Open Access Article. Published on 04 January 2017. Downloaded on 6/12/2026 10:44:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Faraday Discussions e

Cite this: Faraday Discuss., 2017, 198, 449

Charge-transfer dynamics at the dye—
semiconductor interface of photocathodes
for solar energy applicationst

Fiona A. Black,® Christopher J. Wood,® Simbarashe Ngwerume,®
Gareth H. Summers,? lan P. Clark,® Michael Towrie,® Jason E. Camp**©
and Elizabeth A. Gibson*@°

Received 7th November 2016, Accepted 4th January 2017
DOI: 10.1039/c6fd00228e

This article describes a comparison between the photophysical properties of two charge-
transfer dyes adsorbed onto NiO via two different binding moieties. Transient
spectroscopy measurements suggest that the structure of the anchoring group affects
both the rate of charge recombination between the dye and NiO surface and the rate
of dye regeneration by an iodide/triiodide redox couple. This is consistent with the
performance of the dyes in p-type dye sensitised solar cells. A key finding was that the
recombination rate differed in the presence of the redox couple. These results have
important implications on the study of electron transfer at dye|semiconductor
interfaces for solar energy applications.

Introduction

There has been extensive research into the anchoring of dye molecules such as
dyes and catalysts to the surface of TiO, to facilitate effective photoinduced
electron transfer to or from the conduction band of the semiconductor.'”
However, there have been few studies regarding the binding of molecules to the
surface of p-type semiconductors such as NiO. NiO has shown potential in
applications such as tandem dye-sensitised solar cells*” and photocatalytic water
splitting devices.® Both the TiO, and NiO systems operate under similar princi-
ples. Under illumination, the sensitiser absorbs a photon and is promoted to an
excited state, allowing injection of a hole to NiO, and the formation of
a dye'”|NiO" charge-separated state. The reduced dye then transfers charge to
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either a redox couple or a catalyst to regenerate the dye in its ground state. Despite
their potential to increase the efficiency of photoelectrochemical cells, the
performance of these photocathodes lags behind that of TiO,-based photo-
anodes.”' To date, design approaches that have been successfully applied to TiO,
sensitizers have been adopted for NiO. However, as NiO has a very different crystal
structure and surface chemistry from TiO,, it is not obvious that anchoring
groups that are optimal for one material are suitable for another. It may be
necessary to find a new binding moiety for NiO if the efficiency of p-type photo-
electrochemical systems are to be improved.

In general, research in this field has shown that donor-acceptor structures
promote efficient charge separation at the dye|NiO interface."*** The highest
quantum efficiencies have been attained with dyes that incorporate a triphenyl-
amine donor group functionalised with either one or two carboxylic acid groups,
which bind to the metal oxide surface.''**” For example, we achieved a high
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CAD4
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Fig. 1 Structures of cationic acceptor dyes CAD1-4. CAD1-3 have been reported
previously. Our new dye, CAD4, contains a novel heterocyclic anchoring group.
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current (8.21 mA cm™ ') using a triphenylamine donor and two cationic acceptor
units (CAD3 dye, Fig. 1).” Derivatives, CAD1 and CAD2, which contain one
acceptor group, exhibited a higher loading on the NiO surface and CAD2, which
contains an extra 2,4-hexyloxy-phenyl group appended to the triphenylamine,
attained a longer hole lifetime than CAD3." However, CAD1 and CAD2 generated
less photocurrent than CAD3. Despite the high photocurrent, the free energy
difference between the valence band of the NiO and the HOMO of these dyes is
>0.8 eV. Thus, a substantial amount of energy is wasted in the initial photoin-
duced charge-separation step. One way to reduce this energy loss is to add elec-
tron density onto the group neighbouring the anchor using aromatic
heterocycles. In this study, we have developed a dicarboxypyrrole moiety as an
effective binding group for NiO, and coupled it to the cationic acceptor group
used previously in our best-performing dye, CAD3. To assess the success of our
new anchoring unit, the electrochemical, photophysical properties of the dye in
solution and absorbed onto NiO films have been investigated. The performance of
CAD4 in p-DSSCs was compared with that of CAD3. The decay of the charge-
separated state by recombination and dye regeneration were also compared for
the two dyes using time-resolved absorption spectroscopy.

