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ABSTRACT

Photochemical splitting of H>O to H> and O is one approach to generate “solar fuels.” Cu(Il)-
based electrocatalysts for water oxidation in aqueous solution have been studied previously, but
photodriving these systems still remains a challenge. Light harvesting units can be employed for
this purpose, that upon photoexcitation generate a high energy excited state and give rise to a
charge separated state (CSS). In this work, a bis-diimine Cu(I)-based donor-chromophore-acceptor
(D-C-A) system is synthesized, characterized, and applied as the light harvesting component of a
photoanode. Here, this molecular assembly was integrated onto a zinc oxide (ZnO) nanowire
surface on a fluorine-doped tin oxide (FTO) glass slide. Upon photoexcitation,
chronoamperometric studies reveal that the integrated triad can inject electrons directly into the
conduction band of zinc oxide generating oxidizing equivalents that are then transferred to a Cu(II)
water oxidation catalyst in aqueous solution yielding O> from H>O with a Faradaic efficiency of

76%.



The storage of solar energy in chemical bonds (i.e. artificial photosynthesis) holds promise as
an alternative energy strategy. One example of this strategy is the photocatalytic splitting of H>O
molecules to give O2 and successive proton reduction to give Ha.! The key challenge for efficient
water splitting is to accumulate four oxidative equivalents at a single catalytic site to drive the
oxidation of H20.2 One attractive approach is to use light harvesting moieties (i.e.
photosensitizers/chromophores) coupled to wide bandgap semiconductor nanostructures and a
molecular water oxidation catalyst to photochemically generate the redox equivalents needed to
split H>O (this ensemble gives the photoanode of a dye-sensitized photoelectrochemical cell, DS-
PEC).> In this capacity, molecular donor-chromophore-acceptor (D-C-A) systems, where the
chromophore (C) is a transition metal complex bearing an electron donor moiety (D) and an
electron acceptor (A) moiety are well-established molecular architectures often employed to reach
a long-lived charge separated state that can subsequently be used to drive follow-on reactions.®®
Of significance is how this motif mimics the charge separation and transfer processes occurring in
natural photosynthesis, but is rarely employed in DS-PEC architectures likely due to the
complexity of synthetically incorporating surface anchoring groups into the molecular structure of
the final adduct.’

Herein, we report a new Cu(I)-based donor-chromophore-acceptor triad D1-C-A1 (Figure 1)
in which a heteroleptic 2,9-dimethyl-1,10-phenanthroline Cu(I) chromophore adduct (C) bearing
a 1,8-napthalene monoimide (NMI) electron accepting moiety'® (A1) and a carbazole electron
donating moiety!' (D1) serves to generate a charge separated state. The acceptor ligand Al is
designed and synthesized in such a way as to perform the dual roles of (a) anchoring to a
semiconductor surface as well as (b) electron accepting to afford directional charge transport.

Grafting this molecular system onto zinc oxide nanowires (ZnO NWs) on a transparent conducting



oxide (fluorine doped tin oxide, FTO) followed by photoexcitation gives rise to electron injection
directly into the conduction band of ZnO. The resulting oxidizing equivalents are then transferred
to a Cu(Il) water oxidation catalyst [(bpy)Cu(pu-OH)]2[SO4] (bpy = 2,2'-bipyridine, Figure 1) in

aqueous solution yielding a photoanode ensemble capable of driving water oxidation catalysis.
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Figure 1. Structures of the triad D1-C-A1 and the water oxidation catalyst (WOC) employed in

this work.

The donor (D1) and acceptor (A1) ligands were synthesized using modifications of previously
reported literature procedures (Scheme S1).'>!* The Cu(I) based donor-chromophore-acceptor
(D1-C-A1) system was synthesized in good yield using a one pot, two-step reaction via the
HETPhen methodology (Scheme S2).!*!> The same synthetic approach was used to make model
complexes bearing either just the electron acceptor (C-Al) or donor ligand (D1-C). All the
complexes were isolated as BF4 salts and the identities were confirmed using 'H and '*C NMR
spectroscopy, high resolution ESI mass spectrometry, UV-Vis spectroscopy, and electrochemistry.
The Cu(Il) based water oxidation catalyst [(bpy)Cu(u-OH)]2[SO4] (WOC) was synthesized using

previously reported procedures. ¢!’



