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Dye-sensitized solar cells are photoelectrochemical devices, which are of great interest due to their ease of
fabrication and attractive design. This review details the progress made over the last 20 years into the
development of more efficient p-type DSCs with the goal of combining both p and the more widely studied
n-type (TiO,)-based photoelectrodes in tandem-DSCs. Such tandem architectures offer an opportunity to
collect more light, more efficiently by overcoming the thermodynamic limits of single-junction devices. The
main components of the p-DSCs, such as the variety of different sensitizers, p-type semiconductors and
electrolytes are introduced and their typical performance in devices are compared. The kinetics of light-
induced charge transfer at the interfaces between these materials are also discussed and suggestions are
made as to which factors could be a priority for future research to increase the performance of p-type DSC
to match state-of-the-art TiO,-based devices, which is necessary for a step change in the conversion

efficiency.

Introduction

Energy is crucial for sustaining human life on Earth and has
always underpinned technological development. Since the
industrial revolution, the use of fossil fuels over the past two
and a half centuries has facilitated technological innovations
and improved living standards for a large part of the global
population. Nowadays, the global energy consumption is
approximately 18 TW per year.! Consumption is predicted to
rise to 27.6 TW by 2050 and 43.0 TW by 2100.2 Currently, most
of this energy demand is fulfilled by finite and environmentally
damaging fossil fuels; policies have been set to reduce
greenhouse gas emissions by the development of the
renewable energy sector.34 120 000 TW of solar energy from
sunlight strikes the earth, making it the most abundant
renewable energy source. Despite this abundance and the
increased efficiency of commercial solar cells, solar technology
provides less than 0.5% of global primary energy demand and
contributes less than 1% toward the production of electricity
(which has a 22% contribution from renewable sources).1>¢

Technologies for directly harnessing solar energy include
photovoltaics  (PV), thermal and fuel
(photoelectrochemical/photobiological cells). Single-junction
silicon, a 15t generation PV technology, dominates the market as
the most utilised technology integrated into infrastructure.
Light absorption and charge separation occur in the same
material by means of an internal electric field (a p-n junction).37
Silicon has an indirect band gap, so a thick layer of high purity
and crystalline absorber material is required, which is
associated with energy intensive and expensive manufacturing
processes. Additionally, the performance of this technology is
limited by the Shockley-Queisser (SQ) limit, a thermodynamic
limit applicable to single-junction devices. The maximum solar
conversion efficiency of PV is approximately 33%, for an
optimum bandgap of 1.34 eV and using an AM 1.5 solar
spectrum.8 Such limitations have stunted the overall
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applicability of these devices. Emerging PV technologies,
including tandem and multi-junction devices have the potential
to overcome the SQ limit.

Emerging technologies based on nanotechnology are of
particular interest because they offer alternative applications to
c-Si, in part due to different processing methods and
operational mechanisms. Dye-sensitized solar cells (DSCs), in
particular, differ from Si-PVs in that the functions of light
absorption and charge separation are separated and carried out
by different components. Theoretically, this allows cheaper,
lower purity materials to be used, as defects are not such a
prominent issue. The advantages of DSCs include using
abundant materials, a simple manufacturing process and a wide
choice of usable substrates. These devices are based on
nanocrystalline TiO, and a consequence of this is that the angle
of incident light is not critical and they have been shown to work
under low-light conditions.®19 This means they have the
potential for integration into windows or building materials and
for use in indoor applications. Furthermore, tandem DSC
devices (p-n DSCs) can surpass the SQ limit (theoretically = 43%)
by increasing the spectral response of the device without
sacrificing photovoltage.1112

Discussion
1. p-DSCs

The first p-DSC was reported in 1999 by Lindquist and co-
workers.13 The cell was made using the same components as for
an n-DSC (Figure 1), but the TiO; semiconductor was replaced
with a layer of NiO; a p-type semiconductor. An overall PCE of
0.0076% was obtained using erythrosin B as a sensitizer. Indeed,
p-type devices operate in a similar fashion to n-DSCs, however,
as the majority charge carriers in NiO are positive holes (h*), the
electron flow occurs in the reverse direction. In an n-type
device, electron transfer occurs from the excited dye into the
conduction band of TiO,. Conversely, for a p-type device



electron transfer occurs from the valence band of the
semiconductor to the excited dye. A schematic representation
of a NiO-based p-DSC is provided in Figure 1 and the individual

Figure 1. Top: Schematic representation of the charge transfer processes occurring
within a TiO,-based n-DSC.  Bottom: Schematic representation of the charge transfer
processes occurring within a NiO-based p-DSC.

components are discussed in more detail in the following
paragraphs.