Experimental section
Materials and instruments

All reagents and solvents (analytical grade) were purchased from Sigma-Aldrich or
Fisher Scientific and used without further purification. Dichloromethane was
dried over calcium hydride and distilled under argon and toluene was dried over
sodium/benzophenone and distilled under argon prior to use. (E)-1-(4-Bromo-
phenyl)ethanone oxime was prepared according to a literature procedure."
Column chromatography was performed using silica gel (60 mesh) purchased
from Fluka. Microwave reactions were carried out in a sealed reaction vessel in
a CEM Discover SP Microwave Synthesizer and the temperature of the reaction
was monitored by IR.

All products were characterised by '"H NMR and '>C NMR using a Bruker 300,
400 or 700 MHz spectrometer at 25 °C; chemical shifts (6) are reported in parts per
million (ppm) from low to high field and referenced to residual non-deuterated
solvent. Standard abbreviations indicating multiplicity are used as follows: s =
singlet; d = doublet; t = triplet; m = multiplet, and br s = broad singlet. High
resolution mass spectrometry (HRMS) was carried out on a high-throughput LC-
MS system, based on a Bruker MicroTOF (Time of Flight) mass spectrometer
using ElectroSpray Ionisation (ESIT). The absorption spectra were measured using
an Ocean Optics USB2000 spectrometer. Ground state FTIR-spectra were recorded
using a Varian Scimitar 800 FT-IR.

Dye synthesis

Dimethyl 2-((((E,Z)-1-(4-bromophenyl)ethylidene)amino)oxy)maleate (1). To
a stirred solution of (E)-1-(4-bromophenyl)ethanone oxime (850 mg, 3.97 X
102 mol, 1 equiv.) and DABCO (45 mg, 3.97 x 10~ * mol, 10 mol%) in anhydrous
DCM (15 mL) at —10 °C was added dimethyl acetylenedicarboxylate (0.64 mL, 5.21
x 1072 mol, 1.3 equiv.) in DCM (5 mL) dropwise over 15 min. The reaction
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temperature was maintained at —10 °C for 1 h and the solution was then stirred
for 16 h with warming to room temperature. The solvent was removed under
reduced pressure and purified by column chromatography (silica gel, 5: 1 pet-
rol : ethyl acetate) to afford dimethyl 2-((((E,2)-1-(4-bromophenyl)ethylidene)
amino)oxy)maleate (1, 1.31 g, 92%, E : Z-mixture, 10 : 1) as a colourless oil, which
had data identical to that reported in the literature.*

(E)-Isomer: "H NMR (CDCl;, 300 MHz): 6 7.39 (m, 4H), 5.95 (s, 1H), 3.75 (s, 3H),
3.58 (s, 3H), 2.31 (s, 3H); '*C NMR (CDCl;, 75 MHz): 6 164.6, 162.5, 158.9, 153.0,
133.3, 131.6, 128.0, 124.5, 105.8, 52.6, 51.5, 13.2.

Dimethyl 5-(4-bromophenyl)-1H-pyrrole-2,3-dicarboxylate (2). Dimethyl 2-
((((E,2)-1-(4-bromophenyl)ethylidene)amino)oxy)maleate (1, 200 mg, 5.62 x 10~*
mol) was loaded into a microwave tube and purged with three vacuum/argon
cycles. Anhydrous toluene (4 mL) was added and the solution was heated using
microwave irradiation (170 °C, 45 min). After cooling, solvent was removed under
reduced pressure and the residue was purified by column chromatography (silica
gel, 4 : 1 petrol : ethyl acetate) to afford dimethyl 5-(4-bromophenyl)-1H-pyrrole-
2,3-dicarboxylate (2, 140 mg, 74%) as a white solid, which had data identical to
that reported in the literature.*

'H NMR (CDCl;, 400 MHz): 6 9.96 (s, 1H), 7.52 (d, J = 8.8 Hz, 2H), 7.44 (d, ] =
8.8 Hz, 2H), 6.89 (d,J = 3.1 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H); **C NMR (CDCl;, 100
MHz): 6 164.1, 160.6, 133.7, 132.2, 131.0, 126.3, 122.9, 122.2, 121.5, 110.9, 52.3,
51.9.

