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Copper(i) bis(diimine) sensitized titania nanotube
array photoelectrodes for photoelectrochemical
water oxidationf
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Dye-sensitized photoelectrochemical cells (DS-PECs), devices inspired by photosynthesis, are being
developed to advance the goal of using the sun as the sole source of energy for converting abundant
resources to fuel and valuable chemicals. Herein, we report compact and vertically aligned titanium
dioxide nanotubes grown through self-organized electrochemical anodization as semiconducting
materials functionalized with a molecular copper(i) bis(diimine)-based acceptor—chromophore—donor to
yield a photoanode capable of carrying out oxidative processes. The ability of these dye-sensitized
photoanodes to drive oxidative processes is further confirmed photoelectrochemically through
activation of a molecular iridium(in) water oxidation pre-catalyst where ultimately a Faradaic efficiency of
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Introduction

Creating devices that replicate intricate systems found in nature
has been a research point of interest towards achieving current
sustainability goals. Such devices, inspired by natural photo-
synthesis, are dye-sensitized photoelectrochemical cells (DS-
PECs)."” DS-PECs store energy by conversion of sunlight to
chemical bonds allowing for the generation of “solar fuels” at
the point of deployment.>* In these devices, semiconductor
photoelectrodes generate excitons from light absorption,
leading to free charge carriers that can drive redox reactions like
the direct reduction/oxidation of adsorbed species on the
photocathode/anode.® Previously, copper(1) bis(diimine)
complexes have been used to sensitize wide bandgap semi-
conductors for visible light absorption to construct photo-
electrodes for DS-PEC applications.’** In these systems, the fast
recombination of electron-hole pairs was mitigated through the
use of acceptor-chromophore-donor triads to generate long-
living charge separated states. These molecular copper(i)-
based photosensitizers are of interest when considering the
low-cost and analogous photophysical properties compared to
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ruthenium(u) polypyridine photosensitizers typically used in
these types of cells.’>™**

Titania, TiO, is one of the most broadly studied wide
bandgap semiconductors (often as a photocatalyst where the
anatase polymorph has a bandgap of 3.2 V and, as a result, can
only carry out photocatalysis under UV-light irradiation)."2*>*
TiO, is considered a sustainable material, is relatively inex-
pensive, chemically stable, and is the prototypical photocatalyst
for water oxidation.”***” One-dimensional (1D) semiconductor
nanostructures of TiO, have been shown to grant added bene-
fits such as two-dimensional confinement, directional charge
transport, and orthogonal charge separation.>*?***** Previous
reports have highlighted self-organized electrochemical anod-
ization (SOA) as a method to yield organized vertically oriented
arrays of TiO, nanotubes.>*?>26:2830-32

Herein, we describe the use of TiO, nanotubes (NTs) as
a semiconducting surface for photoelectrodes sensitized with
a Cu(i) bis(diimine)-based acceptor-chromophore-donor A-
Cu())-D complex (Fig. 1). Through characterization and
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Fig.1 Proposed structure of acceptor—chromophore—donor triad A—
Cu()-D.
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photoelectrochemical studies of the supposedly undecorated
TiO, NTs, we find that they are intrinsically sensitized with
carbon impurities (e.g., carbon nitride). As-prepared TiO, NTs
are photosensitized with a previously reported acceptor-chro-
mophore-donor triad A-Cu(1)-D where the electron acceptor A
is  3,6-dimethyldipyrido[3,2-a:2',3"-c]-phenazine-11-carboxylic
acid (dppz) and electron donor D is 4-(6,9-dimesityl-1H-imi-
dazo[4,5-f][1,10]-phenanthrolin-2-yl)-N,N-diphenylaniline (TPA)
(Fig. 2).** To validate the resulting photoelectrode architectures,
we report photocatalytic water oxidation by incorporating two
water oxidation catalysts (WOCs): molecular [Cp*Ir(pyalc)OH]
(Cp* = pentamethyl-cyclopentadienyl, pyalc = 2-(2'-pyridyl)-2-
propanoate) pre-catalyst and surface deposited cobalt oxide
Co00,.*** In all cases, the as-prepared photoanodes can drive
oxidative processes. A significant increase of photocurrent
generated by the photoanode is observed when functionalizing
TiO, NTs with A-Cu(1)-D (Aj = 58 pA cm > at 0.2 V vs. SCE),
attributed to the photoinduced spatial charge separation found
in acceptor-chromophore-donor systems.

Experimental
Materials

All chemicals were used as received from commercial sources.
Dichloromethane, ethanol, methanol, sodium sulfate, ammo-
nium fluoride, cobalt nitrate hexahydrate, potassium phos-
phate monobasic, ethylene glycol, and triethanolamine (TEOA)
were purchased from Fisher Scientific. Titanium foil (0.127 mm
thick, 99.7% purity) was purchased from Strem Chemicals.
Potassium phosphate tribasic monohydrate was purchased
from Acros Organics. Triethylamine (TEA) was purchased from
TCI. Fluorine doped tin oxide (10 Q) coated glass substrates
(FTO) were purchased from Sigma-Aldrich.

