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Insights into the Mechanism of a Covalently Linked
Organic Dye-Cobaloxime Catalyst System for Dye-

Sensitized Solar Fuel Devices

Palas Baran Pati,”” Lei Zhang,” Bertrand Philippe,” Ricardo Fernandez-Teran,®
Sareh Ahmadi,"™ Lei Tian,” Hakan Rensmo,”® Leif Hammarstrém,”® and Haining Tian*®

A covalently linked organic dye-cobaloxime catalyst system
based on mesoporous NiO is synthesized by a facile click reac-
tion for mechanistic studies and application in a dye-sensitized
solar fuel device. The system is systematically investigated by
photoelectrochemical measurements, density functional
theory, time-resolved fluorescence, transient absorption spec-
troscopy, and photoelectron spectroscopy. The results show
that irradiation of the dye—catalyst on NiO leads to ultrafast
hole injection into NiO from the excited dye, followed by a fast
electron transfer process to reduce the catalyst. Moreover, the

Introduction

Owing to limited reserves and the “footprint” of fossil fuels,
the development of sustainable energies in our society is re-
quired. Solar energy, as an attractive sustainable energy
source, is abundant and clean. Converting solar energy into
solar fuels (e.g., H,, CH,, CO) from stable and abundant sub-
strates (e.g., H,0, CO,) is an important strategy to implement
sustainable energy conversion and storage.'""® Dye-sensitized
solar fuel devices (DSSFDs) constitute a kind of photoelectro-
chemical cell™'>'*" based on large band gap semiconductors
sensitized with molecular dyes and catalysts for solar fuel pro-
duction.!"*"24 For an efficient DSSFD, photocurrent match be-
tween the photocathode and photoanode is desirable. The
photoanode has been intensively investigated and rapidly de-
veloped,""*3% with a record high photocurrent density of
3 mAcm 2 at pH 8.2 However, the progress in the production
of a working photocathode is still unsatisfactory,*'=* which
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dye adopts different structures with different excited state en-
ergies, and excitation energy transfer occurs between neigh-
boring molecules on the semiconductor surface. The photo-
electrochemical experiments also show hydrogen production
by this system. The axial chloride ligands of the catalyst are re-
leased during photocatalysis to create the active sites for
proton reduction. A working mechanism of the dye-catalyst
system on the photocathode is proposed on the basis of this
study.

causes the performance of the final DSSFD to be less than
ideal.®** The way that the photosensitizer and catalyst are ar-
ranged on the electrode definitely affects the performance of
the photocathode. Most of the reported photocathodes based
on the dye/catalyst concept adopt the co-sensitization method
reported by Sun and co-workers,**** which is beneficial for in-
timate interaction between dye and catalyst, and is synthetical-
ly simpler. However, the co-sensitized catalysts occupy partial
sites of the semiconductor surface and are also are near the
electrode surface, probably leading to insufficient dye loadings
as well as fast recombination between the injected holes in
the semiconductor and electrons in the reduced catalyst,
which could limit the obtainable photocurrent. Wu and co-
workers reported a coordination linkage between a Ru dye
and a cobaloxime catalyst on NiO films with an atomic-layer-
deposited (ALD) Al,O; coating, which solves some of the afore-
mentioned issues.®? However, the axial coordination bond of
a pyridine group on the cobalt center could become unstable
upon reduction.®® Wasielewski and co-workers recently report-
ed a strategy using ALD Al,O; to protect the dye on NiO for
use as a photocathode for photodriven hydrogen evolution,
which increased the stability of the dye under aqueous condi-
tions.?’”’ Subsequently, Meyer and co-workers reported a photo-
cathode with a “donor-dye-catalyst” assembly on NiO for
water reduction with a photocurrent density of —56 pAcm 2
and a Faradaic yield of 53%.5®

Herein, we report a covalently linked dye—catalyst system on
a photocathode for H, evolution. The study of such a covalent
system would be beneficial for our understanding of the differ-
ent interfacial electron transfer processes, and for comparison
with other systems, which would guide us in the design and
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Figure 1. Molecular structures of the dye (PB-1), catalyst (Co-N;), and dye-catalyst (PB-2) compounds used in this study.

development of more efficient photocathodes in the future.
With this motivation in mind, we searched for a method for
facile linkage of the dye and catalyst for NiO sensitization. In
2013, Artero and co-workers reported the immobilization of
a cobaloxime (also named as cobalt diamine-dioxime) catalyst
(Figure 1) on carbon nanotubes through a “click” reaction for
electrocatalytic hydrogen production.®® This would provide us
with a useful building block and inspired us to build up a pho-
toactive dye-catalyst system by click chemistry. Interestingly,
during the preparation of our manuscript, a similar but differ-
ent system was reported by Artero and co-workers,“” in which
the cobaloxime catalyst was linked with dyes through the ac-
ceptor unit. In our system, we put the catalyst near the accept-
or group and also carried out more mechanistic studies of the
covalently linked dye-catalyst system. Figure 1 shows the mo-
lecular structures of the compounds used in this study. PB-1 is
the dye compound without the catalyst linked, in which car-
boxylate is employed as an anchoring group, the triphenyla-
mine (TPA) unit acts as an electron donor, dicyanovinyl is used
as the electron acceptor, and dibenzylcyclooctyne (DBCO) is in-
troduced in the reaction site for posterior catalyst linkage. PB-
2 is the dye-catalyst compound synthesized by the Cu-free
click reaction between PB-1 and the cobaloxime-azide catalyst
(Co-N3). The insitu click reaction of PB-1 with Co-N; on NiQO,
denoted as [PB-2], was also carried out for comparison with
PB-2 synthesized before attachment to the NiO film.

Experimental Section
General

Chemicals and solvents were purchased from Sigma-Aldrich and
used without further purification unless specified. All the organic
reactions were performed under an inert atmosphere of nitrogen,
and the prepared chemicals were dried under vacuum. 'H NMR
spectra of the compounds were measured on a JEOL Eclipse+
400 MHz spectrometer with CD,0D as solvent. Chemical shifts are
reported in parts per million (ppm) relative to tetramethylsilane by
referencing to the residual signal of the deuterated solvent. High
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resolution mass spectral analyses (HRMS) were performed on
a high resolution pneumatically-assisted electrospray ionization
Fourier transform (FTMS+ pNSI) mass spectrometer (OrbitrapXL).
UV/Vis spectra were acquired with an Agilent Cary 50 UV/Vis-NIR
spectrophotometer. Fluorescence spectra were measured on
a Horiba FluoroLog instrument in 1 cm standard quartz cuvettes.