Dimethyl 5-(4-(5-formylthiophen-2-yl)phenyl)-1H-pyrrole-2,3-dicarboxylate (3).
Dimethyl 5-(4-bromophenyl)-1H-pyrrole-2,3-dicarboxylate (2, 52 mg, 1.54 X
10~* mol, 1 equiv.), 5-formyl-2-thienylboronic acid (36 mg, 2.31 x 10~* mol, 1.5
equiv.), bis(triphenylphosphine)palladium(u) dichloride (9 mg, 1.28 x 10> mol,
8 mol%) and sodium carbonate (24 mg, 2.26 x 10> mol, 1.5 equiv.) were loaded
in a Schlenk tube and purged with three vacuum/nitrogen cycles. Water (0.5 mL)
and 1,2-dimethoxyethane (3 mL) were added under a flow of nitrogen and the
mixture was heated to 90 °C for 18 h. After cooling, water (5 mL) was added and
the mixture was acidified with 0.1 M hydrochloric acid to pH 6. The organic phase
was extracted with ethyl acetate (4 x 20 mL), dried over MgSO,, filtered and the
solvent was removed under reduced pressure. The residue was purified by column
chromatography (silica gel, DCM : MeOH gradient (0-1% MeOH)) to afford
dimethyl 5-(4-(5-formylthiophen-2-yl)phenyl)-1H-pyrrole-2,3-dicarboxylate (3,
50 mg, 87%) as a yellow solid.

'H NMR (CDCl;, 400 MHz): 6 9.94 (s, 1H), 9.68 (br s, 1H), 7.79 (d, J = 4.0 Hz,
1H), 7.76 (d, ] = 8.4 Hz, 2H), 7.65 (d, ] = 8.4 Hz, 2H), 7.48 (d, ] = 4.0 Hz, 1H), 7.03
(d, ] = 3.0 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H); 1°C NMR (CDCl;, 75 MHz): 6 182.9,
164.2, 160.7, 153.2, 142.9, 137.5, 133.8, 133.0, 131.1, 127.3, 125.5, 124.5, 123.4,
121.8, 111.5, 52.5, 52.2; HRMS (ESI): m/z caled for C10H;6NO5S: 370.075, found:
370.072.

5-(4-(5-Formylthiophen-2-yl)phenyl)-1 H-pyrrole-2,3-dicarboxylic acid (4). To
a suspension of dimethyl 5-(4-(5-formylthiophen-2-yl)phenyl)-1H-pyrrole-2,3-
dicarboxylate (3, 58 mg, 1.57 x 10~* mol) in MeOH (20 mL) was added NaOH
(150 mg, 3.75 x 10~* mol, 24 equiv.) in water (20 mL) and the orange solution
formed was heated at reflux for 12 h. After cooling to room temperature the
solution was neutralised using 0.1 M HCI and extracted with ethyl acetate (4 x 50
mL). The combined organic layers were washed with brine (2 x 50 mL), dried over
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MgSO,, filtered and the solvent was removed under reduced pressure to afford 5-
(4-(5-formylthiophen-2-yl)phenyl)-1H-pyrrole-2,3-dicarboxylic acid (4, 43 mg,
80%) as a yellow solid, which was used without further purification.

'H NMR (DMSO-d®, 300 MHz): 6 12.83 (br s, 1H), 9.91 (s, 1H), 8.04 (m, 3H), 7.83
(d,J = 9.1 Hz, 2H), 7.81 (d, J = 4.2 Hz, 1H), 7.22 (d, J = 2.8 Hz, 1H); >’C NMR
(DMSO-d®, 75 MHz): 6 184.5, 169.0, 161.3, 152.5, 142.4, 139.7, 135.1, 132.2, 131.5,
127.0, 126.9, 126.8, 125.9, 119.9, 112.2; HRMS (ESI): m/z caled for C;,H;oNO;S:
340.0285, found: 340.0287.