—>Teflon Cell
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General methods

All moisture sensitive reactions were carried out using standard
Schlenk techniques under an inert atmosphere of nitrogen. 'H
NMR spectra were recorded on a 500 MHz Varian spectrometer
and a 300 MHz Bruker spectrometer with chemical shifts
referenced to the residual solvent peaks.

UV-Vis spectra of A-Cu(1)-D and its component ligands were
collected in CH,Cl, using quartz cuvettes with a 1 cm path
length on a dual beam Varion Cary 5000 UV-Vis near-infrared
(NIR) spectrophotometer with wavelength changeover at
350 nm and a scan rate of 10 nm s~ . Diffuse reflectance UV-Vis
spectra of photoanodes were collected using the same instru-
ment with an EasiDiff diffuse reflectance accessory (PIKE
Technologies) with Ti foil and TiO, NTs as the baseline for
Ti|TiO, NTs and Ti|TiO, NTs|A-Cu(1)-D, respectively.

Electrochemical measurements on molecular species were
performed using a WaveDriver 20 Integrated Bipotentiostat/
Galvanostat workstation (Pine Research Instrumentation, Inc.)
in a conventional three-electrode cell using a glassy carbon
button (2 mm) as the working electrode, platinum mesh as the
counter electrode and saturated calomel electrode (SCE) as the
reference electrode. Photoelectrochemical experiments (depo-
sition of CoO, and subsequent characterization) were con-
ducted using the same instrument in a three-electrode cell
configuration with a TiO, NT photoelectrode as the working
electrode, platinum mesh as the counter electrode, and a satu-
rated calomel electrode (SCE) as the reference electrode. The
working electrode was illuminated with white light from
a single Cree CXB3590 LED on a 140 mm pin heatsink. The
diode was equipped with a 400 nm long pass filter and has
a power output of 540 mW cm~ > as measured with a PM16-405
thermal sensor power meter from ThorLabs.

Scanning electron microscopy (SEM) images were recorded
on a Phenom ProX Desktop instrument and on a Hitachi
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Fig. 2 Fabrication protocol for the TiO, NTs|A-Cu()-
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Water oxidation catalyst

D photoanode described in this work along with the proposed light-driven oxidation
scheme of [Cp*Ir(pyalc)OH] (pre-catalyst) into [Ir'Y(pyalc)(H,O),(n-0)],>"

(water oxidation catalyst) and subsequent water oxidation.
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Regulus 8230 FE-SEM instrument. The films were not sputter-
coated. Transmission electron microscopy (TEM) images were
recorded on a Talos F200X STEM G2. Samples were analyzed in
scanning transmission electron microscopy mode with images
obtained using a high-angle annular dark-field (HAADF)
detector. Energy-dispersive X-ray spectroscopy (EDS) analyses
were done using four SDD Super-X detectors. Sample prepara-
tion consists of scratching TiO, NTs samples into a vial con-
taining 5 mL of isopropanol, sonicating the resulting
suspension for 15 min and drop casting twice on a TEM grid
using a micropipette.

Powder X-ray diffraction (PXRD) patterns were obtained
using a Rikagu Miniflex 600/600C benchtop diffractometer
(Applied Rikagu Technologies Inc., Austin, TX, USA) equipped
with a CuKo, X-ray source (wavelength, A = 1.54 A, radiation
operating at 40 kV and 15 mA), a D/teX Ultra 2 high-speed 1D
detector or HyPix-400 MF 2D sensitive detector (Applied Rigaku
Technologies Inc., Austin, TX, USA) and a nickel filter. Sample
data were collected using a continuous coupled /26 scan in the
20 - range of 20-80° with a step size of 0.01°, scan speed of 10°
per minute, and spin speed of 20 rpm. X-ray photoelectron
spectroscopy (XPS) was done using a Nexus G2 Surface Analysis
System.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was done using a Thermo Scientific Nicolet iS50 FTIR
spectrometer equipped with a MCT detector with a resolution of

1 cm™ " in the range of 4000-650 cm ™.

Self-organizing anodization of titanium dioxide nanotube
arrays

Growth of TiO, NTs was carried out in a custom-made electro-
chemical cell (Scheme S11) using an adapted previously re-
ported self-organized anodization method.* Titanium foils (ca.
2 cm X 1.5 cm) were degreased by sonication in acetone,
ethanol, and deionized water and dried in air. Titanium foil,
acting as a working electrode, was pressed against a copper
contact in the electrochemical cell, leaving a circular area (ca.
1 cm in diameter) exposed to a fluoride-containing electrolyte
solution (0.15 M NH,F and 3 wt% H,O in ethylene glycol). A
platinum mesh (12.5 mm x 12.5 mm) was submerged in the
electrolyte solution above the titanium foil, serving as a counter
electrode. Anodization took place when a potential of 60 V was
applied for 15-180 minutes using a Xantrex XFR 100-12 DC
power supply. Following the anodization period, the sample was
rinsed, immersed in ethanol, and dried in air. The TiO, NTs
were then annealed at 450 °C for 1 hour in air using a Ther-
molyne FB1315M muffle furnace. The resulting photoelectrodes
were characterized by SEM, PXRD, XPS, diffuse reflectance UV-
Vis and DRIFTS.

