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We prepared dye-sensitized photocathodes (DSPs) by ON— otontal
attaching a phosphonic acid-functionalized selenorhodamine dye (3-SeP) {
to delafossite CuAlO, thin films. The dye 3-SeP adsorbed to CuAlO, as a
mixture of monomeric and H-aggregated dyes, broadening the dye’s
absorption profile and enhancing the absorption of visible light. Upon
exposure to solvent, 3-SeP persisted on CuAlO, to a much greater extent
than analogous selenorhodamines either bearing a terminal carboxylic
acid group or lacking a surface-anchoring group. Transient photovoltage
measurements revealed a long-lived positive shift of the Fermi level of 3-
SeP/CuAlO,-on-FTO electrodes, consistent with a mechanism in which holes are transferred from photoexcited 3-SeP to CuAlO,.
In linear sweep voltammetry measurements under chopped white-light illumination, 3-SeP/CuAlO,-on-FTO electrodes exhibited 7-
to-8-fold greater reductive photocurrents than unfunctionalized CuAlO,-on-FTO electrodes, revealing that excited-state hole transfer
and the resulting separation of photogenerated holes from electrons could be exploited to promote reduction and oxidation half
reactions. In prolonged-illumination chronocoulometry experiments, 3-SeP/CuAlO,-on-FTO electrodes, in conjunction with a
Co(III) reduction cocatalyst and triethanolamine as a sacrificial electron donor, reduced H* to H, with Faradaic efficiency of 43 +
27%. Our results highlight the potential of selenorhodamine-sensitized Cu(I) delafossites as DSPs for redox photocatalysis and the
production of solar fuels.
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Wide-bandgap Cu(I) delafossite compounds, with chemical
formula CuMO, where M is metal cation with oxidation state
of +3 (e.g,, Al, Ga, Sc, Cr, or Co), have emerged as promising
alternative p-type semiconductors for DSPs."”””'* Relative to
NiO, CuMO, compounds exhibit lower-energy valence band
edges and improved hole mobilities due to the delocalization
of valence-band states across oxygen and copper.””'? Several
groups have recently reported on redox photocatalysis
mediated by CuMO,-derived DSPs within a DSPEC
configuration. Kumagai et al. adsorbed a supramolecular
Ru(II)—Re(I) photocatalyst to high-surface-area CuGaO,

Dye-sensitized photocathodes (DSPs) are intriguing constructs
for solar energy conversion, via the photocatalytic production
of fuels or as photocathodes of tandem and p-type dye-
sensitized solar cells (DSSCs).'~* The operating mechanism of
DSPs' ™ involves the absorption of light by a sensitizer
followed by the transfer of a hole to a p-type semiconductor
substrate and the transfer of an electron to a reduction
cocatalyst or solvated acceptor. The photogenerated hole
diffuses to the back contact of the DSP and ultimately oxidizes

an electron donor, either at a dark anode, in p-type DSSCs or
dye-sensitized photoelectrochemical cells (DSPECs), or at a
photoanode in tandem DSSCs. Nickel(II) oxide (NiO) is the
most extensively reported p-type semiconductor for DSPs;"*~*
however, several factors have limited the efficiencies of DSSCs
and DSPECs with NiO-sensitized photocathodes. Nano-
structured NiO films exhibit low hole-diffusion coefhicients
and poor hole mobility, as well as a relatively high-energy
valence band edge that limits the open-circuit photovoltages of
DSSCs and the oxidizing potential for photocatalysis.">*”
Additionally, rapid charge recombination across the sensitizer/
NiO and NiO/electrolyte interfaces can limit the charge-
collection efliciencies of DSSCs and the quantum yields of
photocatalysis.”~”
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films to yield DSPs that photocatalytically reduced CO, to
CO."" Windle et al. coimmobilized a push—pull organic dye
and a cobaloxime reduction catalyst on CuGaO, films, and the
resulting DSPs reduced protons to hydrogen with Faradaic
efficiency of 74%.'” Similarly, Reisner and co-workers
coimmobilized phosphonic acid-functionalized organic dyes
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and a Ni(II) cocatalyst onto CuCrO, electrodes to yield DSPs
that reduced protons to hydrogen with Faradaic efficiencies of
25-45%."7'* These reports highlight the potential of CuMO,-
derived DSPs in redox photocatalysis.

Our research groups have contributed to a collaborative
effort to develop chalcogenorhodamine dyes as sensitizers in n-
type DSSCs and for homogeneous and heterogeneous redox
photocatalysis."> ™ Selenorhodamines are particularly attrac-
tive as sensitizers because they exhibit red-shifted absorption
bands relative to analogous oxygen-containing rhodamines,
which enhances the absorption of visible light, and because
they undergo efficient interszrstem crossing to yield long-lived
triplet excited states.”*°”>* Under appropriate conditions,
carboxylated and phosphonated selenorhodamine dyes adsorb
to surfaces as mixtures of monomers and H-aggregates, which
broadens absorption spectra and enhances light-harvesting
efficiency.'”*° Remarkably, in n-type sensitization schemes, H-
aggregation of selenorhodamines also enhances electron-
injection yields, probably due to the enforced coplanarity of
the xanthylium core and the aryl group of dyes within
aggregates.15’16’18’19 McCormick et al. reported that a
selenorhodamine sensitizer, together with a solvated cobalox-
ime cocatalyst (Co-cat, Chart 1) and triethanolamine (TEOA)

Chart 1. Structures of (a) Selenorhodamine Dyes TMR-Se,
1-SeC, and 3-SeP, Which Consist of a Common
Selenoxanthylium Core (xan, Bottom) Functionalized at the
9 Position with Variable Aryl Groups (Ar, Top), and (b) the
Cobaloxime Co-catalyst (Co-cat)
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as sacrificial reductant, photocatalytically evolved hydrogen
from aqueous solutions with remarkably high turnover number
(9000) and quantum yield (32.8%).”" Photophysical measure-
ments supported a mechanism in which TEOA reduced the
photoexcited selenorhodamine dye, which then reduced the
Co(III) catalyst to initiate the hydrogen-evolution reaction
(HER). The selenorhodamine dye outperformed analogous
sulfur- and oxygen-containing dyes in photocatalytic HER.
McCormick et al. attributed this result to the selenorhodamine
dye’s high quantum yield of intersystem crossing, which
populated a triplet excited state that was sufficiently long-lived
for reductive quenching by TEOA to outcompete radiative and
nonradiative relaxation of the dye.*'