The ground state optical properties of D1, A1, D1-C-A1, C-Al, and D1-C, were investigated
in dichloromethane. As expected, UV-Vis spectra of all the complexes exhibit broad 'MLCT
absorption bands centered at ca. 460 nm (Figure 2A). The UV-Vis spectrum of D1-C-Al is
effectively a sum of the spectra for the corresponding dyads D1-C and C-A1, confirming a weak
ground state interaction between the D1 and A1 moieties and the metal center. The electrochemical
behavior of all the complexes was investigated using cyclic voltammetry (Figure 2B) and
differential pulse voltammetry (Figure S1) in degassed dichloromethane under argon atmosphere.
In all of the complexes, a well-defined reversible oxidation wave was observed at ca. Eox = +0.51
V (all potentials reported versus ferrocene/ferrocenium redox couple) and was assigned to the
Cu(I)/Cu(Il) redox couple (Figure 2B). The presence of the carbazole moiety in dyad D1-C and
triad D1-C-A1 is confirmed through the appearance of one additional wave at Eox =+0.95 V and
+0.90 V, respectively.!! The first reduction of the NMI moiety'® in the D1-C-A1 triad was
observed at Ereg = —1.56 V which is more cathodic than the first reduction observed in the C-Al
dyad of Erea = —1.48 V, which is further shifted to lower potentials than the first reduction of the

ligand A1 (Erea =—1.37 V).



141 —2ZnO NWs|A1-C-D1
1.2
8- g 10]
o Zos8
) X 06
) T
- 6+ Los
£
o 0.2
_ 350 400 450 500 550 600
° 44 Wavelength (nm)
E —C-A1
= ——D1-C-A1
® 24 —D1-C
—D1
— A1

0 T T T T T T T
250 300 350 400 450 500 550 600 650
Wavelength (nm)

— D1— A1— D1-C
— C-A1— D1-C-A1

Normalized Current

20 15 1.0 -05 00 05 1.0 15
c Potential (V vs Fc/Fc")

—

3000-2800 v(C-H)

f ?

3383 v(N-H), v(O-H) 1119 v(Zn-0-Si)

!

— D1-C-AM 885 v(Si-0-Si)

—ZnO NWs|A1-C-D1
3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm'1)

Figure 2. A) UV-Vis spectra of D1, A1, A1-C, C-D1 and D1-C-A1 in CH>Cl; at room temperature
and. B) Cyclic voltammograms of ligand D1 (purple trace), ligand A1 (green), D1-C (blue), C-A1l
(red), D1-C-A1 (black). Voltammograms recorded in 0.1 M n-[BusN]PFs in CH2Clo, 100 mV/s, 3

mm platinum button working electrode (WE), a Pt wire as counter electrode (CE), Ag wire



reference electrode (RE), and ferrocene (Fc) as an internal standard. C) Overlaid UV-Vis spectrum
of D1-C-A1 (red) with diffuse reflectance spectrum (DRS) of sensitized ZnO NWs|A1-C-D1
nanorods (black) D) Overlaid diffuse reflectance infrared Fourier transform (DRIFTS) spectra of

D1-C-A1 powder (red) with D1-C-A1 sensitized ZnO nanoparticles (black).

Computational density functional theory (DFT) calculations performed on D1-C, C-Al, and D1-
C-A1 gave insight into the localization of the frontier molecular orbitals (Figure 3, Tables S1-S3).
In D1-C-A1 the HOMO is delocalized over the carbazole and phenyl bridge of D1 and the LUMO
is centered on the NMI of A1l. This separation between the D1 and A1 centered orbitals partially
confirms the success of our design strategy for directional electron transport in D1-C-A1 because
charge shift is expected to lead to a reducing equivalent being localized on A1, affording a pathway

for injection into a semiconductor.'®
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Figure 3. Graphical representation of HOMO and LUMO of D1-C-Al.



The excited state redox potentials for D1-C-A1 were estimated by taking the difference of the
intersection of the absorption and emission spectra of [Cu(dmp)2][BF4] (dmp = 2,9-dimethyl-1,10-
phenanthroline, Ego = 2.04 eV in CH2Cl,)" since D1-C-Al is non-emissive, and the ground state
redox potentials.® This gives excited state potentials E*ox and E*iq of —1.14 and 0.88 V,
respectively, indicating that the excited state of D1-C-A1 is both a good oxidant and reductant,
with an excited state oxidation potential approaching that needed to drive water oxidation (0.81 V
vs NHE at pH 7).2° The involvement of the carbazole moiety in any charge transfer process is not
immediately apparent, as the oxidation potential of D1 falls well above that of the Cu(II/I) redox
couple. Indeed, by estimating the thermodynamics of the system from the ground state
electrochemistry, a charge separated state with a hole localized on the carbazole and an electron
localized on the NMI moiety with Cu in the +1 oxidation state (i.e. the excited state having been
reductively quenched), D1°"-Cu(I)-A1"", appears to lay at 2.46 eV (0.42 eV above the initial
excited state). Conversely, the state where charge shift has occurred between the excited state of
the chromophore and the NMI moiety, D1-Cu(I1)-A1"", lays in close proximity to the initial excited
state at 2.07 eV indicating that this state may, at least in solution, be energetically accessible.?! We
postulate that planarization of the components (vide infra) of the triad once it is immobilized on
an electrode surface may influence this thermodynamic relationship making the fully charge
separated state more accessible.?>*