Synthesis
Synthesis of PB-1

(Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluoro-
phosphate (BOP; 38.4 mg, 0.0868 mmol), triethylamine (12 L,
0.0868 mmol) and dibenzocyclooctyne-amine™” (DBCO-amine, 2;
24 mg, 0.0868 mmol) were added to the solution of compound
1% (42.7 mg, 0.0868 mmol) in dry DMF under a N, atmosphere.
The mixture was stirred for 1 h at room temperature (RT). The sol-
vent was removed by a rotary evaporator. The crude product was
purified by silica gel column chromatography (60 mesh) using di-
chloromethane/methanol (DCM/MeOH; 90:10) as eluent. The ob-
tained red solid was washed three times with a mixture of ethyl
acetate and pentane (2:98), to yield PB-1 as a dark red solid
(16 mg, 0.0216 mmol, yield 25 %). "H NMR (400 MHz, CD,0D): 6 =
8.28 (s, 1H, cyanovinylic proton) 7.94-7.97 (m, 2H, Ar-H), 7.84 (d,
J=4.0Hz, 1H, Ar—H), 7.75-7.78 (m, 3H, Ar—H), 7.66 (d, /=8.0 Hz,
1H, Ar-H), 7.61 (m, TH, Ar—H), 7.52 (d, J/=8.0 Hz, TH, Ar—H), 7.41-
7.48 (m, 2H, Ar—H), 7.32-7.34 (m, 1H, Ar—H), 7.06-7.26 (m, 10H,
Ar—H), 513 (d, J/=13.9Hz, 1H, —CH,), 3.69 (d, /=13.9Hz, 1H, —
CH,), 3.39-3.60 (m, 2H, —CH,), 2.53-2.57 (m, 1H, —CH,), 2.20-
225ppm (m, 1H, —CH,); HR-MS: [M+Nal® «calcd for
Cy6H3:NsO,SNa: 772.1994; found: 772.1994.

Synthesis of PB-2

Co-N; (50 mg, 0.12 mmol) was added to 15 mL dry acetonitrile so-
lution containing PB-1 (75 mg, 0.1 mmol). The reaction mixture
was stirred at RT overnight under a N, atmosphere. The solvent
was removed under reduced pressure and the crude product was
subsequently washed with ethyl acetate/pentane (2:98) and ice-
cold acetonitrile to remove excess dye and unreacted catalyst, af-
fording PB-2 as a red powder (75 mg, 65% yield). As there is
a chance of forming isomers depending on the triazole substitu-
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tion, the characterization of PB-2 by 'H-NMR was extremely diffi-
cult. The HR-MS spectrum was only used to characterize PB-2. HR-
MS: [M+Na]" caled for Cs;H,0CoCl,N;,OcSNa: 1181.2220; found:
1181.2239.

Preparation of buffer solutions

Stock solutions of 1m K,HPO, and 1M KH,PO, were prepared. 1m
K,HPO, (49.7 mL) and 1m KH,PO, (50.3 mL) were mixed and the
combined solution was diluted to 1000 mL with distilled water.
The pH of the prepared phosphate buffer solution was 6.8. Acetate
buffer was prepared by mixing 0.1N acetic acid (80 mL) with 0.1TN
sodium acetate (120 mL) and the pH was 4.8.

General electrochemical methods

Electrochemical measurements were carried out by using an AUTO-
LAB potentiostat and a general purpose electrochemical system
(GPES) electrochemical interface (Eco Chemie) with a traditional
three-electrode system with Ag/AgNO; (10 mm AgNO,) as the ref-
erence electrode, glassy carbon as the working electrode, and
a platinum rod as the counter electrode. The compound (0.1 mwm)
in acetonitrile was used as a solution and 0.1 m tetrabutylammoni-
um hexafluorophosphate (TBAPF;) was employed as supporting
electrolyte with a scan rate of 100 mVs™'. Ferrocene (Fc) was used
as reference in the background solution to calibrate the potential
of the Ag/AgNO; electrode to the normal hydrogen electrode
(NHE) by adding E,, ;.= 0.63 V vs. NHE*! The E, , of Fc”* was de-
termined by cyclic voltammetry under the same conditions, as the
average of the anodic and cathodic peak potentials [E;,=(E,,+
E,)/2].

Preparation of the photocathode

Mesoporous, nanostructured NiO films with a thickness of 3.5 um
on fluorine-doped tin oxide (FTO) substrates were prepared by
doctor-blading method using a NiO paste prepared according to
a previously reported method.“?. The active areas of the prepared
NiO film were 1 cm? Subsequently, the NiO films were sensitized
by dipping the films into a 0.2 mm methanol solution of PB-1 and
PB-2 overnight to form photocathodes. The photocathodes were
rinsed with MeOH to remove excess weakly deposited dye on the
surface, then dried under a nitrogen flow. The in situ prepared PB-
2 on the NiO surface, [PB-2], was prepared as follows: the PB-1-
sensitized NiO film was dipped into a 0.1 mm acetonitrile solution
of Co-N; overnight and then the film was washed with acetonitrile
to remove excess catalyst and dried under a nitrogen flow.

Photoelectrochemical (PEC) measurement

To investigate the molecular photocathode, PEC measurements
were carried out in a home-made cell set up with two compart-
ments separated by a Nafion proton exchange membrane
(DuPont™ Nafion® NR211), in which the photocathode was used as
the working electrode, Pt foil was introduced as the counter elec-
trode, and Ag/AgCl electrode (saturated KCI) acted as the reference
electrode. The area of the photocathode was fixed to 0.5 cm? by
a metal mask. A white LED PAR38 lamp (17 W, 5000 K, Zenaro
Lighting GmbH) was used as a light source. Before every experi-
ment, the PEC cell was degassed by Ar for at least 15 min.
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Hydrogen detection

Hydrogen was detected by using Unisense microsensor. Before cal-
ibration and measurements, the sensor was polarized at
-+ 1000 mV until stable. The calibration was carried out by injecting
different volumes of hydrogen-saturated water in a calibration
chamber with known amount of water.

Time-resolved fluorescence

Time-correlated single photon counting (TCSPC) measurements
were carried out by using a pulsed diode laser source (Edinburgh
Instruments EPL470) operating at 470.4 nm with a pulse full width
half maximum (FWHM) of approximately 87.3 ps. A neutral density
filter was used to attenuate the beam to obtain photon counts of
approximately 1% or less of the incoming light intensity. The de-
tector used was a Hamamatsu MCP-photomultiplier tube R3809U-
51 (cooled to approximately —40°C), the signal was passed to
a discriminator (Ortec 9307) and then into a time-to- amplitude
converter (TAC) (Ortec 566, 50 ns time range used). The electrical
trigger signal from the laser was also passed through a discrimina-
tor (Tennelec TC454) and on to the TAC (Ortec 566). The TAC
output was read by a DAQ-1 multi-channel analyzer computer card
using 4096 channels and collected with Horiba Jobin Yvon Data-
Station 2.3 software. All measurements were done in reverse mode
at 20 MHz and under magic angle polarization. A cut-off filter was
used to block the scattered excitation light. The instrument re-
sponse function (IRF) was obtained by using a blank microscopy
glass slide. Fluorescence lifetimes were obtained by iterative re-
convolution of the IRF and the collected decay curves, by fitting to
a multiexponential decay model using either in-house scripts or
with the help of the SpectraSolve 2.01 software.