The charge transfer processes that occur in a p-DSC under
operation are summarised in Figure 1. These are as follows:

Photoexcitation of the dye (D) via the absorption of a photon to
form an electronic excited state (D*):

D + hv - D*

Electron transfer from the valence band of NiO to the excited
dye (or hole transfer from the dye to NiO):

D* + Ni0 - D~ + NiO|h*

Regeneration of the ground state of the dye by the oxidised
species in the electrolyte, which involve radical species:

D_+13__)D+12._+1.
The reduced dye is first regenerated by triiodide to form the
diiodide radical.’* This undergoes disproportionation to form
trilodide and iodide:
212._ d 13_ + I~

Regeneration of the reduced species in the electrolyte occurs at
the counter electrode:

31" > I3 + 2e”

These forward charge transfer processes are in competition
with several recombination pathways:

Excited state decay of the dye (radiative and non-radiative):
D* - D + hv
Recombination between the reduced dye and a hole in NiO:
D~ + NiO|ht - D + NiO

Recombination of a hole in NiO with the reduced species in the
electrolyte:

2[NiO|h*] + 31~ - NiO + I~

Over the past 20 years, considerable effort has been made to
improve the device performance by reducing recombination
and enhancing charge transfer, including the design of novel
sensitizers with long-lived charge separated states, the design
of custom-made electrolytes and a search for
semiconductors as alternatives to the well-established, but
problematic NiO. In the following paragraphs we will go through
each p-type DSC component to provide insight into progress
that has been made and opportunities for future research.

new

2. Sensitizers

The requirements of an ideal dye include the capability of
absorbing photons in the visible-NIR region, a broad absorption
profile and high extinction coefficient; an anchoring unit which
ensures absorption on the SC surface (typically carboxylic acids,
phosphonates and pyridine anchoring units), suitably
positioned HOMO and LUMO levels to promote efficient charge
transfer and dye regeneration (the HOMO needs to be more
positive than the valence band edge (Vege) of the semiconductor
and the LUMO needs to be more negative than the redox
potential of the electrolyte).15-1° Furthermore, the dye structure
should promote a long-lived charge-separated state. This is
usually attempted by following a donor-acceptor ‘push-pull’
design, where electron density will be shuttled to the periphery
of the dye following charge transfer from the semiconductor.
Many research groups are working on designing new sensitizers
to improve the efficiency of p-DSCs, which has produced a wide
range of publications.2%-22 Figure 2 provides a comparison of the
DSC performances of around ninety dyes that have been
designed for p-DSCs. Ruthenium refers to ruthenium complexes
used as dyes and double acceptor/anchor refers to
triphenylamine based push-pull dyes, with either one or two
acceptor groups, depending on the configuration chosen
(Figure 3). Jsc and Voc refer to the short-circuit photocurrent
density and open-circuit voltage respectively.

Figure 2. A comparison of p-DSC performances for various reported dyes tested with an
I/l5 electrolyte.

Figure 3. Schematic representation of triphenylamine ‘push-pull’ dyes bearing one or
two acceptor groups. L = linker group and A = acceptor unit.

2.1 Metal complexes based dyes

In general, dyes based on ruthenium complexes perform worse
than organic dyes, which is the opposite trend to the majority
of n-DSCs. Indeed, in n-DSCs, ruthenium complexes are efficient
sensitizers that outperformed organic dyes for a long time. In
contrast, in p-type systems, the benchmark N719 dye was the

Figure 4. Molecular structure of ruthenium dyes used for NiO-based p-DSCs.26-32

first ruthenium photosensitizer tested with NiO.22 A
‘desensitizing’ effect was seen for NiO/N719, where the dyed



devices performed worse than NiO alone (Jsc = 8 vs. 46 HA cm™
for NiO/N719 and NiO respectively). The authors postulated
that N719 was forming a dye-iodide complex, as has been
reported previously for n-DSCs, which can catalyse the
oxidation of iodide.?* This could lead to enhanced
electrolyte/NiO recombination in a p-type device. The fully
protonated analogue N3 was also tested in p-DSCs, reporting a
negligible Jsc and no photocurrent response at monochromatic
wavelengths that could be attributed to the dye.?> These dyes
were thought to perform poorly as they were engineered to
have higher electron densities at the semiconductor surface
following excitation. This would promote electron transfer into
the TiO, conduction band in an n-type device, but has the
opposite effect of inhibiting NiO-dye electron transfer (and
promoting dye/NiO recombination) in a p-type device. While
N719 and N3 did not prove suitable for use in a p-DSC, other
ruthenium dyes have proved more successful by adopting a
donor-acceptor design. Figure 4 shows a selection of ruthenium
dyes that have been used to produce photocurrent densities >
2 mA cm= when utilised in a p-DSC in conjunction with NiO.
Most of these (the OX series, K1 and SL1) were designed with a
triphenylamine donor, so that following excitation, electron
density would be located on the ruthenium core, away from the
semiconductior surface. This design, which was intended to
inhibit charge recombination between the reduced dye
molecules and holes in NiO, was successful in producing higher
photocurrent densities. The dyes that produced a Jsc close to or
higher than 3 mA cm2 were K1, 03, 018 and [Ru(bpy)2(Hs)] (Jsc
= 291, 3.04, 3.43 and 4.06 mA cm? respectively).262°
Interestingly, the highest performance (PCE = 0.139%) was
obtained using the structurally simplest dye, [Ru(bpy)2(Hs)]. A
structural analogue (011) has been previously reported for use
in p-DSCs, which instead contained a carboxylic acid anchoring
unit.3% With the carboxylic acid anchoring group, much lower
device efficiencies were obtained (Jsc = 1.16 and PCE = 0.033%
011 vs. Jsc =4.06 mA cm2 and PCE = 0.139% for [Ru(bpy)2(Hs)]),
despite the apparent subtle structural difference. [Ru(bpy)2(Hs)]
was isolated as a zwitterion, so it is possible that the reduced
electron density on ruthenium imparts some charge transfer
character.2? This could increase photocurrent density by
reducing recombination. A similar effect was reported for the
ruthenium dyes with a carboxylic acid anchoring group by
inserting additional phenyl groups between bipyridine and
benzoic acid, thereby increasing the spatial separation between
NiO and the ruthenium core.

