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ABSTRACT: Water-splitting dye-sensitized photoelectrochemical cells (WS-DSPECs)
rely on photoinduced charge separation at a dye/semiconductor interface to supply
electrons and holes for water splitting. To improve the efficiency of charge separation
and reduce charge recombination in these devices, it is possible to use core/shell
structures in which photoinduced electron transfer occurs stepwise through a series of
progressively more positive acceptor states. Here, we use steady-state emission studies
and time-resolved terahertz spectroscopy to follow the dynamics of electron injection
from a photoexcited ruthenium polypyridyl dye as a function of the TiO2 shell thickness
on SnO2 nanoparticles. Electron injection proceeds directly into the SnO2 core when the
thickness of the TiO2 shell is less than 5 Å. For thicker shells, electrons are injected into
the TiO2 shell and trapped, and are then released into the SnO2 core on a time scale of
hundreds of picoseconds. As the TiO2 shell increases in thickness, the probability of
electron trapping in nonmobile states within the shell increases. Conduction band
electrons in the TiO2 shell and the SnO2 core can be differentiated on the basis of their
mobility. These observations help explain the observation of an optimum shell thickness for core/shell water-splitting electrodes.

Harnessing and converting solar energy into a useful form,
for example, electricity or a chemical fuel, on a terawatt

scale is among the most critical scientific challenges of the 21st
century.1 Natural photosynthesis does so, but with inherent
efficiency limitations that can be surpassed in artificial systems.2

In natural photosynthesis, a hierarchical assembly of light
harvesting pigments funnel excitation energy into a reaction
center, where a series of subnanosecond electron transfers
occurs to yield a charge separated state with nearly 100%
quantum efficiency.3−5 Efficient charge transfer in natural
photosynthesis relies on an optimized electron transfer cascade
between the various donor and acceptor species. Achieving the
same level of control over electron transfer events is a central
goal of artificial photosynthesis, which seeks to develop artificial
systems capable of using solar energy to photocatalytically drive
water splitting and other fuel-forming endergonic reactions.6−8

Water-splitting dye-sensitized photoelectrochemical cells
(WS-DSPECs) accomplish artificial photosynthesis by utilizing
a semiconducting metal oxide film-sensitized with a molecular
dye, which absorbs visible light and injects an electron into the
oxide semiconductor. Holes diffuse across the surface via a
series of lateral electron transfer events between dye molecules
until they arrive at a catalytic site. This process repeats until the
catalyst collects enough holes to oxidize water, generating
molecular oxygen and four protons. The injected electrons
diffuse through the electrode to a transparent conductive oxide

electrode and ultimately to a dark cathode where protons are
reduced to hydrogen.9

Unfortunately, the quantum efficiencies of WS-DSPECs are
only a few percent because hole transport and catalytic water
oxidation are slow.10 As a result, rapid recombination between
the injected electron and the oxidized dye is the dominant
mechanism for efficiency loss in these devices.11 The use of
visible light-absorbing dyes that are sufficiently oxidizing to
drive water oxidation near neutral pH results in low injection
yields into anatase TiO2 (ηinj = 20−30%).11−13 As an
alternative, research on WS-DSPECs has focused on using
SnO2 as the electrode material.14,15 SnO2 has a conduction
band minimum (CBM) several hundred millivolts below that of
TiO2,

13,16,17 leading to improved injection yields.13 The more
positive CBM of SnO2 also lowers the driving force for
recombination. However, the rate of recombination has been
found to be much faster for SnO2 than for TiO2 electrodes.

17,18

One strategy for slowing down recombination while
maintaining efficient injection is the use of a core/shell
electrode architecture.19 Recent work by Meyer and co-workers
demonstrated a SnO2/TiO2 core/shell structure prepared by
atomic layer deposition (ALD) of TiO2 on SnO2 nanoparticles.

Received: July 13, 2016
Accepted: July 14, 2016
Published: July 14, 2016

Letter

pubs.acs.org/JPCL

© 2016 American Chemical Society 2930 DOI: 10.1021/acs.jpclett.6b01528
J. Phys. Chem. Lett. 2016, 7, 2930−2934

pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.6b01528


This architecture results in an electron transfer cascade from
the dye excited state into TiO2 and subsequently into the SnO2
CB, as shown in Scheme 1.14,15 They observed efficient