Inspired by the promise of selenorhodamine sensitizers in
photocatalytic hydrogen evolution, and of Cu(I) delafossites as
hole-accepting substrates in DSPs, we endeavored to sensitize
CuMO, thin films with selenorhodamine dyes to yield DSPs
for photocatalytic hydrogen evolution. Notably, DSPs can be
coupled with a range of oxidation half-reactions that occur at a
dark anode, potentially eliminating the need to consume
sacrificial electron donors. We focused initially on CuAlO,
because its bandgap and band-edge potentials are opti-
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mal,"”?**7*® syntheses of CuAlO, films have been re-
ported,”*™*” and CuAlO, has been used as a hole—accepting
semiconductor in DSPs for p-type and tandem DSSCs.***%*

In this article, we report on the preparation of selenorhod-
amine-functionalized CuAlO, thin films and the exploration,
using photoelectrochemical methods, of their excited-state
charge-transfer reactivity and performance as DSPs, via a p-
type sensitization mechanism, in reductive photocatalysis. We
discovered that a phosghonic acid-bearing selenorhodamine
dye, 3-SeP (Chart 1),"*° is particularly inert on CuAlO,, and
that photoexcited 3-SeP transfers holes to CuAlO, and can
reduce a cobaloxime catalyst to initiate the reduction of
protons to hydrogen. This line of research represents an initial
example of dye-sensitized CuAlO, DSPs. Our results thus
highlight the potential of DSPs derived from selenorhod-
amines, with relatively low-energy absorption bands and long-
lived triplet excited states that facilitate excited-state charge
transfer, and Cu(I) delafossites in redox photocatalysis and
fuel-forming photochemistry.

Reagents were obtained from the following commercial sources: (1)
Acros Organics [4-N,N-dimethylbenzoic acid (98%), triethylamine
(99%), ethylene glycol (99%)]; (2) Alfa Aesar [phosphorus(V)
oxychloride (99%), N,N,N’N’-tetramethylethylenediamine (98%),
hexafluorophosphoric acid (aqueous solution, 60% by weight),
diisopropylamine (99%), thiophene-2-carboxylic acid (99%), potas-
sium nitrate (KNO;) (99%)]; (3) Sigma-Aldrich [thionyl chloride
(99%), diethylamine (99%), 3-bromo-N,N-dimethylaniline (97%),
iodine (99.8%), selenium powder (99.5%), sec-butyllithium (cyclo-
hexane solution, 1.4 M), bromobenzene (99%), n-butyllithium
(hexanes solution, 2.5 M), chlorotrimethylsilane (99%), sodium
iodide (99.5%), aluminum nitrate nonahydrate (Al(NO;);-9H,0)
(98%), copper(Il) nitrate (Cu(NO;),-2.5H,0) (98%), citric acid
(99%), polyethylene glycol (PEG), lactic acid (LA) (85%),
triethanolamine (TEOA) (98%), chloro(pyridine)bis-
(dimethylglyoximato)cobalt(III) (Co-cat), potassium chloride (KCI)
(99%)]; (4) Fisher [magnesium turnings (99%)]; (5) TCI
[tetrabutylammonium hexafluorophosphate (TBAPF,) (98%)]. Di-
chloromethane, tetrahydrofuran, ethanol, and acetonitrile (CH,CN)
were obtained from various commercial sources. All reagents and
solvents were used as received.

Three dyes were synthesized as described previously: TMR-Se,> 1-
SeC,*® and 3-SeP'” (Chart 1).

CuAlO, films were synthesized by adaptation of the procedure
reported by Jarman et al.”” Separate 1.00 M aqueous solutions of AI**
and Cu®* were prepared by dissolving AI(NO;);-9H,0 (15.0 g, 40.0
mmol) and Cu(NO;),-2.5H,0 (9.30 g, 40.0 mmol) in deionized H,O
(diH,0) (40.0 mL). These solutions of AP* and Cu** were
combined, and then citric acid (76.8 g, 0.400 mol) was added to
yield a solution with 1:1:10 molar ratio of A’ to Cu* to citric acid.
Ethylene glycol (446 mL, 80.0 mmol) was dissolved into this
solution, and the resulting reaction mixture was heated at 200 °C until
liquids evaporated, which yielded a brown solid. The solid was ground
with a mortar and pestle and then heated in a muffle furnace at 500
°C for 4 h under ambient atmosphere. The resulting black powder
was cooled to room temperature and then heated at 1100 °C for 4 h
in a tube furnace, under ambient atmosphere, to yield blue-gray
CuAlO, powder. To prepare thin films, CuAlO, powder (0.50 g),
polyethylene glycol (PEG) (0.10 g), ethanol (2.50 mL), and diH,0O
(1.25 mL) were combined and stirred until the PEG dissolved. The
resulting mixture was spray-coated, using a Master Airbrush (Model
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679) at a pressure of 60 Ib in~%, onto either glass microscope slides
(for dye-adsorption experiments) or FTO-coated glass slides (for
photoelectrochemical experiments), which were placed on a metal
block surface on top of a hot plate held at 220 °C.

CuAlO, films on glass or FTO-coated glass slides were functionalized
with TMR-Se, 1-SeC, or 3-SeP (Chart 1) by immersion in CH;CN
solutions of the dye (0.1—3.5 mM) for 16—24 h. Slides were removed,
rinsed twice by immersion in neat CH;CN, allowed to dry, and then
characterized by diffuse reflectance UV/vis absorption spectroscopy.
The net contributions of the dyes to diffuse reflectance spectra were
calculated by subtracting the spectrum of the bare CuAlO, film,
acquired before immersion of the film into the dye solution, from the
spectrum of the dye-functionalized CuAlO, film.