Interestingly, novel push-pull ruthenium diacetylide complexes
(SL1 and SL2, € > 2 x 10* M1 cm) have also been investigated
by Odobel and co-workers, with SL1 showing superior
performance (Jsc = 2.25 mA cm2, Voc = 104 mV, ff = 34%, PCE =
0.079%) which is attributed to an increased dye loading over
SL2.31 Notably, both complexes had a modest driving force for
hole injection (0.25 - 0.3 eV), but with alternative push-pull units
a highly efficient push-pull ruthenium complex could be
realised.

Compared to n-type systems, where the anchoring of the
sensitizer to the TiO, surface has been thoroughly studied,
rather less is understood regarding the best binding groups for

NiO.32 Besides well-known ruthenium complexes with
carboxylic and phosphonic acids as anchoring groups, Odobel
and co-workers investigated four ruthenium complexes with
different anchoring groups, either carboxylic acid,
biscarbodithioic acid, catechol and methyl phosphonic acid.®
Their experiments demonstrated that both catechol and methyl
phosphonic acid are promising alternative binding groups for
NiO sensitizers. Methyl phosphonic acid is a valuable anchoring
group which has been shown to form a stable linkage with a
metal oxide surface, such as TiO, Catechol potentially enhances
the electronic coupling with the semiconductor (the HOMO of
the sensitizer mixes with the wave function of the valence band
of NiO) because it is more electron rich than the conventional

carboxylic acid.

Figure 5. Structures of the iridium complexes IrPhen, IrDPQCN2, IrBpystyryl.33
Additionally, other transition metal complexes, based on
iridium have been investigated for application in p-DSCs. Iridium
complexes are of particular interest due to the strong oxidizing
power of their excited state, favouring hole injection into the VB
of the SC. Three novel cyclometalated iridium complexes
(IrPhen, IrDPQCNZ2, IrBpystyryl) (Figure 5) were reported by
Odobel and co-workers.33 IrDPQCN2 showed the best
performance (Co'""': Jsc=0.25 mA cm2, Voc= 508 mV, FF = 54%,
PCE = 0.068%), which was attributed to a longer-lived triplet
excited state with respect to the other complexes. It is worth
mentioning that generally the Js. was relatively low due to the
low light harvesting efficiency over the visible spectrum of these
iridium complexes.

Figure 6. Iridium biscyclometalated complexes prepared (AS9-15). Ancillary ligands used
for p-type complexes synthesis (NAN): (AS9) bipyridine; (AS10) phenanthroline; (AS11)
dipyrido[3,2-a:20-30-c]-phenazine; (AS12) 4-nitrobipyridine; (AS13) 4,4'-
dinitrobipyridine; (AS14) N,N'-bis(4-methoxyphenylimino)acenaphthene; (AS15) N,N'-
bis(phenylimino) acenaphthene.34

Furthermore, Elliott and co-workers synthesised seven iridium
complexes (Figure 6), comprising of two 4-(pyrid-2-yl) benzoic
acid anchoring ligands and alternate diamine electron accepting
ancillary ligands.3* The design of the p-type dyes reported in
Figure 6 comes mainly from the need to prevent the
recombination of the injected hole with the excited electron
together with a reasonable absorption coefficient for visible
light. The carboxylate anchoring groups were placed on the
electron donating anionic aryl groups. This should maintain
efficient anchoring onto the electrode but ensure localization of
the HOMO on these moieties. Use of a neutral electron
accepting ancillary ligand trans to the anchoring arylcarboxylate
rings thus ensures localization of the LUMO away from the
anchoring groups, thereby maximising charge separation and
minimising recombination. AS14 showed the best device
performance (Is7/I": Jsc = 1.12 mA cm2, Voc = 0.10, FF = 36.8%,
PCE = 0.043%), displaying encouraging results for a new
generation of iridium-based p-type dyes.



Figure 7. [Ir(CANAC)(NAN)CI] [where CANAC = 2-(bis(4-(tert-butyl)phenyl)methyl)
pyridinato and NN is diethyl [2,20 -bipyridine-4,40 -dicarboxylate].3®

Zysman-Colman et al. recently reported an Iridium complex
(Figure 7), bearing an unusual tripodal tridentate CANAC ligand
forming three six membered rings around the iridium centre.3>
Despite the interesting structure, DSCs using the dye achieved
only an average PCE of 0.49%, comparable to other Ir(lll) dyes.
This was attributed to the modest absorption coefficient which
leads to weak light harvesting in the visible region and low
short-circuit current. The design of an alternative anchoring
group could open the way to higher performing DSCs in the
future.

