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ABSTRACT: By using a supramolecular self-assembly method, a functional
water splitting device based on a photoactive anode TiO,(1+2) has been
successfully assembled with a molecular photosensitizer 1 and a molecular
catalyst 2 connected by coordination of 1 and 2 with Zr*" ions on the surface
of nanostructured TiO,. On the basis of this photoanode in a three-electrode
photoelectrochemical cell, a maximal incident photon to current conversion
efficiency of 4.1% at ~450 nm and a photocurrent density of ~0.48 mA cm™>

were successfully obtained
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he conversion of solar energy into chemical energy, in the
forms of hydrogen, for example, via visible light-driven
water splitting, is regarded as an ideal solution to meet future
energy demands." Photoelectrochemical cells (PECs) as a
teasible way to realize water splitting have been designed and
assembled progressively in recent years.” "> Most PECs have
been assembled using inorganic materials,”~"" and only a few
PECs composed of molecular components have been
developed.””~"” However, PECs with molecular devices such
as photoanodes usually display low conversion efliciencies for
light-driven water splitting. One major reason is the inefficient
water oxidation catalysts used in the molecular devices."*™'®
Assembly methods of photoanodes may also play an important
role in determining the light to hydrogen conversion
efficiencies of PECs.>'>'*"?
In general, there are two methods that can be employed to
design a photoanode based on a nanostructured n-type
semiconductor, such as TiO,, as shown in Chart 1. The first

Chart 1. Two Methods for Assembling Photoanodes of PECs
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method (method I) is to incorporate both a catalyst and a
photosensitizer (PS) on the TiO, surface in one dyeing bath,
forming a one-layer anode.'”"” Another method (method II) is
to covalently link a catalyst to a PS. Anchoring groups on the
other side of the PS facilitate the assembly of the formed
supramolecular system on the surface of TiO,. In method I, the
catalyst and the PS are randomly distributed on the surface of
TiO,. In method II, however, the PS is assembled closely on
the surface of TiO,, and the catalyst is removed (forced) to
separate from the surface of TiO, due to the nature of chemical
bonding between the two units. One advantage of method II
over method I is that the charge recombination between the
injected electrons in the conduction band of TiO, and the
oxidized forms of the catalyst might become retarded because
of the separation of the catalyst from the surface of TiO, by the
PS.

In recent years, a series of highly efficient water oxidation
ruthenium-based catalysts have been developed in our
group.”®™>* On the basis of one of the efficient catalysts and
a molecular photosensitizer, a functional photoelectrochemical
device has been successfully assembled according to method
1" The PEC using this molecular device as a photoanode
displayed an unprecedented high photocurrent density on light-
driven water splitting.19 However, with assembly method I, the
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catalyst in this molecular device is directly assembled on the
surface of TiO,, and the catalytic center is close to TiO,.
Charge recombinations between the conduction band electrons
in TiO, and the oxidized forms of the catalyst seem to be
difficult to avoid.

Here, we introduce another functional photoanode
assembled through the supramolecular self-assembly method
using a similar molecular catalyst and a PS as we reported
previously.">"? Inspired by a previous work reported by Meyer
et al,'” we used a Zr*" jon as a linkage to connect a molecular
catalyst 2 and a molecular PS 1 in the photoanode, as shown in
Scheme 1. The photoelectrochemical properties of this new
type of photocathode were systematically studied in this work.

Scheme 1. Illustration of the PEC with a Photoanode
Assembled from PS [Ru(4,4-(PO;H,),bpy);]Cl, (1), Zr*
Ion and a Molecular Ru Catalyst (2) on Nanostructured
TiO, [TiO,(1+2)], and a Passive Pt Cathode, for Visible
Light-Driven Water Splitting in an Aqueous Solution
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Following the approach developed by Haga et al,*® the
photoanode was prepared according to a previously reported
method.'” With a 0.1 M HCIO, aqueous solution as a solvent,
the TiO,-sintered FTO electrode was immersed in the solution
containing 1 mM PS 1 for 12 h to obtain working electrode
(WE) TiO,(1). Then it was immersed stepwise in the solution
containing 1 mM ZrOCl, and the solution containing 1 mM
catalyst 2 for 12 h each to produce the desired WE TiO,(1+2)
(see Scheme 1). As a reference, a WE TiO,(1+2a) was also
assembled in a analogous method, in which Zr*" ion treatment
is absent. For the purpose of comparison, the TiO,-sintered
FTO electrode adsorbed with only catalyst 2 [TiO,(2)] was
also prepared as a reference. Cyclic voltammetric (CV)
measurements of WEs TiO,(1+2), TiO,(1+2a) (as shown in
Figure 1), TiO,(1), and TiO,(2) (as shown in Figure S1 of the
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Figure 1. Cyclic voltammograms of working electrode TiO,(1+2)
treated with Zr** (black line) and TiO,(1+2a) treated without Zr*"
(red line) in a 0.1 M Na,SO, (pH 6.4) solution using Ag/AgCl as the
reference electrode and Pt as the counter electrode, with a scan rate of
100 mV/s (Expg = Eagragar + 020 V, and Egyp = Epgrager + 020 V +
0.0591 X pH).

