashed cyan) and absence (solid black) of TiO, nanoparticles in the aqueous phase. Ca-
pacitance as a function of applied potential (b), with increasing capacitance observed as
the concentration of TiO, increases from zero (black) to 200 mg L™ in the bulk aqueous
phase (wine). The arrow indicates increasing titania concentration.

capacitance as the potential is increased in the presence of titania nano-
particles can be rationalized in terms of the potential induced assembly
of the positively charged colloids upon interfacial polarization [20]. The
potential dependence of the capacitance is fully reversible upon consec-
utive cycles, demonstrating that the nanoparticle surface excess can be
tuned by the electrical polarization.

The excess charge (Q) at the liquid/liquid interface as a function of
the applied potential estimated by integration of the differential capac-
itance is shown in Fig. 2a. The boundary conditions used in this analysis
involved that (i) the excess charge is zero at Ep, in the absence of titania
nanoparticles and (ii) the excess charge at the negative end of the po-
tential window is independent of the titania concentration. Both ap-
proximations have been proven valid in previous studies associated
with potential induced assembly of nanoparticles [20-22]. It can be
seen that as the titania concentration increases, the excess charge in-
creases across the whole potential range. This trend can be seen more
clearly in Fig. 2b, which displays the excess charge after subtraction of
the interfacial charge in the absence of titania nanoparticles. This ap-
proach implicitly decouples the potential induced assembly of the col-
loidal nanoparticles from the concentration polarization of the
supporting electrolyte. The excess charge can be expressed as surface
excess of titania nanoparticles (Fig. 2c) by assuming that the surface
charge obtained from mobility measurements is unaffected by the inter-
facial polarization or local pH changes. Although the nanoparticle sur-
face excess shows a monotonic increase with increasing applied
potential, the trend shows a saturation with increasing titania concen-
tration at a given potential. This puzzling behaviour suggest that the
correlation between excess interfacial charge (Qu;f) and surface particle
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Fig. 2. Excess charge (Q) at the interface as a function of potential obtained from integrat-
ing the interfacial capacitance in the absence and presence of TiO, (a). Excess charge for
various TiO; colloid concentrations (Qq;r) after subtraction of excess charge of the back-
ground electrolyte (b). The excess charge associated with TiO, particles exhibits an
onset potential close to Ey,, becoming weakly concentration dependent for values
above 300 mg L~ '.The arrow indicates increasing titania concentration. Apparent TiO,
particle number density (n) estimated assuming a potential independent particle charge
of +3.3x107'°C (c).

concentration (n) is non-linear. We will elaborate on this point further
below in the discussion.

Fig. 3a shows photocurrent-potential curves obtained in the presence
of ferrocene (Fc), 1,1’-dimethylferrocene (DMFc) and acetylferrocene
(AcFc). Experiments were carried out employing lock-in detection
under a square wave light perturbation of 4.7 x 10 cm™2 s~ ! (uncor-
rected for absorption in the electrochemical cell) and a frequency of
0.05 Hz. The curves in Fig. 4a represent the amplitude of the photocurrent
response, while the phase value remains very small except for at poten-
tials close to the end of the polarizable window. While the photocurrent
magnitude was larger in the presence of Fc, the potential dependence
was very similar for all three electron donors. Fig. 3b shows the potential

120

a
100 -

80

60

40 1

10° jpporo f A cr?

20

‘.l
0 thsccsscscsscssessses

0.8 -

0.6 - . .

%IPCE

0.4 -

0.2 -
background

0.0 |

040 000 040 020 030
E-EppelV

-0.20

Fig. 3. Magnitude of photocurrent density (jphot, Peak-to-peak) under square wave per-
turbation (0.05 Hz and 4.7 x 10'* cm~2 s~ !, uncorrected for absorption) and lock-in de-
tection in the presence of Fc, DMFc and AcFc (a); the purple triangles denote the
photocurrent in the presence of AcFc oxidation multiplied by a factor of 50. Incident-pho-
ton-to-current-efficiency (IPCE) as a function of the applied potential after correction by
absorption of the organic electrolyte (b). The background photoresponse obtained in the
absence of any ferrocene species is shown in the grey dash-dotted trace.

dependence of the incident-photon-to-current efficiency (IPCE) consider-
ing the attenuation of the photon-flux introduced by the ferrocene deriv-
ative. It can be seen that even if the photocurrent magnitude is orders of
magnitude smaller in the case of AcFc with respect to Fc, the IPCE values
are comparable. This is essentially due to the fact that AcFc exhibits a
strong absorbance at 311 nm. The corresponding absorption spectra of
the various electron donors are included in the Supporting Information.
Furthermore, IPCE values below 1% are consistent with the light capture
cross-section of a quasi 2D assembly of TiO-, colloids at the liquid/liquid
interface. Fig. 3b also shows the small photoresponses arising from
reactions in the absence of Fc derivatives. Preliminary studies suggest
that these responses are associated with the oxidation of the organic
electrolyte.