2.2 Organic push-pull dyes

Figure 8. Molecular structures of commercial dyes, coumarin C343 and erythrosin B.13:36

Figure 9. Molecular structure of PMl-acceptor dyads tested for p-DSCs.37-3°

In contrast to organometallic dyes, more satisfying results have
been obtained with organic dyes. In early publications on NiO-
based p-DSCs, commercial dyes such as coumarin 343 (C343)
and erythrosin B were used as the sensitizer (Figure 8).3% These
served as proof-of-concept reports for dye-sensitized NiO as a
photocathode, however the devices were limited by low
efficiencies which was attributed to fast recombination
between the reduced dye molecules and holes in NiQ.36:37
Slowing down this recombination process is crucial to improve
the performances of p-DSCs. Morandeira and co-workers
reported the first dye designed specifically for use in p-DSCs
(PMI-NDI) as shown in Figure 9.37 In this perylene system, a
long-lived charge separated state was formed in the presence
of the naphthalene diimide (NDI) acceptor. The dyad achieved
a quantum efficiency three times greater than the analogous
dye without NDI. A variety of perylene based donor-acceptor
dyads were tested with varying acceptor units (NDI or Cgo,
Figure 9) and in each case higher performances were obtained
with an acceptor group present.3? In a later publication, a p-DSC
constructed using PMI-NDI sensitized NiO and a Co'/"-based
redox electrolyte obtained an overall PCE of 0.20%, in part due
to a greatly increased Voc of 350 mV.3° This work highlighted the
necessity of designing donor-acceptor dyes specifically
engineered for NiO-based p-DSCs to increase device efficiencies
(Figure 10).

Figure 10. Schematic representation of the ‘push-pull’ design used for p-DSCs.

Figure 11. Molecular structure of the triphenylamine push-pull dye P1.404%

One of the first push-pull dyes to achieve a higher Jsc was the
triphenylamine-based dye P1 (Figure 11) and the design has
heavily influenced the development of many subsequent dyes
for p-DSCs.* This dye combined a triphenylamine donor unit
and two dicyanovinylene acceptors, linked using thiophene
bridges, with a carboxylic acid anchoring group. In the initial
publication, P1/NiO p-DSCs produced a Jsc of 1.52 mA cm2 and
an IPCE of 18%, with an overall PCE of 0.05%.25 Devices made
using P1 were later optimised, giving IPCEs of 35% and then
63%, with an optimised PCE of 0.15%.3%42 It remains a
benchmark dye when optimising new systems (see below).
Another highly efficient set of dyes (published almost at the
same time) is the PMI-nT-TPA series (Figure 12).*2 Here, a
perylenemonoimide (PMI) acceptor is coupled to a
triphenylamine donor by an oligothiophene spacer of varying
length. The dyes are adsorbed onto NiO through two carboxylic
acid groups on the triphenylamine donor. Increasing the
oligothiophene length produced longer-lived charge separated
states (see section 3), which greatly increased device
performances (PCE = 0.09%, 0.19% and 0.41% forn=1,2 and 3
respectively). While the Jsc for PMI-6T-TPA and P1 were similar
(Jsc =5.35 vs. 5.48 mA cm2), the PCE was found to be over twice
as high, at the time, for PMI-6T-TPA due to the larger Voc (218
mV vs. 84 mV).*3 The higher Voc could be attributed to reduced
electrolyte/NiO recombination, due to the presence of long
sterically hindering alkyl chains. Alternatively, it could be due to
differences in NiO preparation, as NiO films sensitized with PMI-
6T-TPA were constructed using a screen-printing paste
prepared from NiO nanoparticles, instead of the sol-gel route
used for P1. The PCE of p-DSCs constructed utilising PMI-6T-TPA
increased from ca. 0.60% with I/l3 redox couple to 1.20% and
2.51% using electrolytes based on Co(en)s and Fe(acac)s
respectively (see section 4). 444> The latter remains the record
PCE for a NiO-based p-DSC.

Figure 12. Molecular structure of the triphenylamine-perylene dyes PMI-nT-TPA 424445

The success of P1 and PMI-6T-TPA sparked renewed interest
into designing triphenylamine-based donor-acceptor dyes.
Since these reports, the majority of dyes for p-DSCs contain
either diphenylamine or triphenylamine donor groups.
Triphenylamine has likely seen such widespread attention due
to its strong electron-donating ability, ease of functionalisation
and non-planar shape which can help reduce aggregation. Due
to these reasons, hundreds of arylamine-containing molecules
have been designed for DSCs and organic solar cells.#647 Most
new dye designs aim to modify the acceptor or linker groups.48
51 There are only a few reports of modified anchoring structure,
such as a recent paper by Fielden et al. on which a series of dyes
with a pyridyl anchoring group was reported (Figure 13).1517.71

Figure 13. Chemical structures of the dyes 1 to 6 reported by Fielden et al.”*

Additionally, dyes with two acceptor groups tend to produce a
higher Jsc. As shown in Figure 3, 65% of reported dyes with the



double acceptor structure produced a Jsc = 3 mA cm?,
compared to 26% for dyes with the double anchor structure.
The structures of some of the dyes which generated the highest
reported Jsc are provided in Figure 14 and Figure 15. The highest
Jsc reported for a p-DSC was produced using CAD3 (Jsc = 8.21 mA
cm2).48 This was based on the P1 design but had two cationic
indolium groups as electron acceptors. This high performance
was attributed to the strong absorption properties of the dye
(Amax = 614 nm, € = 95,000 dm3 mol! cm1) compared to related
dyes with only one indolium acceptor (CAD1 and CAD2).52

Figure 14: Molecular structure of highly performing push-pull dyes with the double
acceptor design; CAD1, CAD2, CAD34852

Figure 15. Molecular structure of highly performing push-pull dyes with the double
acceptor design; T3H and T4H.