CAD4. 5-(4-(5-Formylthiophen-2-yl)phenyl)-1H-pyrrole-2,3-dicarboxylic acid (4,
43 mg, 1.26 x 10~* mol, 1 equiv.) and 1-hexyl-2,3,3-trimethyl-3H-indol-1-ium
hexafluorophosphate (120 mg, 3.1 x 10~* mol, 2.5 equiv.) were loaded into
a Schlenk tube and purged with three vacuum/nitrogen cycles. Dry acetonitrile (15
mL) and piperidine (17 pL, 1.72 x 10~* mol, 1.36 equiv.) were added and the
solution was heated to reflux for 48 h. After cooling the solvent was evaporated
and the crude residue dissolved in DCM (20 mL) and washed with water (3 x 30
mL) and brine (1 x 20 mL). The organic layer was dried over MgSO,, filtered and
the solvent was removed under reduced pressure. The residue was purified from
three sequential recrystallisations from DCM by layering of diethyl ether, followed
by a final recrystallization from DCM with the slow diffusion of pentane. The solid
was filtered, washed with pentane and dried under vacuum to afford CAD4 5
(38 mg, 42%) as a purple solid.

"H NMR (DMSO-d®, 700 MHz): 6 11.81 (br s, 1H), 8.71 (d, J = 15.7 Hz, 1H), 8.20
(d,J = 4.1 Hz, 1H), 8.03 (d, ] = 8.5 Hz, 2H), 7.91 (d, J = 4.0 Hz, 1H), 7.90-7.85 (m,
2H), 7.81 (d, J = 8.5 Hz, 2H), 7.65-7.56 (m, 2H), 7.27 (d, J = 15.7 Hz, 1H), 7.01 (d,
J = 2.5 Hz, 1H), 4.62 (t,] = 7.4 Hz, 2H), 1.84 (t, ] = 7.6 Hz, 2H), 1.80 (s, 3H), 1.47-
1.40 (m, 2H), 1.37-1.25 (m, 4H), 0.86 (t, J = 7.2 Hz, 3H); *C NMR (DMSO-d°, 175
MHz): 6 184.4, 180.9, 166.1, 163.6, 154.3, 146.4, 144.0, 142.0, 141.3, 139.6, 133.5,
131.4, 131.1, 129.6, 129.4, 126.9, 126.8, 126.1, 126.0, 122.4, 115.3, 111.5, 111.20,
110.17, 52.3, 44.2, 31.3, 28.6, 26.3, 26.0, 22.7, 22.4, 22.1, 14.3; HRMS (ESI): m/z
caled for C3,H;35N,0,S: 567.2318, found: 567.2336. UV-Vis: A, = 567 nm, ¢ =
63 124 L mol * ecm . IR(KBr): » = 1707 (br), 1624 (s), 1578 (s), 1462 (s), 1425 (s),
1300 (s), 1261 (s), 1217 (s) cm ™.

Density functional theory

All theoretical studies were carried out using Gaussian g03 software on the
University of Nottingham HPC (Jupiter) facility. Calculations for optimised
geometry and the subsequent energies and plots of the principle molecular
orbitals were performed using density functional theory (DFT) using a B3LYP
hybrid functional and a 6-31G(d) basis set. Principle electronic transitions and
subsequent UV-visible spectra were predicted with time dependent density
functional theory (TDDFT) using the same functional and basis sets as above.
These calculations were performed for the compounds in dichloromethane and
acetonitrile using CPCM for the polarisable continuum model (PCM).

Dye-sensitized solar cell fabrication and characterisation

The NiO precursor solution was prepared by dissolving anhydrous NiCl, (1 g) and
tri-block co-polymer F108 (poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol)) (1 g) in ethanol (6 g) and ultrapure Milli-Q water (5 g). p-DSCs
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were made by spreading the precursor solution described above onto conducting
glass substrates (Pilkington TEC15, sheet resistance 15 Q per square) using Scotch
tape as a spacer (0.2 cm” active area), followed by sintering in an oven at 450 °C for
30 min. Additional layers of precursor solution were applied and sintered to
increase the film thickness. The film thickness of the undyed NiO electrodes were
measured using a Bruker DektakXT stylus profileometer and averaged over 4
samples. The NiO electrodes were soaked in an acetonitrile solution of the dye (0.3
mM) for 16 h at room temperature. The dyed NiO electrode was assembled face-to-
face with a platinized counter electrode (Pilkington TECS, sheet resistance 8 Q per
square) using a 30 mm thick thermoplastic frame (Surlyn 1702, Dyesol). The elec-
trolyte, containing LiI (1.0 M) and I, (0.1 M) in acetonitrile, was introduced through
a pre-drilled hole in the counter electrode, which was sealed afterwards.