Ligand and complex synthesis

[Cu(TPA)(dppz)][PF¢], (A-Cu(1)-D). Acceptor ligand 3,6-
dimethyldipyrido[3,2-a:2',3'-c]-phenazine-11-carboxylic  acid®
and donor ligand 4-(6,9-dimesityl-1H-imidazo[4,5-f][1,10]-phe-
nanthrolin-2-yl)-N,N-diphenylaniline®***” were synthesized as
reported previously.'® The A-Cu(1)-D triad was assembled using

1536 | Sustainable Energy Fuels, 2025, 9, 1534-1544
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the HETphen approach.®®* The identities of all synthesized
species were confirmed against previous reports. "H NMR (500
MHz, DMSO-d) 6 14.08 (s, 1H), 9.28 (dd, 4H), 8.80 (s, 1H), 8.49
(d, 1H), 8.38 (d, ] = 8.5 Hz, 1H), 8.23 (d, J = 8.3 Hz, 2H), 8.09 (d,
1H), 8.00 (s, 1H), 7.84 (s, 2H), 7.40 (t,J = 7.7 Hz, 4H), 7.21-7.14
(m, 8H), 6.14 (s, 4H), 2.28 (m, J = 12.1 Hz, 6H), 1.66 (m, 12H),
1.21 (d, 6H) ppm. UV-Vis, cyclic voltammetry, and DFT calcu-
lations for A-Cu(1)-D are reported in our previous work.*®

[Cp*Ir(pyalc)OH] pre-catalyst (WOC). Synthesis was carried
out following procedures reported in the literature.***** For the
purpose of photoelectrochemical testing, a 0.0081-1 mM solu-
tion of [Cp*Ir(pyalc)OH] in reverse osmosis water was prepared
to be used as prepared or added in small quantities of 500 uL to
the electrolyte. The identity was confirmed by comparison of the
"H NMR spectrum to existing reports (Fig. S17).%

Photoanode assembly

TiO, NTs electrodes were left to soak in 0.0125 mM solution of
A-Cu(1)-D in CH,Cl, for 12 hours. The photoelectrodes were
removed from the solution, rinsed with CH;0OH and CH,CI,,
and then dried in an oven for 2 hours at 90 °C. The photo-
electrodes were characterized by diffuse reflectance UV-Vis,
DRIFTS and TEM. Loading of A-Cu(1)-D on working electrode
surface was obtained by determining the concentration, using
UV-Vis of a soaking solution of photosensitizer before and after
decoration of the TiO, NTs. The concentration was calculated
using the molar absorptivity constant (&) 7900 L mol~" em ™" for
the "MLCT transition in A-Cu(1)-D (centered at ca. 460 nm)."
With the known volume of soaking solution used, the amount
(in mol) can be calculated and divided by the area of TiO, NTs to
yield the loading per surface area of the device.

Deposition of CoO, water oxidation catalyst on photoanodes

The CoO, water oxidation catalyst was deposited on photo-
anodes by photoelectrochemical deposition adapted from
previously reported experimental conditions.**** A representa-
tive procedure is as follows: photoanodes were immersed in
cobalt precursor-containing aqueous electrolyte solution of
0.5 mM Co(NO;), in 0.1 M pH 7 phosphate buffer (KPi) and held
at +0.2 V versus SCE under illumination from a single 540 mW
em~> UV-filtered white LED for 180 seconds. Following the
deposition, the samples were immersed in and rinsed with
deionized H,O and dried in air.

Photoelectrochemical testing

Photoelectrochemical testing of photoanodes was performed
using an adapted method outlined by Jewell et al®* It was
carried out in a single compartment Pyrex® cell with a circular
quartz window filled with aqueous 0.1 M Na,SO, pH 8.9 as
electrolyte solution. The photoanode was illuminated using the
same LED used for photoelectrochemical deposition. Before
carrying out the measurements the cell was allowed to rest in
the dark for 2 minutes to disperse any prior charge buildup.
First, the open-circuit potential, V,., was measured against SCE
for 90 seconds in the dark and measured again under illumi-
nation. Second, chopped-light chronoamperometry was

This journal is © The Royal Society of Chemistry 2025
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performed, where the photoanode was held at 0 V versus SCE for
300 seconds with 20 seconds light/dark transient, and then the
process was carried out a second time at 0.2 V. Third, the circuit
was allowed to rest again for 2 minutes before re-measuring V.
in the dark and under illumination again. Fourth and finally,
a current-voltage (i-V) photocurrent transient experiment
(linear sweep voltammetry) was carried out with a scan region
from —0.2 to +1.0 V versus SCE with a 10 mV s~ " scan rate and 5
seconds light/dark transient.