Yang and co-workers studied the effect of increasing the donor-
anchor separation of the P1 structure, by varying the
oligothiophene length from four to six units (Figure 15).33-55 The
highest performance was achieved with four thiophenes (T3H).
They found that, despite the increased conjugation length and
stronger absorbance with five and six thiophenes, after four
units the photocurrent decreased due to unfavourable charge
transfer from NiO to the dye. Finally, using four thiophenes
units as the optimum separation length, the dicyanovinylene
acceptor groups were substituted for 1,3-diethyl-2-
thiobarbituric acid (T4H).55> A broader absorption profile was
obtained that stretched further into the near infrared (NIR),
which resulted in a higher light harvesting ability of the device.
Consequently, the device sensitized with T4H produced a higher
Jsc than the one which utilised T3H (Jsc = 5.57 and 6.74 mA cm-2
for T3H and T4H respectively). A higher Voc of 152 mV,
compared to 101 mV for CAD3, meant that T4H produced a
higher overall PCE (PCE = 0.32% for T4H and 0.25% for CAD3).

Figure 16. Molecular structure of the BH dye series.>®

Another series of particular interest is the BH series (Figure 16),
which was designed based on PMI-6T-TPA, with two
oligothiophene-PMI acceptor groups and one carboxylic acid
anchor.>® The presence of an additional acceptor increased the
molar extinction coefficient due to the extended conjugation (g
= 84,000 — 96,000 dm3 mol?! cm for the BH series vs 67,000
dms3 PMI-6T-TPA). The highest p-DSC
performances were obtained with BH4, as although extinction
coefficients increased with increasing oligothiophene length,
the dye loading decreased. BH6 had a dye loading three times
lower than BH4, which decreased the Jsc. This is a different
trend with respect to the PMI-nT-TPA dyes, in which the Jsc and
overall PCE increased with increasing conjugation length. Dye
loading for the PMI-nT-TPA series was not studied, but it is
possible that the two anchoring groups induced a more ordered
dye orientation on the NiO surface. Therefore, increasing the

molt cm? for

thiophene length would not significantly increase the overall
‘footprint’ of the dye. Whereas for the BH series, the long
thiophene chains are orientated more horizontally and so
increasing their length could reduce dye loading. Devices made
with BH4 produced higher photocurrents than both PMI-4T-TPA
and PMI-6T-TPA. The overall performance of BH4 was higher
than PMI-4T-TPA, but lower than PMI-6T-TPA, due to a reduced
Voc (BH4; Jsc = 7.40 mA cm2, Voc = 128 mV, FF = 0.30, PCE =
0.28%, PMI-4T-TPA; Jsc = 3.40 mA cm2, Voc =176 mV, FF =0.32,
PCE = 0.19%, PMI-6T-NDI; Jsc = 6.26 mA cm2, Voc = 243 mV, FF
= 0.39, PCE = 0.60%). While significant improvements were
obtained for devices made using PMI-6T-TPA in conjunction
with transition metal-based electrolytes, the BH series was only
tested with I-/I5” (see section 4).

Excluding the PMI-nT-TPA series, many dyes that adopt the
double anchor design do not produce a high Jsc. However, a
series of fluorene-bridged biphenylamine-perylenemonoimide
dyes have been recently successful studied (Figure 17). In the
zzx-op series, the fluorene bridge is directly appended to
biphenylamine, which will improve donor/acceptor coupling. In
the first publication by He et al. the linker groups were varied
between fluorene (zzx-op1), fluorene-3,4-
ethylenedioxythiophene (EDOT, zzx-op2) and fluorene-EDOT-
thiophene (zzx-op3).5! There was a broader spectral coverage
as the conjugation length increased, which was expected to
increase the Jsc. However, the Jsc decreased in the order of 4.36
> 4.00 > 3.80 mA cm? (respectively) as the spacer length
increased. The Voc and fill factors of the devices were mostly
unaffected (Voc and FF ranged from 109-112 mV and 0.36-0.38
respectively), therefore the PCE decreased with the same trend
for zzx-op1, zzx-op2 and zzx-op3 of 0.18% > 0.16% > 0.15%,
respectively. These differences could not be rationalised on the
basis of absorption properties or dye loading, as all three dyes
had a similar loading of 2.09 — 2.15 x 107 mol cm=2. The
differences were therefore attributed to a decreasing driving
force for charge transfer. As the conjugation length increased,
the HOMO became more negative which decreased the driving
force. Injection quantum vyields of 90% > 54% > 39% were
calculated for zzx-op1l, zzx-op2 and zzx-op3, respectively. Based
on these measurements it was proposed that a driving force of
= 0.80 eV is necessary for high charge transfer quantum yields.

Figure 17. Molecular structure of the zzx-op series, a set of highly performing fluorene
based push-pull dyes with the double anchor design.>%5!