A remarkable aspect of these trends is the fact that IPCE values and
photocurrent onset potentials (close to —0.10 V vs Ep,,) are very similar
for all three donor species, despite the significant difference in terms of
formal redox potentials. As shown in the supporting information, the
formal redox potentials of DMFc and AcFc are —0.13 and 0.28 V vs the
potential of Fc. This behaviour is in stark contrast to trends observed
for water-soluble porphyrins and CdSe quantum dots assemblies at
the water/DCE interface, where the potential dependence and magni-
tude of the photocurrent are strongly dependent of the donor redox po-
tential [13,25]. Consequently, we can postulate that the photocurrent
kinetics are not limited by the rate of heterogeneous electron transfer
across the liquid/liquid interface.
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Fig. 4. Photocurrent-potential curves in the presence of Fc at various incident photon-fluxes (a). The arrow indicates increasing incident photon-flux (Iy, considering attenuation by the
organic phase). The TiO, colloid concentration was 400 mg L™ . Photocurrent as a function of incident photon-flux at various applied potentials (b). A square-root dependence is
found at potentials more positive than —0.10 V, as shown by the dashed lines. The arrow indicates increasingly positive applied potentials (E — Ey,c).

The dependence of the photocurrent on the incident photon-flux
(corrected for absorption of the organic phase) in the presence of Fc is
exemplified in Fig. 4a. Although the magnitude of the photocurrent in-
creases with increasing incident photon-flux, the photocurrent onset
potential and overall potential dependence remain essentially unaffect-
ed. Furthermore, the light intensity dependence of the photocurrent is
non-linear as illustrated in Fig. 4b. This deviation from linearity indi-
cates that the quantum yield associated with the heterogeneous photo-
reaction is not 1, due to the presence of recombination phenomena. The
quantum yield (&) is defined by the ratio of absorbed light that is trans-
formed into photocurrent, as expressed by Eq. (1), where o corresponds
to the optical capture cross section at 311 nm (from UV-visible spectro-
scopic analysis 0 = 2.2 x 10715 cm?).

_ jphoro
qnoly”

(M

The mechanism associated with the photocurrent responses can be
expressed in terms of a series of elementary steps involving hole trap-
ping by OH radicals at the TiO, surface (Eq. (3)), heterogeneous electron
transfer involving the ferrocene derivatives (Eq. (4)), electron capture
by species in the aqueous electrolyte (Eq. (6), in this case likely oxygen
reduction) and carrier recombination via OH radical at the surface of the
assembled TiO, colloid (Eq. (5)) [20].

Ti02 B ey + hig. (2)
h* +OH™ Y oH'. 3)
OH' + Fe X Fet 4+ O~ 4)
e~ +OH B oH". (5)
e x4x . (6)

Under steady-state condition, the photocurrent responses can be
expressed as:
Jphoto = Qg [FC||OH'] = qkee [OH] )

where ke, = k[Fc]. From Egs. (1) to (5), the steady state concentration
of OH at the interface is given by the following quadratic relation:

k2 ket

6 [OHJ? + ket[OH']—Ioon = 0

8)

where k3 = ki[X]. The concentration terms relates to the steady values
across the interfacial region. In the limiting case where electron capture
(most probably by oxygen) is significantly faster than recombination,
ie. kyJOH]< ks, the photocurrent will exhibit a linear dependence on
the incident photon-flux (Eq. (9)). This limiting case corresponds to a
quantum yield of & = 1. However, the trend shown in Fig. 4b demon-
strates that recombination is not negligible under the experimental con-
ditions. A second limiting case can be defined in terms of k,[OH]> ks,
resulting in a square root dependence of the jpnero With Iy as described by
Eq. (10). This relationship appears more consistent with the experimen-
tal trends in Fig. 4.

jphoto = qlo(m' (9)
jpf;]oto _ kBkEIiO(m' (10)

Fig. 5 estimates the particle number density and interfacial coverage
as a function of the applied potential from the photocurrent responses
employing Egs. (7) and (8). It is clear that a quantitative analysis of
these parameters solely based on photocurrent potential curves is not
possible given the number of rate constants associated with the various
elementary steps involved. In this case, we have considered rate con-
stants of ke, ~ 10% s~ 1, based on studies involving self-assembled por-
phyrins at the water/DCE interface [13,26], and k3 ~ 7 x 10* s~ 1, taken
from the work by Bahnemann et al. who measured the rate constant
for oxygen capture by TiO, (mediated by deep trap states) [27]. The
curves presented were estimated for values of k, ranging from
1x107°to1x 1072 cm?s™ .