electron injection, slower recombination kinetics, and an overall
enhancement in device performance. Knauf et al.20 explored
recombination with TiO2 shells of varying thickness on SnO2
and ZrO2. Interestingly, they found that for shells thicker than
3.5 nm, electron recombination originated from localized
electrons in the TiO2 shell, whereas for thinner shells
recombination proceeded via a tunneling mechanism. Recently,
we studied the ultrafast injection dynamics of sensitized bare-
SnO2 and SnO2 coated with 2.5 nm of TiO2 using time-
resolved terahertz spectroscopy (TRTS).13 In that study, we
demonstrated that addition of the TiO2 markedly changed the
injection kinetics. We suggested that an initial ultrafast injection
component not apparent with bare SnO2 demonstrated
injection into the TiO2 shell, followed by fast trapping and
subsequent electron release into SnO2 on a much longer time
scale. In this study, we revisit that system and use TRTS and
steady state emission measurements to probe the electron
injection process as a function of shell thickness.
Details of sample preparation are available in Supporting

Information. Briefly, we utilized atomic layer deposition (ALD)
to prepare TiO2 shells of varying thickness on mesoporous
SnO2. ALD is a well-established technique for the deposition of
conformal, atomically thin films of metal oxides on surfaces and
has been used with great success in mesoporous structures.22,23

Our previous work deposited 40 cycles of TiO2 on SnO2,
resulting in a film thickness of 2.5 nm as measured by
deposition on a Si wafer.13 This normalization infers a
deposition of about 0.63 Å per cycle. In order to gain a better
understanding of when shell material impacted charge injection,
we varied the shell thickness from 1 to 40 pulse cycles, or a
nominal thickness range of submonolayer coverage up to 2.5
nm. This deposition process was also carried out on porous

nanocrystalline ZrO2 films in order to probe how effectively the
TiO2 shell alone with varying thicknesses could accept electrons
from the dye.
Figure 1 shows the peak emission for both SnO2/TiO2 and

ZrO2/TiO2 core/shell structures sensitized with bis(2,2-

bipyridine)(4,4-diphosphonato-2,2-bipyridine)ruthenium(II)
bromide (Ru(II)phos) at pH 1. Because both SnO2 and TiO2
accept electrons from the excited state of the dye, we
anticipated significant emission quenching from injection into
the SnO2/TiO2 architecture at all thicknesses of TiO2, as can be
seen in Figure 1 (red squares). In the case of the ZrO2/TiO2
samples, the ZrO2 core has a CBM well above the excited state
potential of the dye and should not be able to quench the
excited state of the dye. This can be seen in Figure 1 (blue
circles) where there is significant emission intensity when the
TiO2 shell is thin. With thicker TiO2 shells, the emission
intensity decreases until ∼13 Å of TiO2, after which it is similar
to SnO2/TiO2. The complete quenching of the excited state
demonstrates that at ≥10 Å of TiO2, electron cascade through
the shell completely controls the injection kinetics. Further-
more, the lack of emission quenching suggests that for shell
thicknesses below ∼2 Å tunneling through the TiO2
dominates.24 At intermediate thicknesses, a combination of
tunneling and electron cascade may be occurring. In this size
regime, quantum confinement effects can occur, resulting in an
increase in the band gap and a shift of the CBM to more
negative potentials.25

We can gain insight into the dynamics of injection by
monitoring the ultrafast injection kinetics. Despite having a
lower CBM energy (and as a result, a higher driving force for
injection and lower driving force for recombination), SnO2
exhibits slow injection dynamics13,26,27 when compared to
TiO2. The slow injection kinetics are a result of a low density of
states (DOS) in the SnO2 CB,

26 which is comprised primarily
of Sn4+ s and p orbitals,26 whereas TiO2 has a high CB DOS
made of Ti4+ d orbitals.28,29 To understand the effect of TiO2
shell thickness on injection, we utilized TRTS, which is an
ultrafast, far-infrared technique that is sensitive to changes in
conductivity.13,30−33 Electrons injected into mobile states (e.g.,
the conduction band) attenuate transmitted terahertz (THz)

Scheme 1. Energy Diagram for the SnO2/TiO2 Structure and
Structure of Ru(II)Phosa

aPotentials for ES and GS of Ru(II)phos taken from ref 21; for oxide,
CBM taken from ref 16.