As fluorene proved to be the optimum linker unit, in a
subsequent publication the team looked at extending the
fluorene length (zzx-op1-2 and zzx-op1-3).59 As the conjugation
length was increased the driving force for charge transfer
remained mostly unaffected but charge recombination to NiO
was reduced. The highest efficiency was obtained with two
fluorene spacers (zzx-op1-2, Jsc = 7.57 mA cm2, Voc = 117 mV,
FF = 0.40, PCE = 0.353%). This was attributed to a trade-off
between increased donor/acceptor separation and the
flexibility of the fluorene chain. As the fluorene bridge became
longer, the increased spatial separation between the donor and



acceptor groups would likely hinder recombination between
the reduced dye and NiO. Conversely, with shorter chains the
dyes could form a more compact layer, which could inhibit
recombination between the electrolyte and NiO. zzx-op1-2 was
argued to have the correct chain length to balance these two
factors, leading to the highest performances. Despite their
similarities to the PMI-nT-TPA dyes, none of the zzx-op series
were tested with transition metal-based electrolytes.

Figure 18. Molecular structures of the p-type dye molecules W1, W2, and W3.57

A series of double anchor novel D-A-A (donor-acceptor-
acceptor) based sensitizers (W1, W2 and W3) were reported by
Zhu and co-workers (Figure 18).57 In this series an electron
withdrawing  2,1,3-benzothiadiazole (BT) moiety was
introduced as a m-bridge connecting a triphenylamine donor
and alternative acceptor moieties. All dyes exhibited a PCE
exceeding 0.1%, with W2 a sensitizer containing an octyl 2 -
cyanoacrylate acceptor showing the superior performance (Jsc
=4.16 mA cm2, Voc = 121 mV, FF = 0.33, PCE = 0.166%). The
higher light-harvesting efficiency leads to a higher photocurrent
in W2. In addition, electrochemical impedance spectroscopy
(see section 3) (EIS) studies suggest slower charge
recombination at the metal oxide/electrolyte interface and a
faster hole transporting ability of W2. This encouraging result
indicates the potential of such D—A-A systems for the creation
of high-performance photosensitizers for p-type
photocathodes.

All these dye series exemplify the double anchor design. On the
other hand, a recently reported push-pull thienoquinoidal dye
is the antithesis to this design, with a small conjugation length
and little donor/acceptor separation (QT-1, Figure 19). Despite
this, the dye produced one of the highest reported Jsc values of
8.20 mA cm2. Coupled with a Voc of 120 mV and an FF of 0.34,
this dye had an overall PCE of 0.33% when tested with the I/I3
electrolyte. It also proved to be successful when used with a
Co'//Co"-based electrolyte (Jsc = 6.5 mA cm2, Voc = 226 mV, FF
=0.34, PCE =0.50%), suggesting that the charge-separated state
is long-lived. Little discussion was provided concerning the
reason why these devices were so successful. Interestingly, it
has a very similar structure to a previously reported dye; 02.60

Figure 19. Molecular structure of QT-1 and the structurally similar dye 02,5860

Figure 20. Molecular structure of arylamine dyes with one or two anchors designed for
p-DSCs reported by the group of Lin.3961

When employed in a p-DSC, 02 performed only modestly (Jsc =
1.43 mA cm, Voc = 94 mV, FF = 0.37, PCE = 0.05%).58 This
comparison highlights how fairly minor structural changes can
have a large effect on device efficiencies. Lin and co-workers
designed a series of arylamine-based dyes with a single
acceptor unit and one or two carboxylic acid anchoring units to
directly probe the effect of multiple anchoring sites on device

performances (Figure 20).561 Comparing the two dyes with the
1,3-diethyl-thiobarbituric acid acceptor unit (Lin-1 and Lin-2),
devices made with the multi-anchored dye out-performed
those made with the single-anchored dye (Lin-1; Jsc = 1.38 mA
cm2, Voc =113 mV, FF =0.34, PCE = 0.053%, Lin-2; Jsc =2.18 mA
cm2, Voc = 122 mV, FF = 0.35, PCE = 0.092%). This improved
performance was attributed to the second anchoring unit
enhancing the binding strength between the dye and the
semiconductor, thereby facilitating more efficient charge
transfer. It was also suggested that the improvements were due
to a suppression of the dark current of the device from more
effective coverage of the NiO surface by the dye. However, a
lower dye loading (1.54 x 107 mol cm2 for Lin-1 vs. 1.19 x 107
mol cm2 for Lin-2) was observed for the dye containing two
anchoring units.

Figure 21. Molecular structures of squaraines described in Warnan et al. Study.®?