Scanning electron microscopy (SEM) images were acquired with a
Hitachi SU70 field emission instrument with an Oxford Inca SDD
energy dispersive spectroscopy (EDS) detector. X-ray powder
diffraction (XRD) data for CuAlO, powders were acquired with a
Rigaku Ultima IV X-ray diffractometer operating with Cu Ka
radiation (4 = 0.154 nm) and scanning from 20° to 80°. UV/vis
absorption spectra of solvated dyes were acquired with an Agilent
8453 spectrometer. Diffuse reflectance UV/vis spectra of CuAlO, and
dye-functionalized CuAlO, thin films were acquired using the same
spectrophotometer with a Labsphere RSA-HP-53 reflectance
accessory.

Two-electrode cells, with a 3-SeP-functionalized CuAlO,-on-FTO
working electrode (WE) and a Pt mesh counter electrode (CE), were
assembled in a custom single-compartment 500 yL Teflon cell, which
was filled with neat CH;CN that had been purged with Ar for
approximately 10 min. A 0.478 cm? region of the WE was exposed to
CH,;CN. Under open-circuit conditions, the 3-SeP/CuAlO, electrode
was illuminated concurrently with (a) CW white light (190 mW
cm™), from a 100 W Xe lamp (Oriel Photomax) output through a
filter that transmitted 420—700 nm light, and (b) pulsed 532 nm light
((12 £ 0.2) mJ cm™, 6—8 ns pulse width, 1 Hz repetition rate, ~ 1
cm? diameter) from the frequency-doubled output of a Continuum
Powerlite Precision II Nd:YAG laser. The voltage difference between
the WE and CE was measured by a LeCroy Waverunner 6050
oscilloscope, and net transient photovoltages were calculated as the
difference between the laser pulse-induced voltage and the baseline
voltage under CW illumination.

The electrochemical responses of CuAlO, and 3-SeP-functionalized
CuAlO, thin films, in the dark and under white-light illumination,
were measured using CV, LSV, and chronocoulometry. Data were
acquired with a Princeton Applied Research (PAR) VersaSTAT 3
potentiostat. The WE was an FTO electrode coated with CuAlO, or
dye-functionalized CuAlO,, the CE was Pt mesh, and the reference
electrode (RE) was a saturated calomel electrode (SCE). Electrodes
were housed in either a sealed 100 mL 3-neck round-bottomed flask
(single-compartment cell) or a sealed custom H-cell (3-compartment
cell). Several different supporting electrolytes were used, as described
in the Results and Discussion section. Unless otherwise noted, for
both cell configurations, the electrolyte and headspace were deaerated
prior to the acquisition of data by purging with Ar for 1 h. In CV
measurements, the scan rate was 100 mV s™, whereas in LSV
measurements, the scan rate was 10 mV s™'. In LSV measurements
involving chopped illumination, the WE was illuminated with a white
LED (20 mW cm™) for 5 s and then kept in the dark for 5 s, and this
cycle was repeated throughout the measurement. In prolonged-
illumination chronocoulometry experiments involving chopped
illumination, unless otherwise noted the WE was illuminated with
white light for 10 min and then held in the dark for 5 min, and this
cycle was repeated throughout the measurement. The light source was
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a 100 W Xe arc lamp (Oriel Photomax) output through a filter that
transmitted 400—720 nm light (400 mW cm™2). After prolonged
illumination, the headspace above the electrolyte in the WE
compartment was analyzed for the possible formation of H, using a
PerkinElmer Clarus 580 gas chromatograph with a thermal
conductivity detector and Ar as carrier gas.

We envisioned a photocatalytic mechanism initiated by the
transfer of holes from photoexcited selenorhodamine dyes to
CuAlO,. The thermodynamic favorability of this hole-injection
process is dictated by the energetic offset between the valence
band edge of CuAlO, and the hole-donor (or electron-
acceptor) distribution function of the selenorhodamine, which
is centered at G° + A, where G° is the free energy
corresponding to the ground-state oxidation potential of the
dye and A is the hole-transfer reorganization energy.’”*
Reported valence band—ed%e otentials of CuAlO, range from
+0.7 to +0.9 V vs NHE,””°**” and the measured ground-state
oxidation potential (E,,**/*) of 1-SeC is +1.35 V vs NHE."
(We assume similar E, /22*/ * values for TMR-Se and 3-SeP;
reported E;,,>"/* values of chalcogenorhodamines are
insensitive to functionalization of the thienyl group with
carboxylic or phosphonic acids.’®) Therefore, assuming a A
value of 0.2-0.6 eV,*** some or all of the hole-donor
distribution function of the selenorhodamine dyes should lie
lower in energy than the valence band edge of CuAlO,,
rendering excited-state hole injection thermodynamically
favorable. In contrast, the conduction band-edge potential of
CuAlO, (—2.0 to —2.5 V vs NHE)”*" is 1.3 to 1.9 V more
negative than the excited-state oxidation potential (E;,>"/**)
of the selenorhodamine dyes (—0.64 V vs SCE for 1-SeC);"
therefore, electron injection from the photoexcited dyes to the
conduction band of CuAlO, is thermodynamically unfavorable.
McCormick et al. reported that photoexcited and/or reduced
selenorhodamine dyes can reduce Co-cat, the cobaloxime
cocatalyst, which in turn can reduce protons to H,.*' This
result, together with the interfacial energetic offsets driving
hole injection, underpins our targeted mechanism of photo-
catalytic HER, which is outlined in Scheme 1.

We synthesized CuAlO, via the Pechini method,”" wherein
metal cations are chelated by citrate and the resulting
complexes are then reacted with ethylene glycol to yield, via
esterification, a polymeric metal-containing resin that yields the

Scheme 1. Simplified Targeted Photocatalytic Mechanism,
in Which the Transfer of Holes from Photoexcited 3-SeP to
CuAlOQ, Enables the Reduction of Co-cat and Then H*
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Figure 1. (A) Measured X-ray diffraction (XRD) pattern of CuAlO, (blue data, top); peaks are indexed to ICDD card #04—007—8058 for
delafossite CuAlO, (gray, bottom); (B) SEM image of CuAlO, powder; (C) cross-sectional SEM image of spray-deposited CuAlO, thin film.