To construct a photoelectrode to use in a DS-PEC, the sensitization of oriented, solvothermally
grown ZnO NWs on FTO (Figure S2) with D1-C-A1 was carried out through modification of
previously reported surface grafting procedures (Scheme S3).22% The resulting films were
characterized using diffuse reflectance UV-Vis spectroscopy (DRS) the outcome of which displays

a broadened '"MLCT band comparable to the one observed in the D1-C-A1 solution state UV-Vis



spectrum with a slight Amax red-shift of ca. 10 nm (Figure 2C). This shift is attributed to the
increased conjugation in the ligands through rigidification induced planarization of the peripheral
planar aromatic groups when attached to ZnO. Diffuse reflectance Fourier transform infrared
spectroscopy (DRIFTS) analysis gave further evidence for presumptive attachment of the D1-C-
Al triad onto the surface of ZnO nanoparticles prepared in a method analogous to the
functionalized films (Figure 2D). The broad mode centered at 3381 cm! is attributed to the
stretching vibration of N-H from the bridge formed between the NMI moiety and the

).22 The modes centered

semiconductor surface bound (3-aminopropyl)triethoxysilane (APTES
between 2800-3000 cm ! are typical of sp? stretching vibrations arising from aromatic C-H bonds
of APTES and aromatic rings of D1-C-A1. The Zn-O-Si and Si-O-Si bond stretching modes appear
at 1119 cm ! and 885 cm ™! respectively. %!

Photocurrent measurements on the as-fabricated photoelectrodes were carried out using a three
electrode photoelectrochemical cell (PEC) composed of ZnO NWs|A1-C-D1 as the working
electrode, Ag/AgCl (3 M KClI) as the reference electrode and a Pt wire as the counter electrode.
The PEC was illuminated with white light (four passively cooled individual Cree XM-L2 LEDs
arranged in a box around the sample) in aqueous 1 M Na,SO4 without an applied bias vs. Ag/AgCI.
Upon illumination, the ZnO NWs|A1-C-D1 films show a high initial photocurrent (ca. 5 pA cm 2,
Figure 4A), which is due to electron injection from the surface bound D1-C-A1 system into the
conduction band of the ZnO nanostructures. Photocurrent of this amplitude is somewhat lower
than related Ru-based systems (Table S1), and we attribute this to a lower degree of surface
coverage by the triad, perhaps owing to incomplete reactions during the grafting step. As observed

through the presence of local capacitance effects, we conclude that the regeneration of the ground

state D1-C-A1 system is slower than electron injection into the ZnO conduction band (Figure S3).



On addition of triethylamine (TEA) as a sacrificial electron donor, and to observe the maximum
photocurrent possible for this system, an enhanced photocurrent (ca. 12 pA cm?) and nearly no
capacitance effects were observed (Figure 4A, Figure S3). The higher amplitude photocurrent with
addition of a sacrificial donor reflects a higher yield of electron injection into ZnO resulting from
faster D1-C-A1l regeneration kinetics. The lack of local capacitance also indicates faster
regeneration of the ground state D1-C-Al assembly. We observed minimal changes in the
photocurrent density for up to 10 chopped light cycles confirming the inherent stability of our

photoelectrode.
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Figure 4. A) Chopped-light chronoamperometry experiments of ZnO NWs|A1-C-D1 (black),
with triethylamine as a sacrificial electron donor (blue) and with WOC (red) in 1 M Na;SO4/NaOH
solution adjusted to pH 12; reference electrode: Ag/AgCl, counter electrode: Pt Wire. B) Collector-
generator dual working electrode experiments on an ZnO NWs|A1-C-D1 film without WOC and
C) collector-generator dual working electrode experiments on an ZnO NWs|A1-C-D1 film with

WOC. The generator electrodes were held at zero applied bias and illuminated using white light.
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The collector-electrode for each experiment was held at an applied bias of —0.40V vs Ag wire.

(Conditions: 1.0 M NaxSO4 at pH 12, RE; Ag/AgCl; CE; Pt wire).

To verify the importance of employing a D-C-A triad (versus simply a dyad or bare
chromophore), particularly one bearing carbazole, similar studies were carried out using ZnO
NWs|A1-C as the working electrode. In this arrangement, upon light illumination, lower
photocurrent (< 1 pA cm?) with nearly no capacitance effects was observed as compared with
ZnO NWs|A1-C-D1 under identical experimental conditions (Figure S4).>> We hypothesize that
this is due to a higher rate of charge recombination arising from a decreased degree of spatial

separation of the electron-hole pair.