The first value (1 x 107> cm? s~ ') coincides with the behaviour ob-
tained from the limiting case expressed in Eq. (9), where recombination
has very little effect and thus @ = 1; however, this extreme has already
been disproven by the non-linear dependence of j,poro VS Io (Fig. 4b). As
the value of k; is increased, higher particle number densities are obtain-
ed, with a concomitant decrease in quantum yield. Interfacial coverages
much higher than 1 constitute an unlikely scenario given that it will re-
quire carrier transport across several layers of titania nanoparticles. This
could only happen if there is close interaction between particles at the
interface, which will inevitably lead to de-stabilization of the colloidal
suspension. The trends simulated in Fig. 5 suggests that the second
order surface recombination rate k, in this system is of the order of
~1073 cm? s~ . This value can be contrasted with second order recom-
bination rate constants for TiO, nanoparticles of similar size as probed
by time-resolved pump-probe spectroscopy, typically in the range of
1x107"to2 x 107 1% cm3 s~ ! [28-30]. Considering the small dimen-
sion of these particles, it is expected that charge carriers will diffuse to
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Fig. 5. Particle number density (left) and effective coverage (right) at the liquid/liquid
boundary as a function of applied potential estimated from photocurrent responses as-
suming various values of k> (denoted in the graph). Trends estimated from interfacial ca-
pacitance (dashed black line) and assuming a perfect quantum yield (Eq. (9), solid circles)
are also shown. This analysis is based on data obtained in the presence of Fc, [TiO;] =
400mgL~'and Iy = 4.7 x 10 cm™2s71).

the particle surface in sub-picosecond timescale, followed by the gener-
ation of hydroxyl radicals and trapped electrons at deep surface states.
Considering a characteristic length-scale of the order of the titania lat-
tice constant, second order surface recombination rate constants will
translate into values between 0.1 and 5.0 x 10~ cm? s~ !. These results
validate our approximations to this complex mechanism, highlighting
the interplay between surface recombination at the TiO, particles and
the heterogeneous rate constant of hole-transfer (mediated by hydroxyl
radicals) and electron capture (by dissolved oxygen).

Finally, Fig. 5 also contrasts the potential dependence of n and 6 as
estimated from the capacitance analysis (Fig. 2). Although absolute
values appear close to those obtained from photocurrent data assuming
a range of recombination rate constants, the behaviour with respect to
potential difference is significantly different. This observation suggests
that the underlying assumption used for decoupling the excess charge
associated with the TiO, particle and the background electrolyte may
not be self-consistent. A reason for this discrepancy can be linked to
changes in the effective pH at the liquid/liquid boundary due to proton
concentration polarization [31,32]. It could be envisaged that the effec-
tive charge at the TiO, particle increases as the interfacial potential is in-
creased [20]. Another interfacial effect not considered in our analysis
involves molecular scale interfacial corrugations associated with capil-
lary waves, which are dependent of interfacial tension and ionic
strength [33-35]. To assess these issues, surface sensitive spectroscopic
techniques should be considered [36].

4. Conclusions

Photocurrent responses associated with heterogeneous hole-
transfer from TiO, nanoparticles to a range of hole-acceptors in the or-
ganic phase were investigated at the water/DCE interface. Unlike previ-
ous studies employing dye species under similar conditions, the
magnitude of the photoelectrochemical responses appear unaffected
by the formal redox potential of the hole-acceptor in the organic
phase. The photocurrent responses (after correction for absorption in
the organic electrolyte phase) also showed a non-linear dependence
on the photon-flux. This behaviour was rationalized in terms of a mech-
anism involving heterogeneous-hole transfer (mediated by hydroxyl
radicals), electron capture by species in solution (dissolved oxygen),
carrier recombination at the nanoparticle surface and a potential
dependent coverage of the nanostructures at the ITIES. Considering het-
erogeneous charge transfer and electron capture in the micro-second
time scale, physically plausible coverages were obtained for surface

recombination constants of the order of 10~ cm? s~ . These values
are consistent with recombination rates estimated by time resolved
spectroscopy data.
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Appendix A. Supplementary data

Details regarding the synthesis and characterization of the TiO,
nanoparticles, as well as UV-vis spectra and three-electrode voltamme-
try of the various ferrocene-containing organic phases can be found in
the supporting information. Supplementary data to this article can be
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