Oxygen detection

Oxygen detection was carried out using the two-electrode
collector-generator method. This technique is used in DS-
PECs for in situ quantification of photoelectrochemically
produced O, where the two electrodes, the collector and the
generator, were assembled together with a 1 mm glass spacer
(Fig. S27).** The procedure for O, detection and quantification
was derived from work carrying out similar studies.>****~*” The
generator Ti|TiO, NTs|A-Cu(1)-D and collector (unfunctional-
ized FTO) were sandwiched and used as working electrodes in
an H-cell with a porous glass separator. The collector-generator
assembly and SCE reference electrode were placed together in
one compartment and the counter electrode alone was placed in
the opposite compartment. The H-cell was filled with aqueous
0.1 M Na,SO, pH 8.9 electrolyte solution which was deaerated
by bubbling with N, for 1 hour prior to use and further dea-
erated with Ar in both compartments for an additional 10
minutes prior to current measurements. Photocurrent gener-
ated at the TiO, NTs photoanode and current generated at the
FTO collector from reduction of O, to H,O was measured with
a potential held at 0.2 V and —0.6 V versus SCE respectively,
which begins with a dark period of 300 seconds, followed by 300
seconds with light illumination and ending with 300 seconds in
the dark ensuring residual O, diffusion is detected. The
resulting data were used to calculate the Faradaic efficiency for
oxygen generation (no,) for the photoanodes following

1
No, = Qeol } (1 where Qo1 and Qge, are the total charge
Qgen Neft

passed at the collector and generator electrode respectively and
Negr 1S the collection efficiency of the collector-generator
assembly (70%).**

Results and discussion
Preparation of TiO, nanotube arrays

The formation of the TiO, NTs by self-organizing electro-
chemical anodization was carried out using modifications of
previously reported methods.”®**** The obtained morphology
was observed through SEM and consists of an ordered array of
nanotubes where the tubes are aligned in a compact manner,
resulting in a uniform surface (Fig. 3A). The lack of spacing
between the individual tubes results from the initiation layer,
which is described as the collar at the mouth of the tubes.?® This
initiation layer provides the surface for photosensitizer depo-
sition and will likely act as the primary site of photoactivity
(Scheme S27). The length of the tubes is directly influenced by

This journal is © The Royal Society of Chemistry 2025
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the time of the anodization period up to the extent of reaching
equilibrium between the formation of the tubes and their
dissolution in the fluoride-containing electrolyte. The tube
length is obtained by taking cross-sectional SEM of the NTs by
physical slicing at the surface using a snap-blade knife (Fig. 3B).
The tube length for an anodization period of 15 minutes is
observed to be 6.0 + 0.1 pm with a tube aperture of 73.0 £
0.5 nm in diameter (Fig. S31). After the growth process, the films
were annealed at 450 °C for 1 hour resulting in an observable
change to the color of the surface (Fig. S4t). EDS elemental
mapping confirms the presence of TiO, and furthermore that it
is contacted on Ti metal (Fig. 3C and S51). PXRD confirms the
presence of the desired anatase phase with the appearance of
a characteristic (101) reflection at 25.3° 26.* The post-
anodization product is amorphous with reflections associated
primarily with the base Ti foil (Fig. 3D).

XPS was used to further examine the surface composition of
the TiO, NTs. XPS survey confirms the surface composition
showing binding energies associated with TiO, NTs and of
additional interest, surface composition also includes 14.36%
carbon and 1.48% nitrogen (Fig. 3E). In the high-resolution
scan of Ti 2p, a pair of well-separated binding energies is
present, 459.45 and 465.14 eV, associated with Ti 2p;,, and Ti
2p1/2, Tespectively, generally associated with Ti** and further
confirming the anatase phase (Fig. S61).* In the high-
resolutions scan of O 1 s, the main component of the signal is
the Ti-O bond at 532.04 eV associated with TiO, and another
component at 530.69 eV is attributed to C=0 resulting from the
incorporation of carbon into the inner walls of the nanotubes
(Fig. S71).*° Since ethylene glycol electrolyte-based TiO, NTs are
known to have a carbon rich inner shell that fuses into the inner
tube walls during the annealing process, the nature of these
carbon impurities is of interest.*” Presumably, these carbon
impurities can exist as carbon nitrides incorporated into the
nanotubular structure of TiO,. XPS helps support this
presumption as the observed binding energy of N 1s at 401 eV is
attributed to carbon nitride (Fig. $81).°*~** The high-resolution
scan of C 1s yields peaks at 287.33 and 289.43 eV that can be
associated to C-O and C=0, respectively (Fig. S91).>* The peaks
at285.70 and 286.64 eV are associated with C-NH,. (x =1, 2) and
—-C=N, respectively, and hint at the carbon nitride nature of the
carbon impurities.***° The presence of these impurities should
result in a TiO, surface that is intrinsically sensitized to visible
light (as opposed to just UV as implied by the bandgap energy of
anatase phase TiO,).