The streak camera setup used for time-resolved fluorescence meas-
urements has been described previously in detail.*” Briefly, the
sample was excited at 400 nm by the frequency-doubled output of
a Ti:Sa oscillator (Coherent Mira 900) with a repetition rate of
76 MHz. Solutions were measured using a 1 cm quartz cuvette,
and the laser beam was directed into the cuvette close to the cuv-
ette wall on the emission side, thus reducing the efficient cuvette
length to 1-2 mm. Films were measured by exciting at an angle of
approximately 30°. The excitation energies at the sample were in
the order of approximately 15 pJ after removal of residual IR light
with a CC8 glass filter. The emitted light was focused at a right
angle and passed through a 435 nm long-pass filter to a Bruker
SPEC 250IS spectrograph with approximately 200 nm observation
windows, and onto the streak camera (Hamamatsu). The observed
time windows for different time ranges were approximately 160 or
2000 ps, and the FWHM of the response functions were approxi-
mately 5 or 50 ps, respectively. The data was processed in Igor Pro
6.37 and fitted to a multiexponential decay model (up to 2 compo-
nents) convoluted with a Gaussian response function, with the
FWHM as a fitted parameter, and analyzed using in-house global
fitting procedures.

Ultrafast laser spectroscopy

The preparation of PB-1 and PB-2 sensitized films (ZrO,, TiO,, and
NiO) for the femtosecond transient absorption measurements were
similar to ones used for the PEC experiments, but with a thinner
layer (ca. 1 pum) to have sufficient transparency for pump-probe
measurements. During the measurements, a drop of propylene car-
bonate (PC) was added to the sensitized film and covered with
a thin glass by capillary force. The absorbance of the sample was
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controlled between 0.3-0.8. Femtosecond time-resolved measure-
ments were carried out in transient absorption mode. A detailed
description of the setup has been reported previously by Petersson
et al."® Briefly, the output from a Coherent Legend Ti:Sapphire am-
plifier (1 kHz, A =800 nm, FWHM 100 fs) was split into a pump and
a probe part. The desired pump wavelengths were obtained with
a TOPAS-white non-colinear optical parametric amplifier. The
energy of each pulse was controlled to 200 nJ over approximately
3 mm? A white light continuum was used as the probe and ob-
tained by focusing part of the 800 nm light on a moving CaF,
plate. The polarization of the pump was set at the magic angle,
54.7°, relative to the probe. Instrumental response time depends
on the pump and probe wavelengths but was typically approxi-
mately 150 fs.

Data analyses were carried out in MATLAB (The MathWorks, Inc.),
with a robust trust region reflective Newton nonlinear-least-
squares method used for the fits of time traces. Traces (AA vs. t)
were fitted to a sum of exponentials convolved with a Gaussian
shaped response. Also included in the fits is an artifact signal that
is due to the cross phase modulation during pump and probe
overlap. All spectra are chirp corrected in the white light probe.
The time zero was set at the maximum pump-probe temporal
overlap.

Photoelectron spectroscopy

Hard X-ray photoelectron spectroscopy (HAXPES) measurements
were carried at the photon source BESSY Il (Helmholtz Zentrum
Berlin, Germany) at the KMC-1 beamline®” using the HIKE end-sta-
tion."® The end-station was provided with a usable photon energy
range from 2 keV to 12 keV. The photon energy was selected by
using a double-crystal monochromator (Oxford-Danfysik) and the
photoelectron kinetic energies (KE) were measured using a Model
R4000 analyzer (Scienta) optimized for high kinetic energies. In this
work, a photon energy of 2100 eV was used by selecting the first-
order light from a Si(111) crystal.

Overview spectra (see the Supporting Information, Figure S13)
were measured with a pass energy (E,) of 500 eV and the core
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level peaks with an Ep of 200 eV. The spectra presented in this
work were energy calibrated versus the Fermi level at zero binding
energy, which was determined by measuring a gold plate in elec-
tric contact with the sample and setting the Au4f,, core level
peak to 84.0 eV after curve fitting. The core-level spectra were all
intensity normalized versus the background at the lower binding
energy side. Overview spectra are normalized to the background
value at 525 eV.

Result and Discussion

Synthesis

The copper-free click reaction™ was adapted to make the link-

age between the dye core and the catalyst owing to its moder-
ate reaction conditions. The synthetic routes of PB-1 and PB-2
are depicted in Scheme 1. Compound 1 and DBCO-amine (2)
were synthesized by following the reported literature
method.”""*? Condensation between compound 1 and DBCO-
amine afforded PB-1 by using a condensing reagent [benzo-
triazol-1-yloxy)tris(dimethylamino)phosphonium hexafluoro-
phosphate] in dry DMF solution under a nitrogen atmosphere.
The coupling reaction yielded both mono- and di-coupled
products in 25% and 28% yield, respectively. Other coupling
reagents, such as N-(3-dimethylaminopropyl)-N'-ethylcarbodii-
mide hydrochloride (EDC), dicyclohexylcarbodiimide (DCC), and
1-hydroxybenzotriazole hydrate (HOBt), were also tested for
this reaction, but none of them were suitable because they
yielded inseparable product mixtures. The reaction between
the azide unit and DBCO resulted in a mixture of two isomers
(the 1,5- and the 1,4-disubstituted tetrazoles), which were diffi-
cult to separate. To monitor the reaction rate of PB-1 with Co-
N;, UV/Vis spectra of the reaction mixture of PB-1 (40 pM) and
Co-N; (100 uM) in dry acetonitrile were recorded as a function
of reaction time (see Figure 2a). The spectrum was measured
every 30 min by keeping the reaction mixture at room temper-

CN
NC

BOP, dry DMF
1 h,RT(28%)

PB-2

)

:/ \i
N G N-0
N3 Co, H
N/ ¢IN-0
>\ /<

Co-N3

Dry acetonitrile, RT overnight
(65%)

Scheme 1. Synthetic procedures for the preparation of compounds PB-1 and PB-2.
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Figure 2. a) Cu-free click reaction between PB-1 (40 um) and Co-N; (100 um)
in dry acetonitrile solution monitored by UV/Vis absorption spectroscopy
with respect to time; the inset is a magnification of the near-UV region.

b) The change in UV/Vis absorbance at 310 nm as a function of time during
the reaction (points) and second order reaction kinetic fittings (lines); the
inset shows the absorption vs. time whereas the main figure is a plot ac-
cording to Equation (1).

ature with stirring. The peak absorbance at 310 nm gradually
decreased as the reaction between PB-1 and Co-N; proceeded,
which is assigned to the structural change of the cyclooctyne
of PB-1 into the triazole.”” The reaction was therefore com-
pleted within 6 h when the absorbance at 310 nm reached
a plateau. By kinetically fitting the absorption data to second
order reaction kinetic model according to Equation (1), we ob-
tained a rate constant, k = 3s~'M ™" (Figure 2b). It was difficult
to obtain the reaction rate constant of the in situ click reaction
on NiO due to the overlap between the absorption of cyclooc-
tyne and the strong absorption of NiO in the UV region.

In [PB_”t —1In Ar _Amax
[CoN,,  "3.5A —2.5A,, — A
— K(PB—1]o — [Co—NyJo)t + InPe—1o. "
’ e [Co—N;,

Equation (1) represents the second-order analysis of the click
reaction in solution, in which, [PB—1], and [PB—1], are the ini-
tial concentration and concentration at time t of PB-1, respec-
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tively. [Co—N;], and [Co—N;], are the intinal concentration and
concentration at time t of Co-Nj, respectively. A, and A, are the
initial absorbance and absorbance at time t, respectively. at
310 nm. A, is the final absorbance at 310 nm.