Figure 1. Peak emission intensity between 510 and 800 nm measured
from Ru(II)phos-sensitized core/shell films with varying thicknesses of
the TiO2 shell on a SnO2 core (red squares) and a ZrO2 core (blue
circles). Emission was measured in N2-purged, 0.1 M HClO4 (pH 1)
aqueous solution.
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radiation such that increases in conductivity following injection
are observed as a decrease in the transmitted THz amplitude.
Additionally, because the conductivity change depends in part
on the electron mobility, TRTS is ideally suited for distinguish-
ing whether the electron is located in the TiO2-shell or SnO2-
core on the basis of the difference in electron mobility between
the two materials.
Figure 2 shows the TRTS traces (black) and respective fits

(red) using eq 1:
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where ΔTHz0 is the baseline before t = 0, n is the number of
exponentials included in the fit, t0 corresponds to the injection
time (i.e., t = 0), Ai is the amplitude of a given component, τi is
the lifetime of a given component, G(fwhm) is a Gaussian
instrument response function (determined to be 0.5 ps) and ⊗
represents a convolution. Full fitting parameters are summar-
ized in Table S1. The injection component of all traces from
bare SnO2 to 6 Å of TiO2 were successfully fit using a three
exponential equation, though slow trapping dynamics observed

in the bare samples required a fourth exponential (with a
negative amplitude to represent trapping) to be included in the
fit. Films coated with 12.5 and 25 Å required a fourth
exponential to accurately reproduce trapping which occurs in
the initial (0−5 ps) dynamics.
Surprisingly, we observe a higher THz attenuation for

samples coated with 0.63 and 1.26 Å of TiO2 when compared
to bare SnO2, corresponding to a higher density of mobile
electrons in the SnO2 film. In order to ensure that changes in
THz attenuation with shell thickness are not a result of
different dye loading (e.g., a lower dye loading due to blocked
pores), UV/vis spectra were measured for all samples. A
summary of dye loading is shown in Figure S1, which
demonstrates that loading across all samples is nearly within
experimental error of each other. In fact, thicker shells show
slightly increased dye loading, and would therefore not be
expected to show diminished injection amplitude based on dye
loading alone. As the dye loading is nearly identical between
these samples, we suggest that the increase in injection
amplitude is related to passivation of nonmobile surface states.
These nonmobile states are generally ascribed to uncoordinated
metal centers and can act as acceptors states for charge
injection and, as a result, will not be observed with TRTS. The
process of injection into nonmobile surface states in aqueous
electrolyte has been observed by others using sensitized
ZnO2

34,35 as well as in our previous work focused on proton-
induced surface trap states, which also detailed the inability of
TRTS to observe these electrons.36 The passivation of these
states is further supported by the lack of slow trapping in any of
the ALD coated samples when compared to the bare SnO2. The
slow decay in the TRTS trace for bare SnO2 is suggestive of
trapping into surface states, as none of the TiO2-coated samples
exhibit any long time, slow loss of THz amplitude associated
with trapping. Hupp and co-workers observed a similar
passivation of surface states with ALD.24

The dynamics observed for the 25 Å sample agree very well
with our previous report on this system.13 In that report, we
assigned the rapid (<0.5 ps) decrease and recovery of the THz
amplitude from 0 to 5 ps as rapid injection into TiO2 followed
by trapping within the TiO2 or at the TiO2/SnO2 interface
(Figure 2b), with release into the SnO2 core at longer time
scales. We can clearly distinguish an evolving ultrafast injection
component for samples with a TiO2 shell of 6 Å or more, which
strongly suggests that electrons are injecting directly into the
TiO2 shell. By comparing the initial injection lifetime, injection
shifts with increasing shell thickness from occurring with a
lifetime of several picoseconds to being instrument limited at
<0.5 ps, which is consistent with injection into TiO2 being
much faster than into SnO2. This is attributed to a higher DOS
in the TiO2 CB than in SnO2 as described above.13 A fast
trapping component can be clearly distinguished with
increasing shell thickness (Figure 2b), suggesting that the
trapping sites are located in the TiO2 shell and not at the
SnO2/TiO2 interface. This is also consistent with work by
Knauf et al., who directly observed the recombination rate of
electrons with oxidized Ru(II)phos in SnO2/TiO2 structures
and found that beyond a few nanometers, recombination occurs
entirely from the TiO2 shell.20 As we noted in our previous
work, after injection into the TiO2 shell, the release kinetics
from the shell into the core material are largely independent of
shell thickness.13

Figure 3 shows the scaling factor and electron transfer rate,
1/⟨τw⟩, where τw is a weighted average of the injection lifetimes,