Photoanode assembly and characterization

TiO, NTs samples were grown for periods of 15, 30, 45, 60, 90,
120, 180 minutes and the corresponding photocurrents
(without decorating with a photosensitizer) were found to
increase in a linear fashion up to 90 minutes (Fig. S10A and Bf).
From these data alone it is difficult to determine why this may
be the case; however, we speculate that there are three possible
scenarios: (i) after a 90 minutes anodization period, an equi-
librium between the formation of TiO, NTs and dissolution has
been reached, (ii) the nanotube length associated with the

Sustainable Energy Fuels, 2025, 9, 1534-1544 | 1537
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(A) SEM micrograph of a TiO, NT surface, (B) cross-sectional SEM micrograph of TiO, NTs, (C) EDS elemental analysis of TiO, NTs, (D)

PXRD diffractogram of TiO, NTs (simulated anatase AMCSD 0019093 and simulated rutile AMCSD 0001735) and (E) XPS survey of TiO, NTs.

growth up to 90 minutes represent the limit for light absorption
(i.e., any light-absorbing sites found deeper within the structure
are no longer being illuminated) and (iii) the nanotube length
becomes too long to the extent that there is slower charge
transfer between the surface and the conductive Ti foil in
addition to increasing recombination thus becomes less effec-
tive than shorter nanotube lengths. In the regime where nano-
tube growth corresponds to a linear increase in photocurrent,
the respective nanotube lengths were measured (through the
cross-sectional SEM micrograph of nanotube array fragments)
and used to normalize photocurrent data. From this analysis,
photocurrent density per pum of TiO, NTs averages resulted in
constant values of 0.64 pA cm ™2 um ™" at 0 V of applied bias and
1.74 pA cm 2 pm ™" at 0.2 V of applied bias (Fig. $10C and D).
The photocurrent density of TiO, NTs photoelectrode can be
maximized up to a plateau photocurrent of =20 pA cm™> for an
anodization period of 90 minutes, yielding =12 um long TiO,
NTs (Fig. S10Ct).

The acceptor ligand (A), donor ligand (D) and triad A-Cu(1)-D
were synthesized and characterized as previously reported by
our lab and confirmed by 'H NMR (Fig. S117).%'**%7 The
sensitized photoanodes were constructed by soaking TiO, NT
films for 15 min in a solution of A-Cu(1)-D to yield a Ti|TiO,
NTs|A-Cu(1)-D film (Fig. 2). This differs from previously re-
ported surface-grafting procedures as the semiconducting TiO,
NTs are grown using a top-down method, resulting in them
being directly attached to the Ti foil.*»*>*%%® The resulting films
were characterized wusing diffuse reflectance UV-Vis

1538 | Sustainable Energy Fuels, 2025, 9, 1534-1544

spectroscopy, where the TiO, NTs show absorbance associated
with the carbon impurities in the visible part of the electro-
magnetic spectrum extending from the blue-violet region
(Fig. 4A).°*%* These data were used as the baseline for films
decorated with A-Cu(1)-D, and as such, any additional absor-
bance will originate from the addition of the photosensitizer.
TiO, NTs|A-Cu(1)-D films show an "MLCT band (centered at ca.
480 nm) that can be directly compared with the 'MLCT
observed in the A-Cu(1)-D solution UV-Vis spectrum (Fig. 4B)
with a Apay red-shift (A2 = 10 nm) associated with increased
conjugation of the ligands through planarization caused by
rigidification of the aromatic groups when the complexes are
anchored onto the surface of TiO, (Fig. 4C).*® By comparing the
DRIFTS spectra of the A-Cu(1)-D complex in a KBr pellet with
the TiO, NTs films decorated with the complex, we can confirm
its attachment through the observation of a mode centered at
786 cm™ " associated with Ti-O (Fig. 4D).***> Additional modes
centered around 3000 to 3100 cm ™" indicate the sp” stretching
vibrations associated with the presence of aromatic rings in A-
Cu(1)-D while modes centered around 2850 to 3000 cm *
observed are associated with the sp? stretching vibrations of the
methyl groups present on the acceptor ligand. Additionally,
when A-Cu(1)-D is on the surface of TiO, NTs, the spectra also
show pairs of bands at 1585 ecm * and 1604 cm ' and
1356 cm™ ' and 1371 cm™ " associated with asymmetric stretches
and vibrations of carboxylates, respectively.'®*® A characteristic
feature of A-Cu(1)-D in KBr, the carbonyl stretching mode at
1733 em™ ', is lost on TiO, NTs upon conversion of carboxylic

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) Diffuse reflectance UV-Vis spectrum of TiO, NTs. (B) UV-Vis spectrum of A—Cu()-D in CH,Cl, at room temperature (black arrow

indicates the position of the proposed *MLCT transition). (C) Diffuse reflectance UV-Vis spectrum of TiO, NTs|A-Cu()-D (black arrow indicates
the position of the proposed *MLCT transition mirroring that of the triad in solution). (D) DRIFTS spectrum of TiO, NTs|A—Cu()-D (red) and A—

Cu()-D in a KBr pellet (black).

acid to carboxylate when anchored onto the surface.'®®”®
Additionally, we note that on the unfunctionalized TiO, NTs
films, we observe possible C=N and C-N aromatic stretching
modes in the ranges of 1400 to 1600 cm ™" further hinting at the
presence of carbon impurities (Fig. S121).°7%7° Further sup-
porting evidence of carbon impurities on the surface of
unfunctionalized TiO, NTs and its decoration with A-Cu(1)-D is
obtained by TEM and presented in the HAADF micrographs and
corresponding elemental maps (Fig. S13 and 147).