Optical properties

The absorption spectra of the compounds in methanol solu-
tion and on a NiO film are shown in Figure 3 and the corre-

1.2 12
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Figure 3. Normalized absorption and emission spectra in methanol solution
(a) and absorption spectra (b) of different samples on NiO films (PB-1/NiO,
PB-2/NiO, and [PB-2]/NiO) using bare NiO as a baseline.

sponding physical and electrochemical properties are summar-
ized in Table 1. We observed a characteristic band in the high-
energy region with an absorption maximum at 310 nm, which
we attributed to the strained cyclooctyne ring. In the case of
PB-2, the characteristic band at 310 nm was absent, as expect-
ed, confirming the formation of the triazole ring after click re-
action. Dyes PB-1 and PB-2 both show only one broad emis-
sion in methanol (500-800 nm), with very similar emission
maxima at 684 and 689 nm, respectively. However, the fluores-
cence of PB-2 is quenched by 40% compared to that of PB-
1 in solution under the same conditions (Figure S1). The de-
tailed fluorescence study of dyes on films will be described
and discussed in sections on time-resolved fluorescence and
transient absorption spectroscopy. The absorption spectra of
both compounds bound to NiO films are essentially the same
as the solution spectra in terms of the shape and position of
the bands, and the absorption spectrum of [PB-2]1/NiO record-
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Table 1. Optical and electrochemical data of PB-1 and PB-2

Dye Aabs Aabs Aem Eqo [eVI Es/st v Ecorve IVI¥ Ecorerne VI Es/s- v Esy/s- v Esi /sy V1
(ex10*mem™)  [nm]®  [nm]9

PB-1 342 (2.41) 465 684 2.27 1.40 - - —-0.70 1.57 —0.87
467 (2.58)

PB-2 341 (2.57) 466 689 2.25 1.41 0.01 —-0.32 -0.79 1.46 —0.84
467 (2.48)

Co-N, - - - - - 0 -0.42 - - -

[a] In methanol. [b] On NiO film. [c] In methanol. 1., independent of excitation wavelength; [d] Transition energy (Ey.) is estimated from the intersection of
the normalized absorption and emission curves. [e] All potentials are given vs. NHE converted by adding £7 . ; =0.63 V vs. NHE.¥ [f] The excited state po-
tentials were estimated from Ey, and the recorded potentials by using CV, according to the following: E. s, = Es: /s—Eq.o; Esy/s- = Esjs- + Eoo-

ed after the in situ click reaction on the NiO surface is similar
to that of PB-2/NiO.

Electrochemical properties

The electrochemical properties of PB-1 and PB-2 were investi-
gated by cyclic voltammetry (CV) in acetonitrile (Figure 4).
Both PB-1 and PB-2 show reversible oxidation peaks corre-
sponding to the oxidation of the triphenylamine moieties, at
1.40 and 1.41V vs. NHE, respectively, which suggests that tria-
zole ring formation does not have any effect on the potential
for oxidation of the dye core. There is also no significant differ-
ence between the potentials for reduction of the dye core be-

T T
16 14 12 10 -08 06 -04 -02
+

V vs Fc/Fc

T T
0.0 0.2 0.4 q.:s 0.8
V vs Fc/Fc

Figure 4. Cyclic voltammetry of the reduction (a) and oxidation potential (b)
of 0.1 mm PB-1 and PB-2 in acetonitrile medium containing 0.1 m TBAPF,
with a scan rate of 100 mVs™'; Ag/AgNO; as a reference electrode, glassy
carbon as a working electrode, and Pt rod as a counter electrode.
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tween PB-1 and PB-2. For PB-2, there are two additional re-
duction peaks at 0.01V and —0.32V vs. NHE, which we as-
signed to the reduction of Co*" to Co®>" (Ecps+2:) and Co*™ to
Co'" (Ecee-), respectively. The pure catalyst Co-N; shows the
corresponding peaks at OV and —0.42V vs. NHE instead.
Eco2on+ in PB-2 is shifted to a positive potential as compared to
that in pure catalyst probably owing to the ligand modifica-
tion. Using the potentials Es;s. and Eg;s-and the excited state
energy (Eyo Table 1) we can estimate values for the excited
state potentials Es,/s- and Es, s for the dyes and obtain an ini-
tial estimation of the feasibility of processes of excited state
hole injection, dye regeneration by the catalyst, and catalyst
reduction by the excited dye. The E, or Es, s of the dyes are
much more positive than the energy level of the NiO valence
band (VB), approximately 0.5V vs. NHE" which thermody-
namically facilitates hole injection from the excited/oxidized
dye to the NiO VB. The E.4 or Es,/s:. potentials of PB-2 are
more negative than the potential for the two first reductions
of the catalyst Co-N;, which suggests that both the reduced
and excited dye can affect the catalyst reduction.

Theoretical calculations

Density functional theory (DFT) calculations were carried out
to gain insight into the possibility of intramolecular charge
transfer (ICT) in PB-1 and PB-2. Optimized gas-phase geome-
tries were calculated at the B3LYP/6-31G(d) level using the
Gaussian09 rev. A.02 software.”? From the calculation of the
electron distribution of the HOMO and LUMO orbitals of the
dye core ( Figure 5) it can be observed that a m—m* transition
mainly takes place between the electron donor (TPA) and elec-
tron acceptor (malononitrile) units in both PB-1 and PB-2 as
the first ICT process on the dye core. In PB-2, there is no elec-
tron transfer from TPA to the catalyst in the HOMO—LUMO
transition, because there is no conjugated linkage between
TPA and catalyst. However, the catalyst is a spatially close elec-
tron acceptor, and therefore, it is expected to perform the sec-
ondary ICT process from the electron-concentrated acceptor to
the catalyst.

Time-resolved fluorescence
To further elucidate the ICT processes in PB-2 experimentally,

the fluorescence lifetimes of the PB-1 and PB-2 bound to dif-
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Figure 5. Frontier orbitals (HOMO and LUMO) of PB-1 and PB-2 from DFT
calculations.

ferent films (ZrO, and NiO) were measured by time-correlated
single photon counting (TCSPC). The possible charge transfer
processes of different samples are shown in Figure 6a and the
corresponding data in Figure 6b. The sensitized ZrO, samples
were used as a nonquenching reference as ZrO, has a band
gap 5.4 eV; therefore, thermodynamically, neither PB-1 nor PB-

(@) N «*
zr0, —@ NiO —h®
W

PB-1/Zr0,

PB-1/NiO

PB-2/Zr0,

T T T T
——PB-1/2r0,
—— PB-1/NiO
——PB-2/Zr0,
—IRF

10°-

102+

Counts

10" -
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Time (ns)