To probe the efficacy of our photoelectrode architecture as a photocatalytic surface for water
oxidation, we paired it with the previously reported water-soluble electrocatalyst [(bpy)Cu(u-
OH)]2[SO4] (WOC) that has been shown to be active across a pH range of 11.8 — 13.0 at an
oxidation potential of 1.45 V.!¢3% While this oxidation potential appears to be outside of the range
of the excited state redox potentials of the D-C-A, we anticipate it is accessible to the oxidized
carbazole moiety (Scheme S4). A three electrode PEC system containing 0.1 mM of WOC catalyst
was illuminated with white light in aqueous 0.1 M NaOH/Na>SO4 (pH 12) without applying any
bias vs. Ag/AgCl. In the presence of the WOC and with the ZnO NWs|A1-C-D1 as the working
electrode, we observed a photocurrent decrease (ca. 1 pA cm 2) as compared to the photoanode in
solution free of catalyst with a marked decrease in capacitive effects (Figure 4A), correlating to
results observed for analogous photoanode systems and suggesting oxidation of the WOC.3*3¢
Furthermore, charge accumulation and the ability to drive water oxidation was investigated via O

detection using a four electrode collector-generator electrochemical experiment, where a

12



functionalized ZnO NWs|A1-C-D1 film (the generator) was separated by 1 mm from a bare FTO
(the collector) held at a potential capable of reducing 0,.%¢*! This technique has been shown to
be a convenient and simple method for O» analysis in electrochemical and photoelectrochemical
water oxidation, the validity of which has been confirmed previously using a Clark-type oxygen
sensor.”*83%4146 On illumination, in the absence of WOC in solution, a small increase in the
current response of collector electrode was observed signifying that even without a water oxidation
catalyst the photoanode is generating O that is then being reduced at the collector electrode
(Figure 4B). A Faradaic efficiency of 24% for the cell was calculated using a chronocoloumbic
method (Eqn S1). When the same experiment was conducted in the presence of the WOC, the
current at the collector electrode rose to a maximum, plateaued and gradually decayed back to
background current on extinguishing the illumination indicating diffusion of residual oxygen
(Figure 4C). The Faradaic efficiency in the presence of WOC was determined to be 76%. This
efficiency is somewhat lower than the 90% electrocatalytic Faradaic efficiency reported previously
for this catalyst, but higher than that observed for the system in the absence of catalyst.!® This
efficiency is also somewhat surprising given the perceived mismatch between the oxidation
potential of the WOC catalyst and the excited state redox potential of the D-C-A triad. The
significant difference between the Faradaic efficiencies of oxygen generation in the absence versus
presence of the molecular WOC, concomitant with the evolution of current at the collector
electrode confirms successful photodriven oxidation of WOC at the ZnO NWs|A1-C-D1
photoanode and likely the generation of O,. A longer illumination experiment was conducted to
check the stability of our system where the current at the collector electrode was found to continue
to increase even after one hour of irradiation time indicating the sustained activity of our

photoanode (Figure S5) even at the high pH required for this particular water oxidation catalyst.
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We attribute this prolonged stability to the passivation of the amphoteric ZnO NWs by a monolayer
of APTES installed during the functionalization process.*’” No Oz evolution at the collector
electrode was observed when ZnO NWs|A1-C was employed as the working generator electrode
(Figure S6), validating the importance of the excited state contribution from the carbazole moiety
in D1. While outside the scope of the present work, we are continuing to probe for the presence of
a 2¢,3e O-0 putative intermediate oxidized at the Cu—O bond using various in situ spectroscopic
techniques to improve the catalytic qualities of our system, and to evaluate the feasibility of co-

anchoring this particular WOC to the ZnO NW surface.*?

In conclusion, we have designed and studied a new donor-chromophore-acceptor Cu(I)-based
triad D1-C-A1 for use as a photosensitizing agent in conjunction with a Cu(II)-based catalyst in a
water oxidation scheme. To our knowledge, the present Cu(Il) WOC has never been photodriven,
and of the growing number of DS-PEC systems known, many employ well-studied, but precious
metal Ru-based catalysts/chromophores, organic chromophores, or a high applied bias (Table S1).
While the photocurrent densities reached by the photoelectrodes reported here are lower than many
previously reported photoanodes, we note that the observed Faradaic efficiency for this system
(without the intervention of any techniques to stabilize the chromophore on the semiconductor
surface) compares favourably with literature examples. Experiments are underway to attach the
Cu(II)-based catalyst on the surface along with D1-C-A1 in order to improve the efficiency, rate
of catalyst oxidation and better hole transfer dynamics between the adsorbed triad and the catalyst
in addition to time-resolved spectroscopic experiments to probe the kinetics or charge transfer

between all of the system components.
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