0.08 - ‘
0.50- ——3-SeP/CuAlO, & ]TMR-Se Time (%) 10 % ‘
£30.06 —_— N !
A CuAlo, g 1B 24 o ' C
- Soos; N N S :
3 ] o 054 E !
0.45 4 9 0.02 S '
0.004 ] A TMR-Se DA
—_ Y SN S U T e e SN il
x : {1-SeC Time (h) o 1.04m ‘
= 0404 3-SeP on 10g =008+ 0 2 . !
= 50.06 080 =006 2 E E LR
2 = < 0044 3051 !
14 06 @ = = '
0.35 - =0 e 0.024 x L] 1-SeC|
5l).ClZ 0’4_8 0.00 L < o0 1 1 1 =
= 3-SeP in 025 % [3-SeP T - « T
0.30 0.00 solution 2 & 0101 24 5 01— 3
.30 0.0 = 4] w
500 550 600 650 700 - £ ‘
Wavelength (nm) Do.054 = 05- |
Frr T 7T 7T r-tTrrTTr = |
450 500 550 600 650 700 750 800 850 o 3-SePI ;
0.00 T T T T T 005 T T T T
Wavelength (nm) 500 525 550 575 600 625 650 675 700 00 05 10 15 20 202530
Wavelength (nm) Time (h)

Figure 2. (A) Diffuse reflectance UV/vis spectra of CuAlO, and 3-SeP-functionalized CuAlO, thin films (each spectrum is the average from three
films); inset: net apparent absorbance ([log(1/R)],..) of CuAlO,-adsorbed 3-SeP, calculated by subtracting the spectrum of CuAlO, from that of 3-
SeP-functionalized CuAlO,, overlaid with the absorbance spectrum of a solution of 3-SeP in CH;CN. (B) Net apparent absorbance spectra of
TMR-Se, 1-SeC, and 3-SeP, adsorbed to CuAlO, films, before and after immersion for 24 h in neat CH;CN. (C) Estimated fractional surface
coverages of TMR-Se, 1-SeC, and 3-SeP on CuAlO, films, calculated by dividing the net apparent absorbance of the dye by the time-zero value, as a
function of immersion time (t) in neat CH;CNj error bars correspond to plus-or-minus one standard deviation relative to the average of two films
per data point.

metal oxide upon heating.*”*’ To synthesize CuAlO,, we exhibited a broad absorption throughout the visible and into
reacted nitrate salts of Cu(II) and AI(III) with citric acid and the near-IR with a maximum at 700 nm and a higher-energy
ethylene glycol, by modification of the procedure reported by shoulder centered at approximately 534 nm (Figure 2a).

Jarman et al.”” The XRD pattern of the resulting powders
(Figure la) matched reported measured and simulated
patterns,”®** as well as ICDD (International Centre for
Diffraction Data) pattern #04—007—8058, for delafossite
CuAlO,. The XRD pattern contained no discernible peaks

CuAlO,-coated glass slides were immersed in acetonitrile
solutions of TMR-Se, 1-SeC, and 3-SeP and allowed to
; o . equilibrate. After exposure to the dyes, the diffuse reflectance
attributable to CuO 5 &8s 2 2‘2 :273 567 or 38.8°) or CuAL,O, spectra of CuAlO, thin films exhibited a new absorption band
(eg, at 20 = 45.0° or $9.5°)."" EDS spectra of CuAlO, extending from 500 to 700 nm with an absorption maximum at
powders (Figure S in Supporting Information) revealed a 590—605 nm and a higher-energy shoulder centered at 560—
Cu:Al molar ratio of 0.98 + 0.02. Thus, XRD and EDS data 575 nm (Figure 2a,b). For each dye, the new absorption band

provide evidence for the synthesis of phase-pure delafossite overlapped with the visible absorption profile of the solvated
CuAlO,. SEM images of CuAlO, powder reveal crystallites dye, but with enhanced absorption within the higher-energy
with dimensions of 0.1-1 um (Figure 1b and Figure S1). shoulder (Figure 2a, inset). Blue-shifted absorption is a
Spray deposition of suspended CuAlO, powders onto FTO- hallmark of H-aggregation of dyes.45’46 Thus, the presence of

coated glass yielded high-surface-area gray films with these broadened, blue-shifted absorption bands of the dyes in
thicknesses on the order of 107°—~10™° m (Figure 1 and the spectra of dye-exposed CuAlO, films reveals (a) that TMR-
Figure S1). Diffuse reflectance UV /vis spectra of CuAlO, films Se, 1-SeC, and 3-SeP adsorbed to CuAlO, and (b) that the
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dyes were present on the surface as mixtures of monomeric
and H-aggregated dyes, as we have reported previously for
chalcogenorhodamine dyes on nanocrystalline TiO, and ZrO,
films, 161720

DSPs require inert, persistent dye—semiconductor linkages.
To evaluate the persistence of the dyes on CuAlO,, we
immersed dye-functionalized CuAlQO, films in neat acetonitrile
and periodically acquired diffuse reflectance spectra of the films
(Figure 2b,c). Fractional surface coverages of dyes on CuAlO,
were estimated by dividing the integrated net apparent
absorbance at a given immersion time ([log(1/R)],..) by
the initial integrated net apparent absorbance ([log(1/
R) et inir) measured at the outset of desorption experiments.

TMR-Se desorbed essentially completely from CuAlO, after
being immersed in acetonitrile for 1 day. The lability of TMR-
Se is unsurprising given the dye’s lack of an anchoring group
for covalent or coordinate covalent bonding to CuAlO,. In
contrast, approximately 70% of 1-SeC, which presumably
adsorbed to CuAlO, as the deprotonated dye via the
carboxylate group, was retained on CuAlO, after being
immersed in acetonitrile for 1 day. The absorbance in the
high-energy shoulder (585—615 nm) of 1-SeC decreased
relative to the absorbance in the lower-energy (565—585 nm)
band, revealing a decrease in the amount of H-aggregated dyes
relative to monomeric dyes.