Figure 6. (a) Possible charge transfer processes in different samples. (b) PL

decay measurement of PB-1/ZrO,, PB-1/NiO, and PB-2/ZrO,.
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2 can inject either holes or electrons into it. We measured the
emission decay of PB-1 and PB-2 on ZrO, to calculate the ICT
efficiency (1c). After fitting the data to a bi-exponential decay,
we obtained for PB-1 on ZrO, Tpg-qz0,the lifetimes and relative
amplitudes of 7;,=1.29 ns (73%) and 7,=3.41 ns (27 %), which
gives a weighted average photoluminescence lifetime of
1.9 ns. When PB-2 is sensitized on ZrO,, the emission is greatly
quenched and its lifetime (Tpg-5/710,) is essentially response-
function-limited, and is therefore estimated to be less than
30 ps according to Equation (4), indicating that an efficient sec-
ondary ICT process takes place involving the cobaloxime unit.
With an upper limit of 7pg-5/70, =30 ps and using Equation (2),
the 7, of PB-2 was determined to be up to 98%, which is
near unity and much higher than that in solution (40 %), prob-
ably owing to the different chemical environment and different
dye geometry in solution and on the surface. Because the fol-
lowing photoelectrochemical (PEC) experiment would be car-
ried out on NiO, and to afford an insight into hole injection
(HI) from the dye to the VB of NiO, the photoluminescence
(PL) lifetime of PB-1 on NiO, 7pg.4noWas also measured, show-
ing again a value close to the instrumental resolution of ap-
proximately 30 ps. The interfacial hole injection efficiency (1)
and lifetime (ry) from dye to NiO are determined to be up to
98% and 30 ps, by using Equations (3) and (5):

Tpg—2/710,
=1 —-—) 2
her Tpg—1/210, ( )
TpB—1/NiO
— 1 _ _PBUNO 3
T Tpg—1/210, ( )
1 1 1
. e B BEAAL (4)
Tpg-2/zc0, Ucr  TpB-1/z10,
1 1 1
+ (5)

Tpg—1/Nio  THi  TpB-1/z10,

For the case of PB-2 sensitized on NiO (PB-2/NiO), there are
two main charge separation processes after excitation: the re-
duction of the catalyst by secondary ICT and HI from dye into
the NiO VB. Because either of the processes in PB-2/NiO can
quench the PL, the TCSPC data of PB-2/NiO does not give
helpful information and is therefore not provided here.

To address the spectral and temporal limitations of the
TCSPC measurement, we used a streak camera to resolve these
rapid fluorescence decays and to understand both the ICT and
HI processes. Fortunately, we could resolve the lifetimes of the
emission decays of both dyes on ZrO,, and the lifetimes of the
decay of PB-1 on NiO. From the decay-associated spectra
(DAS) obtained by global fitting of time-resolved fluorescence
measurements in Figure 7 and Equations (2)-(5), we can con-
firm the very high calculated 7, of 92% and a 7, of approxi-
mately 9 ps in PB-2/ZrO,, when considering the fast compo-
nent only, and a 7, of 92% and 7, of 87 ps, when considering
the slow component only. The slightly lower injection efficien-
cy calculated from time-resolved fluorescence in this way
might be the result of the under/overestimation of the very
fast decays by fitting the TCSPC data, which has a lower time
resolution. We can resolve two spectral components in all sam-
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Figure 7. Time-resolved fluorescence spectral decay profiles of PB-1/ZrO, (a), PB-1/NiO (b), and PB-2/Zr0O, (c) and decay-associated spectra obtained from

global fitting of PB-1/ZrO, (d), PB-1/NiO (e), and PB-2/ZrO, (f).

ples. A redshift of the emission as a function of time was ob-
served. This phenomenon could be explained by a large
change in the molecular geometry after excitation, such as
a structural relaxation and a significant twisting of dicyanovinyl
in the dye structure.®’¥ However, in solution (see Figure S2b),
we cannot see the same phenomenon, and femtosecond data
on the related “P1” dye suggest a much faster emission Stokes
shift in both polar and less polar solvents (z=1-2 ps),*¥ which
cannot be resolved by the streak camera measurements. PB-
1 was also dissolved in a poly(methyl methacrylate) (PMMA)
matrix, in which large-scale structural changes should be hin-
dered, and a similar behavior was observed to that on the
films (Figure S2a). The fact that the two fitted spectral compo-
nents exhibit an identical 5 but different charge transfer
times calculated by using Equation (1) and (3) attracted our at-
tention. Therefore, we propose another explanation for this
phenomenon, which relies on energy transfer between adja-
cent dye/catalyst molecules and a distribution of the excited
state energies of the bound dyes. This effectively delays the
charge transfer process and shifts the emission to lower ener-
gies, as excitation energy migrates preferentially to low-energy
sites. We note that the emission spectra in acetonitrile (Fig-
ure S2b) or methanol solutions (Figure S1) are much broader
(FWHM =180 nm) than on semiconductor films or in PMMA
(FWHM =100 nm). This is in agreement with heterogeneous
broadening, in which the dye adopts different structures al-
ready prior to excitation, for example, owing to cis-trans iso-
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merization of the thiophene-dicyanovinyl bond. In solution, all
dyes fluoresce independently, but at the higher concentrations
on the surface or in PMMA, high-energy dyes transfer energy
to low-energy dyes, which leads to the spectral redshift with
time. There was significant overlap between the absorption
and emission bands of both PB-1 and PB-2, which suggested
a Forster energy-transfer mechanism that can operate at
a large range of distances. The fact that the amplitudes of the
decay-associated spectra are higher overall for the fast compo-
nent, together with the fact that the TCSPC traces contain
a long-lived component with a very low amplitude, constitute
another piece of evidence favoring intermolecular energy
transfer, with the redshifted emission originating from energy
transfer to low-energy sites and the lifetime distribution origi-
nating from the distance dependence of the energy transfer
efficiency. A full investigation of the photophysics of the PB-
1 dye is beyond the scope of this study.

The ., and 7, values of PB-1/NiO were determined by
using this technique to be 99% and 1.6 ps (16.36 ps for longer
component), respectively. From these data, we can conclude
that HI from the excited state is the predominant primary pro-
cess when PB-2 is sensitized on NiO, but ICT still competes to
some extent (ca. 10%).

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Transient absorption spectroscopy

To test our conclusion from the time-resolved fluorescence and
to obtain more detailed charge transfer kinetics of PB-1 and
PB-2 on NiO, femtosecond transient absorption spectroscopy
(TAS) measurements were obtained. To distinguish between
different transient species, PB-1 and PB-2 were used to sensi-
tize different semiconductor films: ZrO, as a non-quenching
substrate, as mentioned previously, and TiO, and NiO for elec-
tron and hole injection, respectively. The transient absorption
spectra of PB-1/ZrO, and PB-2/ZrO, are shown in Figure 8.
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Figure 8. Transient absorption spectra of PB-1/ZrO, (left) and PB-2/ZrO,
(right) in the presence of propylene carbonate; excitation at 540 nm with
a 200 nJ per pulse pump.