Supporting Information) were implemented in a 0.1 M Na,SO,
solution at pH 6.4. A reversible peak observed at an E;/, of 0.68
V [vs the normal hydrogen electrode (NHE)] for WE
TiO,(1+2) (black line in Figure 1) is assigned to the oxidation
potential of Ru"/Ru™ for catalyst 2. An irreversible oxidation
peak observed at an E,, of 1.40 V (vs the NHE) is assigned to
the redox couple of Ru"/Ru™ for PS 1. The oxidation potential
of Ru/Ru™ is higher than the onset potential for catalytic
water oxidation at 1.20 V (vs the NHE), indicating that this
electrode can be thermodynamically used for visible light-driven
water splitting. The surface loadings of PS 1 and catalyst 2 on
WE TiO,(1+2) were estimated with the peaks area of Ru'/
Ru' of 0.68 and 1.4 V to be 2.01 X 10~ and 1.84 X 10~ mol/
cm?, respectively, in a molar ratio of ~1:1.>*°

In comparison, CV measurement of WE TiO,(1+2a)
without Zr*" ion has also been performed (Figure 1, red
line). The potential at ~1.35 V (vs the NHE) is found to be a
strong peak of the Ru'/Ru™ redox process of PS 1; however,
the potential at an E; , of 0.68 V (vs the NHE) is found to be a
very weak peak of the Ru''/Ru™ redox couple of catalyst 2. Via
comparison of the Ru"/Ru' redox peaks at either 1.4 or 0.68
V, the amounts of PS 1 on the two WEs are found to be
analogous, whereas the amount of catalyst 2 on WE
TiO,(1+2a) is found to be much smaller than that on WE
TiO,(1+2). These results imply a limited amount of catalyst
adsorbed on the WE in the absence of Zr** ion and indicate
that Zr*" ion is indispensable for connecting PS 1 and catalyst 2
in this type of molecular device. The results also reflect the fact
that Zr*" ion really exists as a linker to connect PS 1 and
catalyst 2 in WE TiO,(1+2).>%*

A three-electrode PEC consisted of WE TiO,(1+2) as a
photoanode, Ag/AgCl as a reference electrode, and platinum
(Pt) wire as a cathode. The PEC was illuminated with visible
light (>400 nm, 300 mW/cm?) in a 0.1 M Na,SO, solution,
applying different external biases (vs the NHE) as shown in
Figure 2. When a 0 V external bias is applied, an initial
photocurrent density of 1.0 mA cm™ is found, which decays
quickly to 0.08 mA cm™? after illumination for 10 s (black line
in Figure 2). While a 0.2 V external bias is applied, a higher
initial photocurrent density of 1.5 mA cm™ and a higher final
photocurrent density of ~0.48 mA cm™> are observed (red line
in Figure 2). When a higher external bias, such as 0.50 V, is
applied, the initial and final photocurrent densities are found to
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Figure 2. Photocurrent measurements of a three-electrode PEC upon
application of different biases, with TiO,(1+2) as the working
electrode, in a 0.1 M Na,SO, solution under illumination with a 300
W xenon lamp through a 400 nm long-pass filter (300 mW/cm?).

be 1.6 and 0.5 mA cm™?, respectively (blue line in Figure 2).
When 0.2 and 0.5 V external biases are applied, no significant
difference in the photocurrent densities of the PEC devices is
observed.

In addition, CV measurements of the WEs under
illumination were also conducted as shown in Figure S2a of
the Supporting Information. The photocurrent density of WE
TiO,(1+2) reaches its maximum at an ~0.2 V bias (vs the
NHE), and no further increase in photocurrent density with
higher potentials (Figure S2a of the Supporting Information,
black line). The result is in a good agreement with the
measurements of photocurrent densities performed at different
biases shown in Figure 2. The photocurrent densities of WEs
TiO,(1) (Figure S2a of the Supporting Information, blue line)
and TiO,(2) (Figure S2a of the Supporting Information, red
line) are found to be extremely low. Nearly no further increase
in the photocurrent densities can be observed with increasing
potentials. Therefore, an external bias of 0.2 V (vs the NHE) is
adopted in the following studies.