Dye 3-SeP, which presumably adsorbed to CuAlO, as the
deprotonated dye through the phosphonate group, did not
desorb upon prolonged exposure to acetonitrile. Interestingly,
the estimated fractional surface coverage of 3-SeP actually
increased by 33% after 24 h of immersion in acetonitrile. We
tentatively attribute the measured increase of net apparent
absorbance ([log(1/R)],..) of CuAlO,-adsorbed 3-SeP to an
increase of the integrated molar absorption coeflicient of the
dye arising from a change of local environment (liquid CH;CN
vs air) and/or an evolution of the average orientation or
aggregation state of the dye on the CuAlO, surface. The ratio
of the absorbances at the maxima of the low-energy (595—615
nm) and high-energy (570—590 nm) bands of 3-SeP increased
by approximately 10%, consistent with a slight decrease in the
extent of H-aggregation of 3-SeP on CuAlO, during the
immersion in acetonitrile. We have previously reported subtle
changes in the extent of aggregation of chalcogenorhodamine
dyes on metal oxides during prolonged exposure to solvents.”’

The most significant result from these desorption experi-
ments, with respect to selecting a system for photochemical
studies, is that 3-SeP persisted on the surface of CuAlO, during
prolonged immersion in acetonitrile. This result is consistent
with recent computational studies by Fatihi et al,*” who
reported that calculated adsorption energies for methylphos-
phonic acid were 18-to-33% greater than for benzoic acid, on
both the pristine (012) surface of CuAlO, and a (012) surface
with Cu(I) vacancies. The greater adsorption energy of the
phosphonic acid, relative to the carboxylic acid, would give rise
to an increased activation energy for desorption, which is
consistent with our experimental data revealing that 3-SeP is
more inert than 1-Se-1 on CuAlO,. We and others have
reported on the persistence of phosphonic acid-functionalized
dyes and ligands on various binary metal oxide surfa-
ces;l7’20’48’49 however, we are unaware of systematic exper-
imental studies of the relative inertness or lability of carboxylic
acid- vs phosphonic acid-functionalized adsorbates on CuMO,
surfaces. Our data reveal that phosphonic acid-functionalized
dyes are significantly more inert than corresponding carboxylic
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acid-functionalized dyes on CuAlO, and, more generally, that
phosphonic acids are optimal surface-anchoring groups for
CuMO,-derived DSPs. Given the inertness of the 3-SeP/
CuAlO, interface, we used 3-SeP-functionalized CuAlO,
electrodes for photoelectrochemical experiments to evaluate
excited-state charge transfer and redox photocatalysis.

Finally, in order to estimate the amount of adsorbed 3-SeP
per projected surface area of CuAlO,, hereafter referred to as
the “surface coverage” of the dye, we immersed 3-SeP-
functionalized CuAlO, films in acidified (pH 3) water/
acetonitrile (90/10 v:v) solutions. Under sufficiently acidic
conditions, 3-SeP desorbed from CuAlO,. We could thus
quantify the amount of solvated dye from transmission-mode
UV/vis absorbance measurements and the reported molar
absorptivity of 3-SeP (Figure S2 in Supporting Information)."”
On the basis of these measurements, the estimated surface
coverage of 3-SeP on CuAlO, thin films was 3.5 X 1077 mol
cm™2,

We used TPV measurements’’ > to characterize light-

initiated processes at 3-SeP/CuAlO,-on-FTO electrodes,
with the goal of elucidating the mechanism(s) of any active
excited-state charge-transfer processes. In our TPV experi-
ments, a two-electrode photoelectrochemical cell, with a 3-
SeP/CuAlO,-on-FTO WE and a platinum CE, was initially
held at open circuit under continuous wave (CW) white-light
illumination. The cell was then perturbed by illuminating the
3-SeP/CuAlO,-on-FTO WE with a short (6—8 ns) pulse of
532 nm light, within the visible absorption band of the dye
(Figure 2), giving rise to a change in the measured open-circuit
voltage (V,.). The TPV signal, which we express as AV, the
difference between the time-dependent V,_ following pulsed
excitation and the steady-state V. under CW illumination, was
then recorded as the cell reestablished equilibrium. The sign of
AV, thus reveals whether pulsed excitation of the 3-SeP/
CuAlO, WE resulted in a negative shift (AV,. < 0) or positive
shift (AV,. > 0) of the Fermi level (Eg) of FTO. Decay kinetics
of the AV, signal in TPV measurements can depend on CW
light intensity (and thus charge-carrier density and the baseline
V,.), the population of bulk and surface trap states, capacitive
effects, shunt resistance, and finally the rate of charge-carrier
recombination across the dye—semiconductor interface.’>>>
Given this complexity, our primary objective in performing
TPV experiments was to determine, on the basis of the sign of
AV, whether photoexcited 3-SeP transferred holes to CuAlO,
as envisioned in the targeted photocatalytic mechanism in
Scheme 1.

Photovoltage transients for 3-SeP-functionalized CuAlO,
consisted initially of a negative AV, signal, which decayed
within 107 s to a longer-lived positive AV, (Figure 3). Inset
A of Figure 3 highlights the decay of the positive signal. The
time evolution of the photovoltage transient was well-modeled
by a multiexponential kinetic model involving triexponential
decay of the initial negative AV,  signal, with amplitude-
weighted average lifetime of 2.64 X 1073 s, and mono-
exponential decay of the longer-lived positive AV, signal, with
lifetime of 1.59 s. The multiexponential kinetic model and
fitting parameters are summarized in Appendix S1 in
Supporting Information, and a fit is superimposed on the
data in Figure 3. The steady-state V. under CW illumination
was 0.095 V; thus, the initial AV . of —0.034 V corresponds to
a perturbation of 36% relative to the baseline voltage.
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Figure 3. Photovoltage transients for 3-SeP/CuAlO,-on-FTO (main figure and inset A) and 3-SeP/FTO (inset B) electrodes, where AV, equals
the difference between the time-dependent V. following pulsed 532 nm excitation and the steady-state V. under CW white-light illumination.
Superimposed on the data are fits to multiexponential decay kinetics. The multiexponential kinetic model and fitting parameters are summarized in
Appendix SI in Supporting Information.
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Figure 4. (A) Linear sweep voltammograms of CuAlO,- and 3-SeP/CuAlO,-on-FTO electrodes under chopped white-light (400—720 nm)
illumination; inset: Average net photocurrent densities as a function of applied potential where error bars correspond to plus-or-minus one standard
deviation relative to the average of measurements on 3 different electrodes per sample. (B) Linear sweep voltammograms of 3-SeP/CuAlO,-on-
FTO electrodes acquired in the dark, under chopped and steady-state (SS) white light (400—720 nm) illumination, and under illumination through
a notch filter that absorbed light from 500 to 700 nm; inset: Average current densities in the dark and under steady-state white-light and filtered
illumination at an applied potential of —0.10 V vs SCE. (C) Chronocoulometry data for 3-SeP/CuAlO,-on-FTO electrodes under alternating
illumination (white light, 400—720 nm) and dark periods, with four different electrolytes (E1-E4) as defined in the text and summarized in the
table; black data points represent the start of dark periods, and yellow data points represent the start of illumination periods. Inset: zoomed-in graph
highlighting chronocoulometry data for electrolytes E1-E3.