Three main excited-state features can be observed in the early-
time TAS of PB-1/Zr0O,: a) the ground state bleach (GSB) at ap-
proximately 500 nm, which is partly covered by the pump scat-
tering (A,,=540 nm); b) stimulated emission (SE) giving a neat
negative signal at approximately 630 nm (cf. fluorescence
data), the SE peak shows a dynamic Stokes shift of approxi-
mately 10 nm during the initial 2 ps; c) excited state absorp-
tion (ESA) resulting in three peaks at 420, 565, and 700 nm, re-
spectively, separated by the GSB and SE. On a timescale of ap-
proximately 100 ps, both the SE and the ESA bands at 420 and
700 nm disappear, and the GSB is strongly reduced. Instead, at
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approximately 250 ps, a new transient spectrum with a broad
band at 550-650 nm is present, which decays with a lifetime
of approximately 1ns. The transient absorption trace at
625 nm (Figure 11) illustrates the dynamics: after ultrafast
(<1 ps) relaxation, the absorption rises until approximately
100 ps, and then decays again on a 1 ns timescale. Both these
slower processes match well the fluorescence decay lifetimes
in Figure 7a, whereas the <1 ps component could not be re-
solved in the fluorescence experiment. The more long-lived
state is also fluorescent (Figure 7a). Based on the fluorescence
spectroscopy results above, we attributed the processes to
energy transfer on around a 100 ps timescale to conformation-
ally different dyes with lower excitation energy, with weaker
and redshifted emission and that decays predominantly to the
ground state with a lifetime of approximately 1 ns. We denote
these as “low energy excited states”. It is clear from the rapid
decay of the 700 nm ESA band (Figure 9) that the spectral re-

—PB-1/Z10,
= PB-2/ZrO,

Normalized A A

Delay time (ps)

Figure 9. Kinetic traces of PB-1/ZrO, (open circles) and PB-2/ZrO, (open dia-
monds) probed at 700 nm; solid lines are the multiexponential fits.

laxation dynamics is not single-exponential. This can be ration-
alized by the heterogeneous environment and a distribution of
intermolecular distances. In addition, there is also ultrafast vi-
brational/solvent relaxation (ca. 1 ps). The results from a global
fit of the transient absorption data for the ZrO, and TiO, sam-
ples are given in Table S2 and Figures S5-S7. In the case of PB-
2/Zr0,, the initial TAS was the same as that on PB-1/ZrO, film,
but the ESA decay was faster than PB-1/ZrO, (Figure 9). After
250 ps there is a pronounced peak at 625 nm and the isosbes-
tic point at approximately 450 nm is blueshifted, but after
1000 ps the 625 nm peak is no longer distinguishable (Fig-
ure 8b). By comparison with PB-1 on TiO,, we assigned this
spectrum to the oxidized dye, resulting from an ICT from the
excited dye to the cobaloxime unit on a 20 ps timescale, fol-
lowed by charge recombination on an approximately 0.5 ns
timescale. PB-1 can thermodynamically inject electrons to the
conduction band (CB) of TiO,, hence forming the oxidized dye.
Figure S8 shows the TAS spectra of the PB-1/TiO, sample.
Indeed, the initial TAS are similar to those for PB-1/ZrO2, but
on the 10-100 ps timescale these are replaced by a clear peak
at 625 nm and a 440 nm bleach that we assigned to the oxi-
dized dye. These spectral signatures agree well with the new
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species observed in PB-2/ZrO,, which supports our conclusion
that secondary ICT to cobaloxime occurs in the latter system.
The reaction is illustrated by the comparison shown in
Figure 11, in which the kinetic traces of PB-1/TiO, and PB-2/
ZrO, probed at 625 nm show almost the same rise process
that is completed at approximately 30 ps, owing to excited
state electron transfer (to TiO, and cobaloxime, respectively),
whereas the kinetics for PB-1/ZrO, is much slower.

Finally, PB-1 and PB-2 sensitization of the NiO photocatho-
des, PB-1/NiO and PB-2/NiO, respectively, was also investigat-
ed with TAS. The reactions resolved and their respective rate
constants are summarized in Scheme 2. Figure 10 presents the
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Scheme 2. The charge separation and recombination processes and the cor-
responding rate constants of PB-2/NiO upon light illumination.

TAS spectra of PB-1/NiO and PB-2/NiO, both of which exhibit
similar excited state TAS and the relaxations of a few picosec-
onds, as for the other samples. However, after approximately
30 ps, a visual comparison of the TAS of PB-1/NiO and PB-2/
NiO show that they present features that are very different
from the excited state (on ZrO,) and oxidized state PB-1 (on
TiO,). The spectrum shows a weak, broad band at 560-700 nm,
rising slightly towards the red part, instead of the strong, excit-
ed state band in Figure 8 or the clear 625 nm peak in Figure S7
of the oxidized PB-1. By inspecting the data in the region do-
minated by the initial stimulated emission and formation of
new species at approximately 625 nm, it is clear that the kinet-
ic trace of PB-1/NiO probed at 625 nm shows a much faster
rise than the trace for PB-1/ZrO, (see Figure 11), and also faster
than the rise of the oxidized state of PB-2/ZrO, and PB-1/TiO,.
This suggests that a different species is formed in PB-1/NiO,
which is assigned to the reduced state of PB-1. The main life-
time for hole injection from PB-1 to NiO is 1.2 ps, which is in
agreement with the data from the time-resolved fluorescence.
This suggests that the initial excited state injects holes into
NiO. Indeed, from the TAS in Figures 10 and 8, it is clear that
the population of the low-energy excited state is completed
earlier but with a lower yield than on ZrO,; the signal at ap-
proximately 625 nm reaches a maximum at approximately 3 ps
on NiO but at approximately 250 ps on ZrO,, as also illustrated
by the traces in Figure 11. The low-energy excited state decays
faster on NiO than on ZrO,, indicating further hole injection
from this state, on a 30 ps timescale. The reduced PB-1 shows
only weak TAS features. Nevertheless, the species associated
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Figure 10. Transient absorption spectra of PB-1/NiO (left) and PB-2/NiO
(right) in the presence of propylene carbonate; excitation at 540 nm with
200 nJ per pulse pump.
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Figure 11. Kinetic traces of PB-1/NiO (open circles), PB-2/ZrO, (open dia-
monds), PB-1/TiO, (up open triangle) and PB-2/ZrO, (left open triangle)
probed at 625 nm; solid lines are the multiexponential fits.

spectra (SAS) from a global, multiexponential fit to each data
set (Figure 12 and Table 2) give evidence for secondary ICT in
PB-2/NiO (see also Scheme 2). The first two component life-
times and SAS show no significant differences, with t,=0.26
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Figure 12. Species associated spectra (SAS) of PB-1/NiO (a) and PB-2/NiO (b)
from global fits of the transient absorption data.

Table 2. Time constants obtained from global fits of the femtosecond TA
data of PB-1 and PB-2 on NiO (values in parentheses refer to the relative
amplitudes at 625 nm probe wavelength).

Sample 7, [ps] 7, [ps] 75 [ps] 7, [ps] Ting
PB-1/NiO  0.28 (—34%) 3.3(—22%) 29 (14%) 335(22%) oo (8%)
PB-2/NiO  0.26 (—36%) 3.9(—23%) 11 (27%) 160 (10%) oo (4%)

or 0.28 ps and 1,=3.3 or 3.6 ps, respectively. Although the life-
times are much shorter, the SAS are very similar to those for
the first three components for PB-1/ZrO, (Figure S5). Thus, T,
and 1, reflect ultrafast excited state relaxation in parallel with
hole injection into NiO; the average of t; and 1, agrees well
with the fluorescence lifetime determined in Figure 7e
(1.58 ps). The third component of the SAS for PB-1/NiO (t;=
29 ps) and PB-2/NiO (t;=11 ps) is very similar to the 475 ps
component for PB-1/ZrO,, which was attributed to low-energy
excited states. Again, the lifetime is similar to that for the slow
fluorescence component in Figure 7e. The much shorter life-
time on NiO is similar to that for the slow fluorescence compo-
nent in Figure 7e, which we attributed to further HI from the
low-energy excited states.