The same trend was seen for the squaraine dyes, with the
double-anchored structure proving more efficient (p-SQ1; Jsc =
1.22 mA cm, Voc = 117 mV, FF = 0.37, PCE = 0.053%, p-SQ2; Jsc
=1.92 mA cm?, Voc = 140 mV, FF = 0.42, PCE = 0.113%). Again,
the improvements were attributed to a suppression of the dark
current. In comparison to the first report, here the dye with two
anchoring units had a higher dye loading (1.98 x 107 mol cm
for p-SQ2 vs 1.07 x 107 mol cm2 for p-SQ1), possibly due to a
more compact dye monolayer brought about from the more
rigid anchoring mode. Warnan and co-workers also produced a
series based on iodo-squaraines (SQ) (Figure 21).62 SQ showed
fast hole injection, however it suffered from subsequent fast
recombination. A PMI unit was included to act as a light
harvesting antenna and a secondary electron acceptor (SQ-
PMI). Additionally, a terminal electron acceptor unit, NDI, was
added to this system in an attempt to slow recombination
further (SQ-PMI-NDI). The PCE of the systems steadily increased
in the order of; SQ < SQ-PMI < PMI-NDI «< SQ-PMI-NDI. The
charge-separated state was extended long enough that a metal
based redox mediator could be utilised, however the best
device performance was achieved with iodine (SQ-PMI-NDI/ I
/|3' : Jsc =2.73 mA cm'2, Voc =95 mV, FF = 032, PCE = 0.083%,
Co'M: Jsc=1.17 mAcm2,Voc=175mV, FF=0.27, PCE =0.055%).
The authors argued that novel squaraines based on push-pull
systems containing an electron withdrawing moiety are
required for future development.

Very recently a new series of triphenylamine dyes was reported
by Brisse et al (Figure 22).%3 The new dyes are homologous to
the benchmark P1. The authors tuned electron acceptor moiety
with increasing electronic affinity in the series of four
triphenylamine-bithiophene push-pull dyes in order to shift
their absorption to the red region of the visible spectrum. With
an iodine electrolyte, one of the dyes possessing a 1,3-diethyl-
2- thiobarbituric acceptor gave a PCE reaching 0.124% and a Jsc
of 4.32 mA.cm-2.



Figure 22. Molecular structures of push-pull dyes synthesized by Brisse et al. (RBG-174,
COCO, BBTX, COCN).83

Figure 23. Molecular structure of DPP-dyads used for p-DSCs. 156465

While triphenylamine-based push-pull dyes have dominated
the p-DSC field since the work of Sun and Bach, very recently a
publication by Odobel and co-workers described a highly
efficient diketopyrrolopyrrole (DPP) dyad that does not contain
an amine donor (Figure 23).152542 DPP dyes are attractive
because of their numerous features, such as high photostability,
electron withdrawing properties well-suited to reach high
oxidizing power in the excited state, and straightforward
synthesis. Th-DPP-NDI (Figure 23) had a modest extinction
coefficient of 37 000 dm3 molt cm, lower than any of the other
dyes that produced a high Jsc. Despite this the average Jsc of
NiO/Th-DPP-NDI devices was 7.38 mA cm2 and the ‘champion’
device produced 8.2 mA cm2, which is comparable to the record
dyes CAD3 and QT-1. The NDI acceptor group is essential for
these high performances, as Th-DPP produced only a negligible
current response that could be attributed to the dye. It is
possible that the success of this molecule will stimulate the
design of more varied dyes for p-DSCs. These DPP dyes also
serve as a prime example of how subtle structural modifications
can have a significant effect on device performances. A DPP
dyad with mixed phenyl/thiophene bridges (DPP-NDI) was
previously reported by the same group and devices made using
this dye obtained a Jsc of 1.79 mA cm-2. The lower Jsc, coupled
with a lower Voc (Voc = 147 and 91 mV for Th-DPP-NDI and DPP-
NDI respectively), resulted in a PCE that was seven times lower
than Th-DPP-NDI (PCE = 0.35% and 0.048% for Th-DPP-NDI and
DPP-NDI respectively).64.65

Figure 24. Molecular structures of the isoindigo dyes.%¢

Structurally similar to DPP-based sensitizers are isoindigo
derivatives (Figure 24). In 2015, Odobel and co-workers
investigated two indigo sensitizers for their novel application in
NiO p-DSCs. A N,N-di(4-benzoic acid) phenylamine moiety acted
as an anchoring (donor) group, and the isoindigo as the acceptor
(ISO-Br) (Figure 24). It is worth mentioning that a second dye
was produced which was additionally functionalised with an
NDI unit (ISO-NDI). The dyes displayed a broad charge transfer
band and an extended absorption (< 700 nm), explaining their
promising performances (ISO-Br/ Co'/"': Jsc = 0.80 mA cm2, Voc
=182 mV, FF =0.23, PCE = 0.033, ISO-NDI/ Co'/!; Jsc = 1.54 mA
cm2, Voc=260mV, FF=0.25, PCE =0.100%).%6 The performance
and simplicity of these sensitizers opens up space for future
development. Recently, a novel bay-annulated indigo (BAI)
derivative has been reported (Figure 25), producing a promising
photocurrent (I-/15" : Jsc = 1.14 mA cm2).57

Figure 25. Molecular structure of BAI-COOH.%

Furthermore, a novel series of triphenylamino-free pyran-based
dyes (Figure 26) have been prepared in which the performance
of CB7 and CB8 exceeded, in the reported conditions, that of
the benchmark P1 (CB7: Jsc= 2.00 mA cm2, PCE = 0.076%, CBS:
Jsc=1.72 mA cm?, PCE = 0.066, P1: Jsc= 1.66 mA cm2, PCE =
0.064).78 CB8 was found to absorb in the higher regions of the
visible spectrum making it an ideal candidate for t-DSCs.