Multiexponential voltage-decay kinetics are typical for AV, (Figure 3, inset B). The decay of the AV, was well-modeled

amplitudes exceeding 5—10% of the steady-state V,.>"* We by triexponential kinetics, with an amplitude-weighted average
acquired data with a significant laser-induced perturbation to lifetime of 8.77 X 107> s (Appendix S1). A fit is superimposed
improve the signal-to-noise ratio within the long-lived positive on the measured photovoltage transient in Figure 3. We
AV, signal. attribute the negative measured AV, signal to a negative shift
In a control experiment, designed to aid in the interpretation of Ex of FTO arising from the injection of photoexcited
of the complex TPV data, we coated FTO electrodes with 3- electrons from 3-SeP to FTO. We have previously reported on
SeP, without first depositing any CuAlO,. Photovoltage the n-type sensitization of TiO,-on-FTO electrodes by 3-
transients for 3-SeP-functionalized FTO electrodes consisted SeP,'”" which necessarily implies that electron injection from

of a negative AV, signal that decayed directly to baseline 3-SeP to FTO is thermodynamically favorable.
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Given the results of this control experiment, we likewise
assign the initial short-lived negative AV, signal in photo-
voltage transients for 3-SeP/CuAlO,-on-FTO electrodes
(Figure 3, main graph) to electron injection from 3-SeP to
FTO. In contrast, we attribute the subsequent and longer-lived
positive AV, signal (0.1—0.9 s in Figure 3) to hole transfer
from photoexcited 3-SeP to CuAlO,, as depicted in Scheme 1.
The injection of holes into CuAlO, should cause Ep. of FTO to
shift positively, as indeed measured in the TPV data. Notably,
the absence of any positive signal for 3-SeP/FTO electrodes
supports this assignment. Our TPV data thus provide
compelling evidence in support of the excited-state hole-
transfer mechanism that we targeted in developing 3-SeP-
funcctionalized CuAlO, as a DSP.

To begin to evaluate whether excited-state hole transfer could
be exploited in redox photocatalysis, we characterized 3-SeP/
CuAlO,-on-FTO electrodes using LSV. Prior to these
measurements, we acquired cyclic voltammograms of bare
FTO and CuAlO,-on-FTO electrodes, with an electrolyte
solution of TBAPF (0.10 M) in CH,CN, in the absence of
illumination. At applied potentials from +0.50 to —0.30 V vs
SCE, both FTO and CuAlO,-on-FTO electrodes exhibited
capacitive currents but negligible Faradaic currents (Figure S3
in Supporting Information), establishing this 800 mV range as
an appropriate potential window for LSV measurements to
evaluate photocurrent response.

We next acquired linear sweep voltammograms of FTO
electrodes coated with either bare CuAlO, films or 3-SeP/
CuAlO, films under chopped white-light (400—720 nm)
illumination. These WEs were housed within sealed 3-
compartment, 3-electrode cells with Pt mesh CE and SCE
reference electrode (RE). The electrolyte was a CH,CN
solution of TBAPF (0.10 M) and lactic acid (0.08 M), which
served as a proton source and sacrificial electron donor.
Unfunctionalized CuAlO,-on-FTO WEs exhibited reductive
photocurrents, as evidenced by the instantaneous increase of
reductive current upon exposure of the WE to white light and
the corresponding instantaneous decrease of reductive current
when the light was blocked (Figure 4a). The magnitude of
photocurrent density increased from approximately 0.3 uA
cm™> at an applied potential of +0.3 V vs SCE, to
approximately 1.5 A cm™> at an applied potential of —0.25
V vs SCE. In contrast, 3-SeP/CuAlO,-on-FTO WEs exhibited
substantially greater reductive photocurrent densities, ranging
from 1 to 18 A cm™ and increasing as the potential was
swept negatively (Figure 4a). The inset to Figure 4a depicts
average net photocurrent densities, calculated as the difference
between the measured current density immediately after and
before exposing WEs to white light, as a function of applied
potential. At potentials from +0.2 to —0.3 V vs SCE, reductive
photocurrents for 3-SeP/CuAlO,-on-FTO WEs were 7-to-8-
fold greater than those for CuAlO,-on-FTO WEs. Notably, for
both CuAlO,-on-FTO and 3-SeP/CuAlO,-on-FTO WEs, the
onset of reductive photocurrent occurred at potentials several
hundred millivolts more positive than the onset of dark
reductive current, consistent with the reduction of photo-
generated holes rather than ground-state holes. Thus, the
energy of light was used to increase the reducing potential of
the WE.
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We performed two experiments to gain insight into the
mechanism that produced reductive photocurrents. First, to
evaluate the role of 3-SeP in light-harvesting, we acquired
linear sweep voltammograms under illumination wherein the
white light source was output through a notch filter that
absorbed from 500 to 700 nm, the wavelength region in which
3-SeP absorbs most strongly (Figure 2), and we compared
these data to linear sweep voltammograms acquired under full
white-light (400—720 nm) illumination. (An absorptance
spectrum of the notch filter is presented in Figure S4 in
Supporting Information.) The goal of this experiment was to
determine whether the mechanism giving rise to reductive
photocurrent was initiated by excitation of 3-SeP, or, instead,
whether photocurrent could be initiated by direct excitation of
CuAlO,. The LSV data are plotted in Figure 4b. Linear sweep
voltammograms acquired under steady-state or chopped white-
light illumination exhibited reductive photocurrents that
increased with increasingly negative applied potentials, as
outlined above. In contrast, linear sweep voltammograms
acquired under steady-state, filtered illumination (i.e., from 400
to 500 nm and 700—720 nm) were essentially superimposable
with LSV data acquired in the absence of any illumination.
This result establishes that reductive photocurrents were
initiated by photoexcitation of 3-SeP.