Photoelectrochemistry of unfunctionalized TiO, NTs

For comparison purposes, an amorphous sample of TiO, NTs
and an anatase sample of TiO, NTs were examined. Unfunc-
tionalized TiO, NTs, after undergoing heat treatment at 450 °C
to yield the anatase phase, are capable of visible-light absorp-
tion and photocurrent generation (Fig. 5A and S15%) from
carbon impurities introduced during annealing.*” TiO, nano-
tubes resulting from anodization of Ti in ethylene glycol-
containing electrolyte are known to be composed of an outer
shell that consists of pure TiO, and an inner shell composed of
carbon-rich titanium oxide or oxy-hydroxide following the
electrochemical anodization.””” In addition to anatase gener-
ally exhibiting higher photoactivity, crystallization into this
phase provides high electron mobility compared to its rutile or
amorphous counterparts.” Thermal treatment of as-grown TiO,

This journal is © The Royal Society of Chemistry 2025

NTs at 450 °C in a furnace for 1 hour yields the desired anatase
phase. It has been reported that thermal treatments with rates
above 50 °C s~ result in the inner and outer shells to be fused
together.”* Thus carbon-derived impurities such as carbon
nitride are likely incorporated into the inner surface of the TiO,
NTs allowing for photocurrents to be generated upon illumi-
nation with light (as supported by XPS analysis, vide supra). In
our hands, this was also partially confirmed by the fact that
CoO, was deposited on the surface of unfunctionalized TiO,
NTs under white light illumination—a process that requires the
oxidation of Co®" at the electrode surface through the photo-
generation of oxidizing equivalents (Fig. S16At). Moreover,
transient photocurrent measurements of unfunctionalized TiO,
NTs show plateau photocurrents of =8-12 uA cm™ > under white
light illumination (Fig. 5A). By comparison, as-grown TiO, NTs
generate negligible amounts of photocurrent without a thermal
treatment step (Fig. 5A and S157). Oxidative charge build-up is
observed at the surface of the TiO, NTs photoelectrode as
indicated by the local capacitance (photocurrent “spiking”)
upon initial illumination with light.

With the addition of triethylamine (TEA) as a sacrificial
electron donor to the 0.1 M Na,SO, pH 8.9 electrolyte solution,
a maximum plateau photocurrent of =22 pA cm™ 2 is observed
due to quenching the oxidative charge build-up at the surface of
the photoanode and further injection of electrons into the
conduction band of the TiO, NTs (Fig. 5A).

Sustainable Energy Fuels, 2025, 9, 1534-1544 | 1539
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(A) Chopped-light chronoamperometry experiments of amorphous TiO, NTs (yellow), anatase TiO, NTs (blue) and anatase TiO, NTs with

triethylamine as a sacrificial electron donor (red) at 0.2 V vs. SCE. Transient photocurrent resulting from the addition of [Cp*Ir(pyalc)OH] to (B)
TiO, NTs|A—-Cu()-D and (C) TiO, NTs. (D) Photocurrent resulting from electrodes with photoelectrochemically deposited CoO, on TiO, NTs and
TiO,|A—-Cu()-D. All experiments were conducted in aqueous 0.1 M Na,SO4 pH 8.9 solution with the photoelectrode as working electrode,
platinum mesh as counter electrode and a saturated calomel electrode as reference electrode.

Photoelectrochemical water oxidation

To examine the oxidative capabilities of the fabricated photo-
anodes, we investigated their ability to activate water oxidation
catalysts (WOC) either in an ensemble with the catalyst in
solution or with the catalyst bound to the surface. Here, we use
a champion molecular electrocatalyst [Cp*Ir(pyalc)OH], to
probe the performance of the photoanodes by transforming this
precursor into a dimeric form and carrying out water oxidation.
From a preliminary analysis it appears there exists a misalign-
ment of redox potentials across this system but we note that it
has been shown in other work that it is possible to drive such
oxidative processes despite the mismatch (Scheme S37).° UV-Vis
data show that [Cp*Ir(pyalc)OH] has no absorbance in the
visible region, but when oxidized into the dimer
[1r"(pyalc)(H,0),(u-0)],>* a broad absorbance band centered
around 600 nm is observed (Fig. S17t) and associated with the
IV-1V state of [Ir"(pyalc)(H,0),(u-O)],>* that acts as the active
water oxidation catalyst.*®

In parallel, a CoO, WOC was successfully deposited on TiO,
and TiO,|A-Cu(1)-D, yielding TiO,|CoO, and TiO,|A-Cu(1)-
D|CoO, photoelectrodes. CoO, photoelectrodeposition was
initiated through bulk electrolysis where chronoamperograms
show a stable current after turning the light on at 3 seconds and
throughout the 180 seconds of photoelectrochemical

1540 | Sustainable Energy Fuels, 2025, 9, 1534-1544

deposition indicating a steady injection of electrons originating
from the oxidation of the Co>" precursor into higher oxidation
states and depositing at the surface as CoO, (Fig. S16). Pho-
toelectrochemical deposition of CoO, results in a monolayer at
the surface of TiO, NTs localized on areas where there are high
concentrations of photogenerated holes.*»”*”” This is confirmed
by TEM and presented in the HAADF micrograph and elemental
maps in which cobalt is present on the surface of the TiO, NTs
(Fig. S187).