The UV-visible absorption spectra of the dyes adsorbed on NiO films were
recorded using an Ocean Optics USB2000+VIS-NIR fibre-optic spectrophotometer.
The concentration of dye adsorbed onto each film was calculated by the difference
in the absorption spectra of the dye solution before and after immersing the film,
using eg14 = 94 580 M~ ' em ™! for CAD3 and ¢s¢;, = 12 625 M~ cm ™" for CAD4.
Current-voltage measurements were recorded using an Ivium CompactStat under
simulated sunlight from an Oriel 150 W solar simulator, giving light with an
intensity of 100 mW cm™>. Incident photon-to-current conversion efficiencies
were recorded using light from the solar simulator passed through a Cornerstone
monochromator and calibrated against a certified reference Si photodiode.
Charge extraction, hole transport times and lifetimes in the complete devices
were measured using time-resolved small light modulation techniques using an
Ivium CompactStat fitted with a Modulight.

Spectroelectrochemistry

Spectroelectrochemical measurements were performed on TiO, films sensitised
with CAD3 or CAD4, with a platinum wire counter electrode and an Ag/AgNO;
reference electrode. The supporting electrolyte was 0.2 M LiClO, in MeCN. Elec-
trolyte solutions were degassed with nitrogen prior to the measurement.

Ultrafast transient absorption spectroscopy

Time-resolved spectroscopy data were recorded using time-resolved multiple
probe spectroscopy (TRMPS), a brief description is provided below and full details
are described in ref. 20. Briefly, two Ti : sapphire amplifiers of 10 kHz and 1 kHz
were synchronized using a common 65 MHz oscillator. The 1 kHz output was used
as a pump and the 10 kHz as probe, to permit a pump-probe-probe-probe...
data-recording scheme. The pump laser is tuned to 532 nm by optical parametric
amplification (OPA). The probe pulse was provided by a white light continuum
(WLC), which was generated by focusing 800 nm into CaF,. The pump-probe time
delay was controlled up to 100 ps using a combination of electronic and optical
delay. Spot sizes in the sample region were ca. 150 and 50 pm for the pump and
probe, respectively, with a pump energy of 20 nJ. For all measurements the pump
polarization was set to the magic angle relative to the probe.

Samples were prepared by adsorbing the dye on a mesoporous NiO film
deposited on a CaF, window (Crystran). The NiO films were prepared by spraying
a saturated solution of NiCl, in acetylacetone onto the surface of the CaF,
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window, which was preheated to 450 °C on a hot plate; this was then allowed to
cool slowly to room temperature to give a compact film of NiO. The mesoporous
layer was then deposited on top of the compact layer using the F108-templated
precursor solution described below; the excess was removed by a doctor blade.
The film was sintered at 450 °C for 30 min, and an additional layer of precursor
solution was applied and sintered to increase the film thickness. All spectra were
recorded in solution cells (Harrick Scientific Products Inc.) with CaF, windows.
This was filled either with an inert electrolyte (0.1 M LiClO, in MeCN), or a redox
electrolyte (3 mM I, and 0.1 M LiI in MeCN). For samples prepared in dichloro-
methane, a 490 um path length was used. In all experiments the cell was rastered
in the two dimensions orthogonal to the direction of beam propagation to
minimize localized sample decomposition. Molecular signals were verified to
exhibit linear behaviour with respect to the pump intensity, indicating the
kinetics reported correspond to single-photon absorption events.

Results and discussion
Synthesis of CAD4

The synthesis of CAD3 has been reported previously.” The synthesis of CAD4
follows a modular approach. Firstly, the di-carboxylate pyrrole anchoring group 2
is formed in a two-step process from (E)-1-(4-bromophenyl)ethanone oxime
(Fig. 2). Suzuki coupling of aryl bromide 2 with 5-formyl-2-thienylboronic acid
afforded tricycle 3 that contained a thiophene linker group. Base-catalysed
hydrolysis of esters 3 followed by condensation of aldehyde 4 with 1-hexyl-2,3,3-

y-OH N-O~ COOMe COOMe
' _>i) ' \[ _>”) Y COOMe
COOMe X
Br Br 1 Br 2
i H 7\ . H I\
i MeOOC s | ! HOOC s |
e e
\ / o \ / o
MeOOC 3 HOOC 4

V)