Second, we acquired chronocoulometry data for 3-SeP/
CuAlO,-on-FTO WEs, intermittently in the dark and under
white-light (400—720 nm) illumination, within single-compart-
ment cells with Pt CE and SCE RE. The charge passed
between WE and CE was measured as a function of time at
constant applied potential of —0.10 V vs SCE, a potential at
which significant reductive photocurrents were measured in
LSV experiments (Figure 4a,b). We acquired chronocoulom-
etry data using four different electrolyte solutions, all of which
contained TBAPF, (0.1 M) as supporting electrolyte: (1) Ar-
purged electrolyte (to minimize the concentration of dissolved
0,) with dry CH3CN as solvent (to minimize the
concentration of H,0), (2) air-equilibrated electrolyte
(containing dissolved O,) with dry CH;CN as solvent, (3)
Ar-purged electrolyte with 90:10 (v:v) CH;CN/H,O mixed
solvent, and (4) air-equilibrated electrolyte with 90:10 (v:v)
CH;CN/H,0 mixed solvent. The goal of these experiments
was to evaluate the importance of various possible reduction
half-reactions at the 3-SeP/CuAlO, WE and oxidation half-
reactions at the Pt CE, by measuring the charge passed in the
presence and absence of potential electron- and hole-accepting
solutes. During the acquisition of chhronocoulometry data, the
WE was held in the dark for S min, then illuminated for 10
min, and this cycle was repeated for a total of 60 min.
Chronocoulometry data are summarized in Figure 4c. For
photoelectrochemical cells with electrolyte #1 (Ar-purged, dry
CH,;CN), reductive charge (0.5-0.8 mC) was passed during
the 10 min illumination periods, and oxidative charge (0.2—0.3
mC) was passed during the S min dark periods; this electrolyte
was the only one for which any oxidation occurred at the WE.
When O, was introduced into the electrolyte solution
(electrolyte #2, air-equilibrated with dry CH;CN), additional
reductive charge (2—4 mC) was passed during the 10 min
illumination periods, and essentially no charge was passed
during the dark periods. The magnitude of reductive charge
decreased with time across successive illumination periods. For
electrolyte #3 (Ar-purged, 90:10 CH;CN:H,0), the reductive
charge passed under illumination increased further (to S—8
mC per 10 min illumination period) and was essentially
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invariant over time; no charge was passed during the dark
periods. Finally, for photoelectrochemical cells with electrolyte
#4 (air-equilibrated, 90:10 CH;CN:H,0), the reductive charge
passed during illumination was greatest (20—30 mC per 10
min illumination period), whereas much less reductive charge
(2—3 mC) was passed in the dark. The reductive photocurrent
decreased initially within the first illumination period but was
invariant during subsequent illumination periods.

The results of these chronocoulometry experiments provide
insight into the range of active reduction and oxidation half-
reactions in these photoelectrochemical cells. In the absence of
0, or H,O (electrolyte #1), the minimal amount of reductive
charge passed probably arose from reduction of 3-SeP and/or
solvated H" from residual H,O. The 4-to-10-fold increase of
photoreductive charge passed with the addition of either O,
(electrolyte #2) or H,O (electrolyte #3), and the approx-
imately 40-fold increase with the addition of both O, and H,O
(electrolyte #4), provide evidence that both O, and H* can be
reduced by photoexcited 3-SeP. (We assume that H,O was
oxidized at the Pt CE.) Thus, taken together, the results of
LSV and chronocoulometry measurements reveal (a) that
photoinduced reduction reactions at 3-SeP/CuAlO,-on-FTO
WEs are initiated by excitation of the 3-SeP dye and (b) that
photoexcited 3-SeP can reduce solvated species in the
electrolyte, giving rise to sustainable reductive photocurrents
when coupled with dark oxidation at the Pt CE.

Given that 3-SeP/CuAlO, can function as DSPs, we next
sought to optimize their reactivity in the photocatalytic
reduction of H" to H,. To promote HER via the mechanism
outlined in Scheme 1, we added Co-cat (Chart 1), as proton-
reduction cocatalyst, and TEOA, as sacrificial electron donor,
to the electrolyte.”" In an initial experiment to assess whether
TEOA was an effective electron donor to couple with reductive
HER at the WE, we acquired chronocoulometry data for 3-
SeP/CuAlO,-on-FTO WEs, under white-light illumination,
within 3-compartment electrochemical cells. The electrolyte
solution in all three compartments contained Co-cat (1.0 mM)
and KCI (0.10 M) in a 90:10 (v:v) CH,CN/H,O mixed
solvent at pH 7.0. Chronocoulometry data were acquired when
TEOA (0.38 M) was added to the electrolyte only in the WE
compartment or only in the CE compartment, and also when
TEOA was absent from both compartments. Photoelectro-
chemical cells with all three electrolyte compositions produced
photocathodic currents and passed reductive charge during
prolonged steady-state white-light illumination at an applied
potential of —0.2 V vs SCE, revealing that the 3-SeP/CuAlO,-
on-FTO WEs functioned as DSPs under these conditions
(Figure S4 in Supporting Information). When TEOA was
present in the CE compartment, the total reductive charge
passed after 1 h of illumination was 1.9-fold greater than when
TEOA was present in the WE compartment and 1.7-fold
greater than when it was altogether absent. The enhancement
of reductive photocurrent when TEOA was present in the CE
compartment, and the lack of an effect when TEOA was
present in the WE compartment, provides evidence that TEOA
was oxidized at the Pt CE, as outlined in Scheme 1, and thus
that TEOA was indeed an effective sacrificial donor to promote
photocathodic processes initiated by illumination of 3-SeP/
CuAlO,-on-FTO WEs.
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Finally, we performed chronocoulometry experiments to
evaluate HER at 3-SeP/CuAlO, DSPs, within 3-compartment
cells with a Pt CE and SCE RE. The electrolyte consisted of
Co-cat (1.0 mM), TEOA (0.38 M), and KCI (0.10 M) in a
90:10 (v:v) CH;CN/H,O mixed solvent. To promote HER,
the electrolyte was acidified to pH 4 using HCl and was
deaerated by purging with Ar for 30 min. Chronocoulometry
data were acquired for 2—3 h under white-light illumination
(with periodic dark periods to differentiate between light-
initiated and dark electrochemical processes) at an applied
potential ranging from —0.04 to —0.06 V vs SCE, at which
reductive photocurrent was significant and dark current was
negligible. After prolonged-illumination chronocoulometry
measurements, the headspace above the electrolyte solution
was characterized by gas chromatography (GC). Representa-
tive chronocoulometry data and gas chromatographs are
shown in Figure S. Under these conditions, the 3-SeP/
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Figure 5. Gas chromatograph (royal blue trace) of the headspace
above the electrolyte solution following 3-h white-light illumination of
3-SeP/CuAlO,-on-FTO WEs at an applied potential of —0.04 V vs
SCE, within a single-compartment cell with Pt CE; the electrolyte
contained TEOA (0.38 M), KCl (0.10 M), and Co-cat (1.0 mM) in
90:10 (v:v) CH;CN/H,O. The light blue GC trace is from the
headspace above the electrolyte from an unilluminated control
sample. Inset: Corresponding chronocoulometry data for the
illuminated and unilluminated samples. Every 30 min during the
prolonged illumination, the light was blocked for 5 min, giving rise to
plateaus in the data; black data points represent the start of dark
periods, and yellow data points represent the start of illumination
periods.