The sequence of photoelectrochemical testing follows both
the light/dark transient at 0 V and 0.2 V of applied bias. All the
studied photoanodes present the ability to generate photocur-
rent under illumination with visible light. The addition of the
A-Cu(1)-D triad leads to a drastic increase of the plateau
photocurrent from typical =~8-12 pA cm™> at 0.2 V observed for
bare TiO, NTs to =70 uA cm ™~ by the end of the 5 minutes light
on/off cycling (Fig. 5B). For the presented photoanode, the
addition of =50 pL of triethanolamine (TEOA) to the electrolyte
solution results in enhanced photocurrents with decreased
local capacitance at the onset of illumination resulting from
faster regeneration kinetics yielding increased electron injec-
tion into the TiO, NTs (Fig. S191). The photoanodes were eval-
uated for their ability to activate the [Cp*Ir(pyalc)OH] WOC pre-
catalyst.

This journal is © The Royal Society of Chemistry 2025
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In the presence of the pre-catalyst, unfunctionalized TiO,
NTs show a decrease in the photocurrent (Fig. 5C). This can be
attributed to the previously reported “anti-catalyst” effect where
carbon impurities present at the surface of the TiO, NTs can act
as trap states for recombination from the WOC.**7*% For the
TiO, NTs|A-Cu(1)-D photoelectrode, a minimal decrease in
photocurrent is observed (Fig. 5B). This is expected from the
delay in forming the active form of the WOC and photosensi-
tizer desorption over time (Fig. S20t). Despite this minimal
decrease in photocurrent, close observations before and after
the addition of [Cp*Ir(pyalc)OH] indicate that the ratio of
capacitance from the moment the light is turned on and the
photocurrent plateau prior to turning the light off is consis-
tently lower after the addition of the pre-catalyst which may
indicate a redox process taking place on the surface of the
photoanode (Fig. S21%). The addition A-Cu(1)-D on the surface
of the TiO, NTs may passivate surface localized impurities
negating the “anti-catalyst” effect. Although it has been re-
ported previously that despite having a photosensitizer-
decorated metal oxide, the “anti-catalyst” effect expresses
itself upon the addition of the WOC,**7*%® however, in the
present work, the siting of the carbon impurities may be
restricted to the surface. In other semiconductor preparations,
owing to the use of organic stabilizers and binders for tem-
plating the assembly layers of metal oxide nanoparticles, carbon
impurities are incorporated throughout the bulk of the material
compared rather than only at the surface of TiO, NTs. Where
addition of CoO, to Ti|TiO, NTs resulted in a net photocurrent
increase, no increase in photocurrent in the TiO, NTs|A-Cu(1)-
D|CoO, photoanode was observed (Fig. 5D) where some
desorption of A-Cu(1)-D during photoelectrochemical deposi-
tion is likely (Fig. S227).

Photocurrent origins

To further elucidate the basis of the photocurrent being
observed on unfunctionalized and functionalized TiO, NTs
films, photoaction spectra were plotted. High power density
LEDs with specific wavelengths were used for unfunctionalized
TiO,, and a variable wavelength light source with low power
density was used for Ti|TiO, NTs|A-Cu(1)-D (Scheme S4t). Using
different light sources with different power densities should
elucidate the contribution to the photocurrent based on light
penetration depth and the surface composition of the TiO, NTs.
When examining the photocurrent plateau of Ti|TiO, NTs|A-
Cu(1)-D, we observe that the highest photocurrent can be found
at excitation wavelengths around 480 nm (Fig. S231), and in
general the photoaction spectrum matches that of the diffuse
reflectance UV-Vis where the photocurrent maxima match the
absorbance of the 'MLCT associated with the A-Cu(i)-D
complex (Fig. S247). In unfunctionalized TiO, NTs, the photo-
current maximum is found around 475 nm (Fig. S251). We note
that the controls for the respective photoaction spectra do not
generate any significant photocurrent at any given wavelength,
further confirming that the photocurrent plateau observed can
be attributed to the carbon impurities in the inner walls and A-
Cu(1)-D on the initiation layer using high power and low power

This journal is © The Royal Society of Chemistry 2025
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density lights sources respectively (Fig. S23-251). From these
data, the incident photon-to-current efficiency (IPCE) was
determined to be 4% and 1% for maximum photocurrent at
0.2 V associated with the absorption maxima for TiO, NTs and
Ti|TiO, NTs|A-Cu(1)-D respectively (Tables S1 and 2t). IPCE for
the TiO, NTs is highly dependent on morphology, and illumi-
nation intensity plays a role in what surface (i.e., initiation layer
or inner tube walls) of the TiO, NTs will generate the
photocurrent.®