Figure 2. (a) Long time scale time-resolved THz spectroscopy
(TRTS) traces for SnO2/TiO2 electrodes with varying shell
thicknesses. (b) Short time scale plot of the TRTS traces of a
collection of samples from (a) in order to show the evolution of the
initial injection into the TiO2 shell with increasing thickness. TRTS
scans were collected in a 0.1 M pH 1 HClO4 aqueous solution.
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as a function of shell thickness (Table S1). The scaling factor
represents the overall injection yield of each trace and is a sum
of the A components before normalization for each trace; the
value is included in Table S1. This factor is directly
proportional to the number of mobile electrons and thus by
extension to the injection amplitude. Interestingly, we find that
the rate of electron transfer becomes largely constant after
approximately 5 Å of TiO2, which is consistent with steady state
emission data for sensitized TiO2/ZrO2. This suggests that after
5 Å the excited state of the dye “senses” only the TiO2 shell. It
is surprising then that we do not also see a leveling of the
scaling factor. One likely explanation is that as the TiO2 shell
increases in thickness more electrons are injected directly into
nonmobile sites and therefore are invisible to TRTS. These
electrons can directly recombine with oxidized dye molecules
on the surface. The increase in trapping within the shell with
increasing shell thickness observed in Figure 2b supports that
hypothesis.
Though TRTS has been used to probe core/shell

nanostructures,37,38 this and our previous study13 are the first
to explicitly follow the movement of an electron through the
shell and into the core, demonstrating the power of TRTS for
these types of architectures. By varying the thickness of the
TiO2 shell, we were able to demonstrate that electron injection
proceeds directly into the SnO2 core when the TiO2 shell is less
than 5 Å, but when the thickness is greater than 5 Å, it is
injected first into the TiO2 shell and then moves to the SnO2
core. Furthermore, we were able to demonstrate that trapping
of carriers into nonmobile sites occurs specifically within the
TiO2 shell. The degree of trapping in the shell increases with
increasing shell thickness, further demonstrating the need to

balance injection and recombination dynamics through an
optimal shell thickness.
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Experimental 
 
Bis(2,2′-bipyridine)(4,4′-diphosphonato-2,2′-bipyridine)ruthenium(II) bromide  (Ru(II)phos) was 
prepared as previously described.1  
 
Sample Preparation. SnO2 pastes were prepared following the method of Ito et al.2 Briefly, 
SnO2 (Aldrich, 20-40 nm) was successively ground with acetic acid, water, and ethanol to give a 
suspension, which was ultrasonicated for 15 min.  The suspension was allowed to sit for three 
hours to allow large aggregates to settle.  After settling, α-terpineol was added with stirring, 
followed by an additional 10 min of ultrasonication.  Finally, a 10 wt% solution of ethyl 
cellulose in ethanol was added with stirring, again followed by ultrasonication for 10 min.  The 
ethanol was subsequently removed via rotary evaporation to give a paste.   
 Films were prepared doctor-blading on fused quartz substrates (GM Associates, Inc.) 
using Scotch Magic tape as a spacer layer.  After each layer of paste was applied, the film was 
cured at 80 °C for 10 min before the next layer was applied.  A total of three layers of paste were 
used for all samples, giving a final film thickness of 6 µm after sintering.  The films were 
sintered using the following program: 3 °C/min to 370 °C, hold for 10 min, 3 °C/min to 470 °C, 
hold for 30 min, cool to room temperature.   

Core/Shell structures were fabricated using a Cambridge Savannah 200 atomic layer 
deposition (ALD) system. Samples were loaded in to the deposition chamber and the chamber 
temperature was increased to the required temperature for the different materials followed by 
alternating pulses of water vapor and the respective metal oxide precursor. Due to the high 
surface area of the films, vapor pulses were held in the reaction chamber for 3 minutes followed 
by opening the valve and purging with N2 for 25 seconds before the next pulse. TiO2 was 
deposited as previously reported,3 utilizing tetrakis(dimethylamido)titanium as the precursor and 
a deposition temperature of 150 °C and a precursor temperature of 75 °C. The pulse durations 
were 0.03 s and 0.25 s for the water vapor and TiO2 precursor, respectively. These cycles were 
repeated for 1, 2, 5, 10, 20, and 40 iterations to make core/shell structures with varying 
thicknesses of shell material. Following shell deposition, all electrodes (including bare electrodes 
for comparability) were sintered a second time at 450 °C for 30 min before they were sensitized 
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with dye. All films were sensitized in the dark from a 100 µM solution of Ru(II)phos in 
anhydrous ethanol for 16 hours, rinsed with ethanol, and dried under a stream of nitrogen.  

Samples for TRTS spectroscopy were sealed using a second piece of fused quartz, with a 
1 mm hole previously drilled into it, with a 60 µm Surlyn (Solaronix) spacer between the two 
pieces of quartz.  The pieces of quartz were hot pressed to bond to the Surlyn and 0.1 M HClO4 
introduced via vacuum backfilling.  Finally, the hole filling hole was covered with a small square 
of Surlyn, covered with a 1 cm2 glass coverslip, and heat sealed using a soldering iron.   
 