CuAlO, DSPs reproducibly passed reductive charge under
illumination and produced gaseous H,, as evidenced by the
well-resolved peak at 1.1 min in the gas chromatograph. The
average Faradaic efficiency for the reduction of H* to H, (eq
S3 in Supporting Information), calculated from measurements
on four different 3-SeP/CuAlO,-on-FTO WEs, was (43 +
27)%. In dark control experiments, the reductive charge passed
was negligible (<1 mC), and H, was not detectable in the
headspace by gas chromatography (Figure S). The chrono-
coulometry data are thus consistent with the p-type
sensitization mechanism in Scheme 1, in which HER is
initiated by the transfer of holes from photoexcited 3-SeP to
CuAlO,. Photocatalytic HER over unfunctionalized CuAlO,
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has been reported,54 and thus, in our measurements, some H,
may have been produced following the direct excitation of
CuAlO,. However, given that our unfunctionalized CuAlO,-
on-FTO electrodes produced 7-to-8-fold lower photocurrents
than 3-SeP/CuAlO,-on-FTO electrodes (Figure 4a), we
conclude that the significant majority of HER was initiated
by excitation of 3-SeP. We tentatively attribute the sub-100%
Faradaic efficiency for HER to the reduction of 3-SeP and/or
Co-cat. Our measured Faradaic efliciencies for photocatalytic
HER are similar to those recently reported by Reisner and co-
workers for CuCrO,-derived DSPs with organic dyes and a
Ni(I) cocatalyst'>'* but lower than the Faradaic efficiency
reported by Windle et al. for a Z-scheme photoelectrochemical
cell incorporating a CuGaO,-derived DSP with an organic dye
and a Co(III) cocatalyst."”

We have reported on the attachment of 3-SeP to CuAlO, thin
films and the characterization of light-initiated charge transfer
and redox chemistry including HER via the reduction of H' to
H,. Several factors render 3-SeP-functionalized CuAlO, as a
promising DSP architecture. First, 3-SeP absorbs light at lower
energies than analogous O-containing rhodamines and under-
goes efficient intersystem crossing to yield a long-lived excited-
state that enables interfacial hole transfer to compete more
efficiently with electron—hole recombination. Second, CuAlO,,
like other Cu(I) delafossites, has an unusually high-energy
valence band edge and high hole mobility. Third, the
phosphonate linkage between 3-SeP and CuAlO, is particularly
inert, and 3-SeP adsorbs to CuAlO, as a mixture of monomeric
and H-aggregated dyes, which broadens the dye’s absorption
bands and increases visible light harvesting. Our TPV, LSV,
and chronocoulometry data reveal that photoexcited 3-SeP
transfers holes to CuAlO,, which separates holes from
electrons and enables subsequent oxidation and reduction
half reactions. The TPV data, in particular, provide compelling
evidence that photoexcited 3-SeP dyes transfer holes to
CuAlO,. Our results thus reveal that selenorhodamine dyes
can function as p-type sensitizers. Notably, 3-SeP/CuAlO,
DSPs significantly outperformed unfunctionalized CuAlO,
photocathodes, highlighting the importance of the hole-
transfer mechanism in redox photocatalysis. In conjunction
with a Co(Ill) cocatalyst and a sacrificial donor, 3-SeP/
CuAlO, DSPs reduced H* to H, with Faradaic efficiency of
approximately 40%. Our results highlight the potential of
selenorhodamine-sensitized CuAlO, as a DSP architecture for
solar photocatalysis. Ongoing challenges and opportunities
include improving the efficiency of HER, evaluating and
maximizing the longevity of photocatalytic performance,
coupling the reduction of H" with the oxidation of H,O or
other nonsacrificial donors, and exploring alternative redox
photocatalytic mechanisms. Finally, dissolution of the cobalox-
ime reduction cocatalyst in the electrolyte solution is not
practical and probably limits photocatalytic performance. Co-
immobilization of dyes and cocatalysts on CuAlO, may render
this class of DSPs more suitable for real-world applications,
and we are exploring this possibility.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.4c00368.
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EDS spectra, SEM images, and cyclic voltammetry data
for CuAlO,, chronocoulometry data for 3-SeP-function-
alized CuAlO,, and descriptions of the estimation of
surface coverages of dyes on CuAlO,, multiexponential
fitting of photovoltage transients and the calculation of
Faradaic efficiencies of hydrogen evolution (PDF)
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