5-CAD 4

Fig. 2 Synthesis of CADA4. (i) DABCO, dimethyl acetylenedicarboxylate, DCM, —10°C to rt,
17 h, 92%, (ii) toluene, microwave irradiation, 170 °C, 45 min, 74%, (iii) 5-formyl-2-thie-
nylboronic acid, Pd(PPhs),Cl,, NaCOs, H,O/DME, 90 °C, 18 h, 87%, (iv) MeOH/H,0, NaOH,
reflux, 12 h, 80%, (v) 1-hexyl-2,3,3-trimethyl-3H-indol-1-ium hexafluorophosphate,
piperidine, MeCN, reflux, 48 h, 42%.
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trimethyl-3H-indol-1-ium hexafluorophosphate gave CAD4 5. This stepwise
synthesis allows for simple modifications to the structure of the linker and
acceptor groups. This synthetic approach also cuts down on the total number of
steps required to synthesise the dye relative to our previous work on CAD3.

Optical and electrochemical properties

The absorption maxima of CAD3 and CAD4 in both CH,Cl, and immobilised on
a NiO film are provided in Table 1. CAD3 exhibits a broad absorption feature
between 400 and 750 nm (see Fig. S61). The absorption band of CAD4 is narrower
and the maximum is blue-shifted relative to CAD3 (Fig. S81). The maximum molar
absorption coefficient of CAD4 is approximately half that previously reported for
CAD1 and CAD2, and is seven times lower than that of CAD3.”** The redox
potentials for CAD3 and CAD4 were determined by differential pulse voltamme-
try, and are also listed in Table 1. From these values, it is possible to estimate the
driving force for charge separation (AGi, = e[Eyg(NiO) — Ep+p-]) and dye
regeneration (AGreg = €[Epp- — E(I;7 /1" )]). AGreg = 0.23 €V for CAD4, which is
similar to the previous CAD dyes, should be sufficient for dye regeneration to
occur.”® AGj,j = 0.99 eV for CAD4, which is larger than was calculated for the
triphenylamine-based dyes CAD1-3, strongly favours hole injection to NiO.

Solar cells

NiO electrodes were constructed by sequential applications of NiO precursor
solution and sintering between steps until a film thickness of 1.5 pm was ob-
tained. The electrodes were then soaked in a solution of the dye and assembled in
sandwich cells with a platinised counter electrode (see Experimental section for
details). The photovoltaic performances of these p-DSCs are summarised in Table
2. The estimated loading of the CAD4 dye was almost double that estimated for
CAD3. This suggests the two anchoring groups and the small footprint of CAD4
facilitate stable anchoring of the dye to the surface of NiO. This stable anchoring
is supported by the loss of vc—o bands in the FTIR spectrum as CAD4 is adsorbed
on NiO (Fig. S107). The Vo obtained for both CAD3 and CAD4 was typical for p-
DSCs incorporating the iodide/triiodide redox couple. The key difference between
the two dyes is the photocurrent densities achieved (7.01 and 3.96 mA cm ™ for
CAD3 and CAD4 respectively). We have previously reported an optimised p-DSC
incorporating CAD3 that generated a photocurrent of 8.2 mA cm™ >, achieved
using thicker (five layer) films. The optimum number of layers when CAD4 was
used was four and beyond this the V¢, and therefore the efficiency, decreased. In
this study we report performances based on 4-layer films to allow CAD3 to be
compared to CAD4 under the same conditions. Although lower than CAD3, CAD4

Tablel Opticaland electronic properties of CAD3 and CAD4. Absorption maxima and the
extinction coefficients are for dyes in CH,Cl,

Aabs/DM Aabs Ey o/ E(D*/D)/V VS. E(D/D*]/V VS.
Dye (¢/L mol™" em™) (NiO)/nm ev Fe(Cp),"° Fe(Cp),"°
CAD3 614 (94 580) 614 1.78 0.59 —0.99
CAD4 532 (12 625) 528 1.88 0.89 —0.98
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Table 2 Solar cell results for CAD3 and CAD4 sensitised p-DSSCs. Jsc is the short-circuit
current density at the V = 0 intercept; Voc is the open-circuit voltage at the J = O inter-
cept; FF is the device fill factor; 7 is the power conversion efficiency

Dye loading/10~°® mol

Dye Jsc (mA ecm™?) Voc (mV) FF/% /% cm 2
CAD3 7.01 94 31.7 0.205 6.04
CAD4 3.96 84 31.6 0.105 17.2

still achieved a reasonable photocurrent relative to other dyes containing only one
acceptor group per molecule (CAD1 and CAD2 produced ca. 3.30 mA cm™2).7*® It is
likely that the lower photocurrent generated by CAD4 relative to CAD3 is due to
the lower absorption coefficient of the dye and the narrower spectral response of
the CAD4 solar cell (Fig. S157). Nonetheless, CAD4 may be useful in co-sensitized
solar cells and work is ongoing to investigate this.