The shorter lifetime for PB-2/NiO compared with that for
PB-1/NiO can be explained by secondary ICT to the cobalox-
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ime unit in parallel to hole injection, consistent with the results
for ZrO, above. Presumably, this is followed by an even faster
hole shift from the oxidized dye to NiO. Finally, we attributed
the weak SAS of the t, and t; components to the reduced dye,
which recombines with NiO holes in a typical multiexponential
fashion.”® For PB-2/NiO, 1, is much shorter than for PB-1/NiO
(160 ps vs. 335 ps) and the t; SAS has a lower amplitude. We
attributed this to electron transfer from the reduced dye core
to the cobaloxime catalyst unit, which competes with dye-NiO
charge recombination. The rate constant of dye regeneration
by electron transfer to cobaloxime was estimated to
(160 ps)~'—(335 ps) ' ~3x10° s, that is, similar to the recom-
bination rate constant (t,)~" for PB-1/NiO. However, as the T
component also contributes, and the 1, and t; SAS have a simi-
lar amplitude for PB-1/NiO, we estimated the yield of the co-
baloxime reduction to be approximately 75%. Note that the
reduction of the cobaloxime unit itself is not expected to give
rise to detectable TAS signals because of low extinction coeffi-
cients of the reduced species.”™

To summarize the results of time-resolved spectroscopy, for
PB-2/NiO, HI from the excited PB-2 to the VB of NiO occurs on
the dual timescales of 71 ps and 730 ps. The reduced dye
is regenerated by electron transfer to the catalyst, forming a re-
duced catalyst with a rate constant of approximately 3x
10° s™', which is rapid enough to compete favorably with dye-
NiO recombination.

Photoelectrochemical (PEC) study

From the above studies, it is clear that the PB-2 sensitized NiO
can undergo photoinduced catalyst reduction, which is an im-
portant step towards proton reduction. We can only detect
a single electron transfer from the dye to the catalyst in the
TAS study. However, the cobaloxime catalyst must be reduced
twice on the photocathode to form Co!, which eventually per-
forms a proton reduction reaction.”® This process could occur
on a photocathode upon continuous light illumination. There-
fore, we moved one step forward to study the PEC behavior of
PB-1 and PB-2 in a real device. The working principle of the
photocathode based on PB-2 for light-driven proton reduction
is summarized in Figure 13.

First, linear scan voltammetry (LSV) of PB-1 and PB-2 on
a NiO film was carried out by sweeping the potential from 0.2
to —0.60 V (vs. Ag/AgCl) with chopped light in acetate buffer
pH 4.8 (Figure S9). In case of PB-2, light illumination made
a clear photocurrent response with an applied potential from
—0.03 to —0.22V (vs. Ag/AgCl) as compared to PB-1. Subse-
quently, transient current responses with respect to chopped
light with a 0V bias voltage were studied in both pH 4.8 ace-
tate (0.1m) and pH6.8 (0.1 M) phosphate buffer solutions
(Figure 14). PB-2 produces an average photocurrent of 10 pA
cm™? in both buffers, whereas the PB-1 dye produces an
almost indistinguishable photocurrent under the same experi-
mental condition. From the electrochemical data, the Ec,in:
(—0.32V) in PB-2 is not sufficiently negative to reduce protons
in a pH 6.8 solution (Ey- ,, =—0.4 V); however, the PEC experi-
ment proved that it actually worked, probably owing to the
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Figure 13. The operating principle of PB-2/NiO for proton reduction.
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Figure 14. Chronoamperometry of PB-1, PB-2, and [PB-2] in pH 4.8 acetate
(a) and pH 6.8 (0.1 M) phosphate (b) buffer solutions under an applied po-
tential of 0V vs. Ag/AgCl in a three-electrode PEC cell with Pt as the counter
electrode (white LED light, 17 W, 5000 K). P.D.=photocurrent density.
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more negative reduction potential of E..1- in aqueous solu-
tion as compared to that in acetonitrile solution. Unfortunately,
we could not obtain the precise potential data in aqueous so-
lution owing to the extremely poor solubility of PB-2 in water.
Because a low pH is favorable for improving the proton kinet-
ics at the same bias potential; the photocurrent was found to
be higher in the acetate buffer than in the phosphate buffer. It
seems that in the phosphate buffer there is a considerable fast
charge recombination process upon light illumination from the
observable current “spikes” when the light turns on (Fig-
ure 14b). Fast charge recombination between the injected
electrons and the reduced catalyst results in insufficient elec-
tron transportation to the counter electrode, consequently
showing dramatic decays in photocurrent. The hydrogen pro-
duction was qualitatively detected in situ for the PB-2-based
PEC cell in both buffer solutions. The data is shown in
Figure 15. A higher amount of H, and a higher photocurrent

254 ——pH4.38
— pH6.8
2.0
= 15
£
£
1.0
0.54
0.0
0 200 400 600 800 1000

Time (sec)

Figure 15. The H, evolution in different buffer solutions with 0 V bias poten-
tial.

was obtained in the solution at pH 4.8 than in the solution at
pH 6.8. The performance of photoelectrode [PB-2], prepared
by the in situ click reaction, was tested in both the acetate and
phosphate buffer; it showed the same behavior as the PB-2-
sensitized photocathodes. After 1000 s photoelectrolysis, the
PB-2-based NiO photocathode produced approximately
2.5 nmol hydrogen. To calculate the turnover number (TON),
we estimated the PB-2 dye loading amount in the active area
of the electrode to be approximately 5.0x 10~® mol, by making
an assumption that the molar absorption coefficient of the dye
is the same in solution and on the NiO film. The TON was esti-
mated to be 0.05. Notably, the first light response shows very
high photocurrent 0.2-0.3 mAcm™2; however, the subsequent
responses were much lower. The lower photocurrent after the
subsequent rounds of light exposure could be explained by
three possible scenarios:

i) PB-2 could desorb quickly from the NiO surface during the
photoreaction.

i) The initial configuration of PB-2 on NiO is favorable for cata-
lyst reduction; however, upon light illumination and charge
transfer, the configuration of PB-2 is changed by the afore-
mentioned molecular twisting.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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iiij The initial high current response could mainly come from
the reduction of Co** to Co®", because the driving force of
electron transfer from the reduced dye to the first reduction
step of the catalyst is much higher than that from the reduced
dye to the second reduction of Co®* to Co'".