Collector-generator Faradaic efficiency

The collector-generator method was used to probe the efficacy
of the Ti|TiO, NTs|A-Cu(1)-D architecture for generating O,
from H,O. Faradaic efficiency of O, generation based on the
photoanode systems TiO, NTs|A-Cu(1)-D|CoO, and TiO,NTs|A-
Cu(1)-D + [Cp*Ir(pyalc)OH] versus TiO, NTs|A-Cu(1)-D and bare
TiO, NTs as controls was calculated from their respective
current response. The two-electrode collector-generator method
has been widely used to evaluate O, evolution in photo-
electrochemical water oxidation and validated with Clark-type
0, sensors.®>®* The Faradaic efficiencies of the controls TiO,
NTs and Ti|TiO, NTs|A-Cu(1)-D are 15% and 27% respectively,
both able to carry out water oxidation without the presence of
a WOC, however with low Faradaic efficiencies, and the addition
of the acceptor-chromophore-donor A-Cu(1)-D system repre-
sent a significant increase almost doubling the Faradaic effi-
ciency of unfunctionalized TiO, NTs (Fig. S267). It is important
to note that the Faradaic efficiencies mentioned are calculated
based on the ratio of total charges (Qgen and Qo) for the period
between 100 s and 400 s which represents an overall underes-
timation of the true Faradaic efficiency given that there is still
0, diffusing to the collector after the light has been turned off
(Fig. S271). When quantifying oxygen production with the
addition of [Cp*Ir(pyalc)OH] to the TiO, NTs|A-Cu(i)-D photo-
anode, stoichiometric ratio of the acting oxidant and pre-
catalyst need to be considered. This is shown when using
a stoichiometric ratio of 1:14 (0.1134 mM [Cp*Ir(pyalc)OH])
and 1:1 (0.0081 mM [Cp*Ir(pyalc)OH]) of A-Cu(i)-D:
[Cp*Ir(pyalc)OH] to run the collector-generator experiment
resulting in 64% and 84% Faradaic efficiencies, respectively
(Fig. 6). The ratios used are estimates based on loading (3.24 x
10~% mol em™?) of A-Cu(1)-D on TiO, NTs (Fig. S28%). The pre-
catalyst needs to be converted to the catalytically active dimer
through oxidation at the photoanode surface. In other words,
one excited A-Cu(1)-D can transfer one oxidizing equivalent to
an approaching pre-catalyst molecule to yield one equivalent of
active catalyst. In a solution where the concentration of
[Cp*Ir(pyalc)OH] is lower, the current at the collector electrode
increases and plateaus more quickly, hinting that conversion of
the pre-catalyst is completed rapidly (Fig. 6B). Furthermore,
when 0.1134 mM [Cp*Ir(pyalc)OH] is added to the electrolyte
when using a bare TiO, NTs photoanode, a Faradaic efficiency
of 29% is obtained which represents a 14% increase upon
addition of [Cp*Ir(pyalc)OH] compared to a 36% increase when
using the TiO, NTs|A-Cu(1i)-D photoanode with the same
concentration of [Cp*Ir(pyalc)OH] (Fig. S26 and 277). This
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Fig. 6 Collector-generator dual working electrode experiment on
TiO2 NTs|A-Cu()-D with the addition of (A) 0.1134 mM and (B)
0.0081 mM [Cp*Ir(pyalc)OH] in aqueous 0.1 M Na,SO4 pH 8.9. The
generator electrode was held at 0.2 V and illuminated with white light.
The collector electrode was held at —0.6 V. reference electrode:
saturated calomel electrode; counter electrode: platinum mesh. The
experiment is carried out in an H-cell in which the collector-generator
assembly and reference electrode are placed together in one
compartment and the counter electrode alone is placed in the
opposite compartment across a porous glass frit.

highlights the effect of the A-Cu(1)-D photosensitizer on the
surface of the TiO, NTs which allows visible light absorption
and the photoinduced charge transfer that enables the oxida-
tion of [Cp*Ir(pyalc)OH]. With TiO, NTs|A-Cu(1)-D|CoOj as the
generator electrode, a Faradaic efficiency of 11% (close to the
TiO, NTs control) was found, attributed to the “anti-catalyst”
effect, photosensitizer desorption, or a potential mismatch
between the excited state of A-Cu(1)-D and CoO, (Fig. S271).

Conclusion

The present work represents a study of TiO, NTs as a potential
nanostructured semiconducting material for applications in
DS-PECs. The nanostructure morphology of vertically oriented
arrays of TiO, nanotubes yields desired directional charge
transport properties in addition to somewhat unexpected
optical properties that stem from the incorporation of carbon
impurities. Photoelectrochemical studies show that the TiO,
nanotubes can generate photocurrents yielding oxidative
potential at the surface and that is further enhanced when
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sensitized with the acceptor-chromophore-donor system where
in the latter we observe contributions primarily from the surface
installed triad. We have shown that the TiO, NTs can be opti-
mized (maximizing the base photocurrent) for the given appli-
cation by carefully tuning the anodization period considering
the length of the nanotubes by increasing surface area and
mitigating the limitation of light absorption associated with the
depth of the nanotubes. Photoelectrochemical studies show
that the resulting photoanodes can oxidize a [Cp*Ir(pyalc)OH]
pre-catalyst into [Ir""(pyalc)(H,0),(1-0)],>* active water oxida-
tion catalyst and proceed to carry out water oxidation with
a Faradaic efficiency as high as 84% for the TiO, NTs|A-Cu(i)-D
photoanode.
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