The photocurrent measurements of PECs in a 0.1 M Na,SO,
solution were performed under a 0.2 V external bias versus the
NHE, as shown in Figure 3. The PEC with WE TiO,(1+2) as a
photoanode displays high initial and final photocurrent
densities after illumination for 10 s (blue line). Under the
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Figure 3. Photocurrent measurements of PECs (0.8 cm?®) in a 0.1 M
Na,SO, solution with an external bias (0.2 V vs the NHE) upon light
illumination with a 300 W xenon lamp white light source coupled to a
400 nm long-pass filter (300 mW/cm?), with working electrodes
TiO,(1+2) (blue), TiO,(1) (red), TiO,(2) (black), and TiO,(1+2a)
(green).
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same conditions, photocurrent densities of WEs TiO,(1) (red
line), TiO,(2) (black line), and TiO,(1+2a) (green line) were
found to be very low. The results show the PS, catalyst, and
Zr*" ion are all necessary for a photoanode to keep the PEC
working more efficiently.

The light control measurement shows that the PEC devices
maintain a high photocurrent density for several illumination
cycles as shown in Figure 4. Long-term illumination measure-

1200+
& 9004
£
(]
< 600-
s

£ 300+

=
o

0 20 40 60 80 100
Time (s)

Figure 4. Light control photocurrent density measurement of the PEC
with TiO,(1+2) as the working electrode in a 0.1 M Na,SO, solution
(pH 6.4) with a 0.2 V bias vs the NHE with a 300 W xenon lamp
through a 400 nm long-pass filter (300 mW/cm?).

ments on water splitting were conducted for the PEC devices
based on WE TiO,(1+2) (Figure S4 of the Supporting
Information). Hydrogen and oxygen gases were observed as
small bubbles on respective electrode surfaces during the
measurements and confirmed qualitatively by gas chromatog-
raphy as shown in Figure S$ of the Supporting Information. It
is difficult to measure the amounts of the generated gases
accurately because the gases are generated in small amounts,
some bubbles being stuck to electrodes and some dissolved in
the solution. Nevertheless, from a rough calculation, the ratio of
hydrogen to oxygen produced was found to be quite close to
2:1.

The incident photon to current conversion efficiency (IPCE)
as an important parameter for the PEC’s performance was also
measured by using WE TiO,(1+2) as a photoanode. A maximal
IPCE value of 4.1% is obtained at ~450 nm (Figure S, black
line). Such low IPCE values further reflect the low photo-
current density as described previously in the photocurrent
measurements. The IPCE values are strongly correlated to the
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Figure S. IPCE spectra of the PECs in 0.1 M Na,SO, solutions (pH
6.4) with a 0.2 V external bias vs the NHE.
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conversion efficiency of the absorbed photons to electrons, also
known as the absorbed photon to current efficiency (APCE).
APCE values strongly depend on the electron injection yield,
dye regeneration yield, and charge collection efficiency. One
could deduce that either insufficient electron injections, lower
dye regeneration yields, or faster charge recombination between
the electrons in the conduction band of TiO, and the
supramolecular assembly should account for such lower
observed IPCE values, and thus lower photocurrents. The
reasons to explain the lower photocurrent density and IPCE
values observed for the PEC devices need to be systematically
studied in the future.

In summary, a working electrode has been successfully
assembled by using a facile supramolecular self-assembly
method. Through a Zr*" ion, a molecular catalyst 2 was readily
connected to a molecular PS 1, the anchoring group of which
was attached to a nanostructured TiO, photoanode. By using
this photoanode in a three-electrode system, the PEC displayed
a maximal IPCE value of 4.1% at ~450 nm, and a photocurrent
density of ~0.48 mA cm™* during the long-term light control
measurements. Although mediocre photocurrent density and
IPCE values were observed for the PEC devices, the work
presented here still interestingly offers a new platform for
constructing “monolayer” molecular devices using a supra-
molecular self-assembly method. Further studies of electron
transfer processes in the working electrode are underway. The
exploration of a superior linkage between the catalyst and the
PS is also underway to further improve the performance of this
type of molecular device for light-driven water splitting.
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Full experimental details, control experiments, experimental
methods, and Figures S1—S3. This material is available free of
charge via the Internet at http://pubs.acs.org.
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