To check hypothesis (i), UV/Vis absorption spectra of PB-2 on
the NiO surface were obtained before and after photoelectroly-
sis (1 h) with an applied potential of 0V vs. Ag/AgCl in both
buffer solutions (Figure S9a). There was no significant change
in the absorption spectra, which indicated that more than 80%
of PB-2 remained on the NiO film. After the PEC test, the ab-
sorption of the electrolyte was also recorded (Figure S9b),
showing a negligible amount of dye in solution. However, the
HAXPES analysis (section on photoelectron spectroscopy) indi-
cated that 60% of PB-2 is degraded/desorbed during 10 min
of photoelectrolysis, which provides two pieces of information.
Firstly, it is hard for the electrolyte to infiltrate into the deeper
pores in NiO, causing the degradation of the PB-2 molecules
only located at NiO/electrolyte interface. The degradation/de-
sorption of the dye and the poor infiltration of the electrolyte
in the NiO films should be responsible for the unsatisfactory
TON number. Using a co-absorbent to change the hydrophilici-
ty of the NiO film could be a good strategy to increase the
performance of this kind of photocathode. Secondly, the initial
rapid decrease of the photocurrent is clearly not mainly from
the dye degradation, because 30% of PB-2 remained after
10 min of photoelectrolysis, whereas the initial current de-
creased from 350 yAcm™> to 25 pAcm™? (7% remaining)
during only 40s. Therefore, a combination of hypotheses (ii)
and (iij) could explain the lower photocurrent after the subse-
quent rounds of light exposure. Hypothesis (i) is partly proven
by the results reported in the sections on time-resolved fluo-
rescence and transient absorption spectroscopy. If the hypoth-
esis (i) is correct, the PEC experiment also suggests that the
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catalyst would not return to Co** after the subsequent catalyt-
ic proton reduction by Co'", which would give us useful infor-
mation about the photocatalytic behavior of PB-2 on NiO film.

Photoelectron spectroscopy

High-resolution HAXPES was carried out to monitor the possi-
ble structural change of PB-2 on the electrodes before and
after the PEC measurement (10 min) in pH 4.8 with 0 V bias po-
tential (PB-2*). Figure 16 represents high-resolution HAXPES
spectra of the S2p, Co2p and Cl2p core-level peaks of PB-1,
PB-2, and PB-2* respectively. The p core-level spectra always
resolve the ps, and p,,, contributions and their binding energy
difference were approximately 1.2, 1.6, and 14.9 eV for S2p,
Cl2p, and Co2p, respectively. We only refer to the binding
energy of the 2p,, peak in the rest of this discussion. As ex-
pected, the spectra of PB-1 do not exhibit any Co and Cl
peaks, and the S2p spectrum shows a contribution at approxi-
mately 164.4 eV, which we attributed to the thiophene group
present in the dye.® After addition of the catalyst to the dye,
the S2p spectrum is very similar, whereas the Co2p (main
peak at ca.781.0eV) and Cl2p (ca.197.9 eV) components
appear, showing the presence of the catalyst together with the
dye.

After photoelectrolysis of PB-2, the S2p and Co2p core
peaks are still present, although the intensities of S2p and
Co2p in PB-2* are reduced as compared to those in PB-2.
From the previous UV/Vis experiment (Figure S10a), we did
not see significant differences between PB-2 and PB-2*. Be-
cause HAXPES is sensitive to the outermost surface of the sub-
strate, the decrease in intensity reflects some desorption in
this part of the spectra, whereas the bulk of the electrode is
largely unaffected, probably owing to the poor infiltration of
the electrolyte into deeper pores of the NiO film. Notably, al-
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Figure 16. S2p, Co2p, and Cl2p core level peaks of PB-1 (dye), PB-2 (dye with catalyst), and PB-2* (PB-2 after electrolysis) recorded with a photon energy of

2100 eV.
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though the signal for cobalt is still observed, no chlorine was
detected for PB-2* (Figure 16¢). Based on the relatively small
amounts of cobalt, it is hard to resolve any differences in the
valence of the catalyst on the electrode after PEC. From the
previous homogeneous catalysis study, the chlorine should be
released during the catalyst reduction period®” and the final
Co' catalyst should not have any chlorine as an axial ligand.
Based on the core-level data, there is strong evidence that the
chlorine is released during the catalytic reaction when ad-
sorbed on the surface and that this provides the active site for
proton reduction. According to the previously reported mecha-
nism for proton reduction of the cobaloxime in a homogene-
ous system® % as well as the new findings in this work, we
can propose a working mechanism of our dye—catalyst system
(PB-2) on a NiO surface in a PEC cell (Scheme 3).

Conclusions

We have designed and synthesized an organic dye covalently
linked to cobaloxime catalyst (PB-2) by the facile “Cu-free”
click reaction. The click reaction rate constant was determined
to be k=3s "M, corresponding to a second order kinetic
model. The insitu synthesis of PB-2 from pre-adsorbed PB-
1 dye on NiO is also feasible. PB-2 was adopted as an ideal
system to investigate the charge transfer competition process-
es between hole injection and catalyst reduction when the dye
and catalyst are covalently linked on a photocathode for dye-
sensitized solar fuel devices. Time-correlated single photon
counting and streak camera fluorescence measurements have
concluded a near unity hole injection efficiency from excited
PB-2 to NiO VB and a more than 90% intermolecular charge
transfer for catalyst reduction from the excited PB-2 on ZrO..
According to femtosecond transient absorption spectroscopy
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measurement, hole injection from the excited PB-2 into the
NiO VB takes place on dual timescales, with t~1ps and 7
~30 ps, and the reduced PB-2 then donates an electron to the
catalyst unit with a rate constant of approximately 3x10°s™".
The subsequent regeneration efficiency of the PB-2 by the cat-
alyst (also called the efficiency of catalyst reduction) is deter-
mined to be approximately 75%. The efficient catalyst reduc-
tion by the excited dye could be explained by the long lifetime
of the excited state and the large overpotential to reduce the
catalyst from the excited state. This result suggests that the ex-
cited dye is an ideal species to reduce the catalyst owing to its
longer lifetime as compared to the reduced dye in this system;
therefore, slowing down the hole injection to make the cata-
lyst reduction happen first could be a good strategy to in-
crease the efficiency of catalyst reduction, thus improving the
proton reduction. After the secondary light-driven reduction
process, the catalyst is subsequently active to perform proton
reduction. Photoelectrochemical (PEC) experiments showed
the ability of the PB-2-based NiO photocathode to photo-
chemically produce hydrogen in both acetate and phosphate
buffers at pH 4.8 and 6.8, respectively. The results of photoelec-
tron spectroscopy showed that the chloride ligands in the cat-
alyst are completely released after the light-driven catalyst re-
duction/hydrogen evolution process and never re-coordinate
after the catalytic reaction. A working principle is therefore
proposed, which suggests two possible pathways for the light-
driven catalytic reaction of PB-2 on the NiO photocathode.
Although the electron transfer processes of PB-2 on NiO are all
favorable to render a good photocathode, the photocurrent
still cannot compare with that of state-of-the-art photoanodes,
probably owing to the poor second electron reduction of the
catalyst and/or the poor/slow proton reduction ability of the
cobaloxime catalyst. Therefore, developing new dyes with effi-

1-30 ps
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@ @ \.,3‘ o, N ‘.3'\N OH @ N OH
3 , NA 7z C L2+
“ N/CI N-O ; CN/{;.\N OH @ N/éIO\N -oH
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Scheme 3. The proposed working mechanism of PB-2 on NiO in a PEC cell.
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cient charge transfer to reduce cobaloxime into a real catalytic
state and/or using a more efficient proton reduction catalyst
instead of cobaloxime is definitely a good strategy to boost
the photocurrent of the photocathode in a PEC cell. Moreover,
using a carbon dioxide reduction catalyst instead of a proton
reduction catalyst in PB-2 could also create a photocathode
for light-driven carbon dioxide reduction. The relevant investi-
gations are ongoing in our group.
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