The dependence of the charge density and charge lifetime in the NiO films vs.
applied voltage were recorded using charge extraction experiments on the same
devices used for the current-voltage measurements. Charge lifetimes for CAD3 and
CAD4 at the same extracted charge density are similar, and are both longer than for
CAD1 and CAD2. There is an increase in 1y, at similar photovoltages for the device
incorporating CAD3 relative to that of CAD4. This indicates either a shift in the
valance band edge of NiO or a decrease in recombination between charges (h") in
NiO and the redox couple. This is reflected in the 10 mV difference in V¢ obtained
for CAD3 (94 mV) and CAD4 (84 mV) sensitised p-DSCs. There have been numerous
reports of dyes decorated with sterically bulky alkyl or alkoxy units, the purpose of
which is to act as a barrier between the redox couple and the NiO surface.®'®*">*

Plots of extracted charge versus photovoltage are provided in Fig. S19 in the ESL{
Initially it would appear that the difference in structure between CAD3 and CAD4
has little or no effect on the extracted charge density over the range of voltages
applied in this experiment. However, there is an almost three-fold increase in dye
loading for CAD4 compared to CAD3. Our previously reported dyes CAD1 and CAD2
had very similar electronic properties, however, there was a notable difference in
the extracted charge between the two dyes. Upon review it is possible to suggest that
this difference arose due to the difference in dye loading onto the NiO surface,
resulting from the 2,4-hexyloxypheny unit on CAD2. In the case of CAD3 and CAD4
the observed similarities between extracted charge experiments can be explained by
the increased amount of CAD4 adsorbed on the NiO surface. From this it is possible
to suggest that the difference in the electronic properties of the two dyes and the
difference in the two anchoring groups have a significant effect on the electronic
properties of the NiO surface. In the case of these two dyes this is offset by differ-
ences in the concentration of dye adsorbed onto the NiO surface. Determining the
relationship between dye structure/loading and how this alters the energy of the
valence band edge of the NiO film could provide valuable insight into the relative
performances of dyes in p-DSCs and we will investigate this in the future.

Transient absorption spectroscopy

Ultrafast transient absorption spectroscopy was used to follow the formation and
decay of excited states in solution (dye*) and adsorbed on NiO (dye'~|NiO") in the
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Fig. 3 Transient absorption spectra for CAD3 (a) and CAD4 (b) at 7 ps after excitation at
532 nmin CH,Cl, solution (blue line), absorbed on NiO film (green dashed line) and on NiO
in the presence of |7 /I3~ (red dotted line); single kinetic traces of CAD3 (c) and CAD4 (d) in
CH,Cl; solution (squares), absorbed on NiO film in the absence (triangles) and presence of
I7/15~ (crosses).

presence and absence of I /I; ™. Spectra at selected time delays and kinetic traces
are provided in Fig. 3, with spectra at several delay times provided in the ESL
Excitation of CAD3 dissolved in CH,Cl, generates an excited state which absorbs
between 450 and 600 nm and decays monoexponentially with 7,5 = 55 + 4 ps.
The general shape is consistent with the transient spectra of similar dyes, CAD1
and CAD2." The lifetime lies between that of CAD1 and CAD2 and is consistent
with an absence of luminescence. The transient absorption spectrum of CAD4 in
CH,CI, features a sharp peak at 625 nm corresponding to the excited state which
grows within 5 ps and decays biexponentially with t¢,; = 43 £ 8 ps (50%) and 240
=+ 50 ps (47%), or T,y = 99 ps. The photogenerated transient, CAD4*, is red-shifted
relative to the ground state bleach, in contrast to CAD3* where the transient is
blue-shifted relative to its ground state bleach.