Characterization. Fluorescence spectroscopy was done on a SPEX Fluorolog 2 double grating 
fluorometer with at 450 W Xenon lamp. Electrodes for fluorescence were fabricated as above 
with varying thicknesses of a TiO2 a mesoporous film of SnO2 or ZrO2. The instrument was 
operated in front facing mode with the metal oxide film tilted 45° from the excitation beam and 
facing nearly directly at the fluorescence detector. Emission was detected through a 1.5 mm slit 
width at a photomultiplier tube that had been normalized to the response sensitivity of the 
detector across the various wavelengths collected. Fluorescence was carried out in a N2 degassed 
pH 1, 0.1 M HClO4 aqueous solution. The electrodes were all excited at 460 nm and emission 
was collected from 510 – 800 nm with a step size of 1 nm and integration time of 1 s at each 
step. Experimental conditions were identical between samples in order to make emission 
intensity comparable across all measured electrodes. 

Scanning/transmission electron microscopy (S/TEM) and energy dispersive X-ray 
spectroscopy (EDS) was carried out on an FEI Talos F200X S/TEM instrument.  

X-ray photoelectron spectroscopy (XPS) was carried out on a PHI VersaProbe II 
Scanning XPS Microprobe.   

UV/Vis spectra were collected on a Cary 6000i UV-Vis-NIR spectrometer on dry films. 
The instrument was blanked to air and a zero light baseline was collected by blocking the beam. 
Spectra were collected from 800 to 200 nm, scanning at 10 nm/s with an interval of 1 nm. 
Surface coverage for Ru(II)phos was calculated using the same method as Hanson et al. at 453 
nm, the peak absorption of this dye:4 

 

Γ =
!(!)

1000 ∗ ! ! ∗ ! 

 
where A(λ) is the baseline corrected absorbance at 453 nm, ε(λ) is the molar absorptivity 
constant at 453 nm and t is the film thickness. 

Time-resolved terahertz spectroscopy (TRTS) was carried out as described in detail 
elsewhere.3,5–8 In sum, the 35 fs pulse of an amplified Ti:sapphire laser (Spectra Physics, 800 
nm, 1kHz repetition) is split into three beams: pump, generation, and detection.  The generation 
beam is used to generate terahertz (THz) radiation by frequency doubling to 400 nm, with both 
the fundamental and second harmonic focused in air to generate a plasma.9,10 The forward 
propagating THz radiation generated by the plasma is collected and focused using off-axis 
paraboloidal mirrors, and is detected using free-space electro-optic sampling with a ZnTe(110) 
crystal.11 Finally, the pump beam is frequency doubled to 400 nm and a variable neutral density 
filter used to adjust the power to 100 mW/cm2 (6 mm diameter spot).   
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Results 
 
Table S1. Fitting parameters from equation S1 for TRTS traces in Figure 2 

Shell 
thickness 

(Å) 
A1 
(%) 

τ1 
(ps) 

A2 
(%) 

τ2 
(ps) 

A3 
(%) 

τ3 
(ps) 

A4 
(%) 

τ4 
(ps) 

scaling 
factor* 

<τw> 
(ps) 

0.63 0.48 2.8 0.45 17 0.07 154   1.57 20 
0.63 0.37 2.1 0.50 11 0.13 47   1.31 12 
1.26 0.43 3.4 0.43 18 0.14 111   1.32 25 
1.26 0.26 2.0 0.49 9 0.25 51   1.63 18 
3.15 0.44 5.36 0.41 30 0.19 201   1.11 52 
3.15 0.30 3.1 0.45 22 0.25 151   1.16 48 
6.30 0.13 <0.5 0.43 28 0.44 217   0.81 108 
6.30 0.10 <0.5 0.47 24 0.43 213   1.07 102 
12.6 0.09 <0.5 -0.03 0.59 0.42 41 0.48 300 0.64 163 
12.6 0.07 <0.5 -0.04 1.1 0.42 71 0.51 348 0.80 207 
25.2 0.16 <0.5 -0.15 1.1 0.60 78 0.24 356 0.63 133 
25.2 0.30 <0.5 -0.18 0.6 0.42 54 0.11 340 0.40 118 

*Scaling factor is the sum of all A components before normalization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



S4	
  
	
  

 
Figure S1. Surface coverage of Ru(II)phos on the surface of the SnO2/TiO2 electrodes with 
increasing thickness of the TiO2 shell. Surface coverage calculated from the absorbance of dry 
films at 453 nm. 
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