Laser excitation of CAD3|NiO generates a transient with a maximum absor-
bance at 500 nm. We have assigned this as a CAD3"~|NiO" charge-separated state
in agreement with our spectroelectrochemical measurements (Fig. S20t). The
decay kinetics are characteristically heterogeneous (t435 = 5 + 1 ps (37%), 120 +
25 ps (34%) and 4.5 & 1.0 ns (26%)) and we have calculated an averagei t = 94 ps.
The bleach of the ground state extends to wavelengths above 525 nm and is broad
and featureless, which correlates with the absorption spectrum of the ground

1 We have calculated average time constants from the amplitude-weighted average of log 7 for each
component (log 7,,) = (Za; log(t,))/(2a;), where g; is the fractional amplitude. This avoids bias towards
slower components.'®?*
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state of CAD3 (Fig. S6f). In the presence of I"/I;~, the transient absorption
spectrum of CAD3|NiO differs slightly from that of CAD3|NiO with the appear-
ance of a peak absorbing at 700 nm. The CAD3|NiO|I /I;~ transient decays over
a much longer timescale (7,, = 4.0 ns) than CAD3|NiO. The peak at 700 nm
overlaps with the ground state bleach so it was fit to a stretched exponential with
T720 = 16 = 7 ps. This unexpected increase in the lifetime of the charge-separated
state in the presence of the redox mediator suggests that the charge-separated
state is stabilised when I, /I" is present. I reacts with Ni*" at the surface of
the electrode.?* This may slow the rate of charge recombination between Ni** and
D. Alternatively, the ions in the electrolyte may stabilise the reduced dye.
However, as there is no obvious shift in the spectra there is no evidence for the
latter. The transient absorption spectra of CAD4|NiO are broadened compared to
CAD4* and the spectral shape resembles the reduced dye observed from our
spectroelectrochemical measurements (Fig. S211). This is consistent with the
formation of the charge-separated state, CAD4"~|NiO". The charge-separated
state decays on a much shorter timescale for CAD4"~|NiO" (1¢40 = 2 # 0.1 ps
(79%), 35 & 6 ps (21%)), T4y = 3.6 ps, relative to CAD3"~|NiO". In the presence of
I /I;7, the lifetime of the CAD4|NiO charge-separated state increases slightly
(t625 = 3 £ 0.1 ps (64%), 28 =+ 4 ps (25%), 0.74 £ 0.18 ns (11%)), T2y = 9.6 Ps, as
observed for CAD3. Clearly, rapid charge-recombination should limit the effi-
ciency of CAD4|NiO. The accelerated charge-recombination observed for
CAD4'~|NiO" maybe a result of increased electronic coupling between the dye and
the NiO when two carboxylic acids are used rather than one. Nonetheless,
areasonable solar cell performance was attained with this dye. This suggests that
dye regeneration by the electrolyte is very efficient, possibly as a result of ion
pairing between the positively charged acceptor moiety with I~ in the electrolyte.
However, this does not explain the substantial difference between the lifetimes of
CAD4" ~|NiO" and CAD3"~|NiO", which one would expect to interact equally well
with the redox mediator. The only explanation that we have currently is that the
added steric bulk on CAD3 not only shields the acceptor from the electrode
surface, but also from the electrolyte species, slowing both recombination and
regeneration.

Conclusions

We have investigated the performance of a new class of pyrrole-based anchoring
group for NiO photosensitizers and compared it to the triphenylamine-carboxylic
acid system typically used. The very short transient lifetime for CAD4~ |NiO"
compared to CAD3”|NiO" suggests that the device performance is limited by
rapid recombination. Nonetheless, the device performance was competitive with
many p-type DSSCs reported previously, including CAD1 and CAD2, which, like
CAD4, contain one cationic acceptor per molecule.” The smaller dye leads to
double the dye loading on the NiO film compared to CAD3, which somewhat
compensates for the lower extinction coefficient and narrower absorption. In the
presence of a I /I;7 redox mediator, the lifetime of the charge-separated state
increased for both dyes compared to the dyed films in the presence of inert
electrolyte. This shows there is some interaction between the electrolyte and
dye|NiO system so highlights the importance of measuring in conditions
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resembling the working device. Further work will be carried out to monitor the
effect of the Fermi level position on the recombination dynamics.
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