This survey of the literature reveals that consistently, the most
promising dyes are those with charge-transfer character, such
as the triphenyl amine push-pull dyes and molecular dyads such
as Th-DPP-NDI. It can be challenging to compare directly the
performance unless a benchmark, such as P1, is used because
of the variation in NiO quality between research groups.
Generally, symmetrical dyes with two acceptors are beneficial
in terms of strong light absorption (and high Jsc), whereas
having only one acceptor but two anchoring groups is beneficial
in terms of stability and protecting the surface (high Voc). The
lifetime for charge-separation (see section 3) is improved by
positioning the acceptor away from the metal oxide surface,
compared to dyes without a donor-acceptor structure,
however, the charge-separated state lifetimes of dyes on NiO
still lag orders of magnitude lower than dyes on TiO,. PMI-6T-
TPA, which combines the best features of all the dyes, in
conjunction with iron acetylacetonate, has reached the highest
efficiency for a p-type DSC (ca. 2.5%) to date.

Figure 26. Molecular structure of triphenylamino-free pyran-based dyes.”®

2.3 Porphyrin and Bodipy sensitizers

Figure 27. Molecular structure of porphyrins synthesised and tested in p-DSCs; ZnP and
ZnP-NDI reported by Odobel et al; ZnTCPP and Cg,PPy reported by Tian et al.67-%°

Figure 28. Chemical structure of the porphyrins studied by Gibson et al.”

Beyond the widely researched ruthenium and triphenylamine-
based push-pull sensitizers, there have been other unique
developments focusing on porphyrin and bodipy dyes. While
porphyrins remain one of the most effective and researched
molecules in n-DSCs, their application in p-DSCs hasn’t received
as much attention. This is possibly due to the dissatisfactory
efficiencies reported in early papers, for example He and co-
workers found that the free base tetrakis(4-carboxyphenyl)
porphyrin (TCPP) gave a PCE of only 0.003%.13 Odobel et al.
attempted to improve the performance by applying an electron
accepting phosphorus porphyrin in p-DSCs. While this approach
is logical, the solar cell performance was disappointing (IPCE =
ca. 2.5 %). Inspection of the relative redox potentials indicate
that while the driving force for photoinduced charge-separation
was very favourable, AG® = -1.1 eV, the low-lying reduction
potential (-0.6 V vs. SCE) meant that the driving force for



regeneration was insufficient for regeneration of the dye to
compete with charge-recombination.

More electron donating zinc porphyrin based dyes (Figure 27)
have given modest results (for ZnP, Jsc =0.19 mA cm2, Voc = 98
mV, n =0.006%; for ZnTCPP, Jsc = 0.5 mA cm2, Voc = 120 mV, FF
=40 %, n = 0.02 %).58° It has been postulated that the limiting
factor in the zinc porphyrin system was fast electron-hole
recombination at the interface between the dye and the NiO.
Appending an NDI electron acceptor to ZnP improved the p-DSC
performance (ZnP-NDI Jsc = 1.38 mA cm2, Voc =127 mV, FF =32
%, n =0.012 %).7° Likewise, Tian also tested a supramolecular
system with ZnTCPP coordinated to N-methyl-2-(4’-pyridyl)-3,4-
fulleropyrrolidine (CgoPPy).%° This design was inspired by
previous reports of supramolecular interactions between
porphyrins and Ceo derivatives, which showed a fast porphyrin
to Ceo charge transfer process and a long lifetime for the
reduced fullerene.”374 NiO films sensitized using ZnTCPP/CeoPPy
performed more efficiently than the porphyrin alone (Jsc = 1.5
mA cm2, Voc = 158 mV, FF = 38 %, n = 0.09 %). The authors
attributed this increased performance to a suppression of
recombination between the reduced dye and NiO. The authors
recommended that a new anchoring group, spacer units and the
introduction of a novel electron acceptor are pertinent for
future optimization. Recently, Gibson et al. demonstrated the
efficient employment of click chemistry to synthesise a new
porphyrin with a coumarin anchor group (3, Figure 28) which
augments binding stability.”> This system was efficiently
coupled with a Cgo acceptor following the approach by Tian et
al.?® The efficiencies obtained were low but comparable
(around 0.02%).

Figure 29. Molecular structure of 1-7 and 4,4-difluoro-8-(4-carboxyphenyl)-1,3,5,7-
tetramethyl-2,6-diethyl3a,4a-diaza-4-bora-s-indacene (Bodipy-CO2H) investigated as
NiO photosenzitizers.”s7”

Boradiazaindacene (bodipy) dyes are popular in a range of
applications but have been used infrequently and with
moderate success in n-DSCs. However, their large extinction
coefficients, electrochemical stability and tuneable absorption
properties (i.e. to optically match photoanodes in tandem cells)
prompted Lefebvre and co-workers to choose a bodipy dye for
p-type DSC tests.”> The applicability of boradiazaindacene
(bodipy) dyes for promoting charge-separation was successfully
demonstrated. The triphenylamine donor-bodipy acceptor
produced an impressive Js: (3.15 mA cm2) which was at the time
comparably superior to related triphenylamine-based dyes.”®
Later, a series of triphenylamine donor-based bodipy dyes
appending a carboxylic acid anchoring group and thiophene
spacers were investigated (Bodipy-CO,H). A positive effect on
PCE was observed upon addition of thiophene spacers units.
Less substituted bodipy dyes (5 and 7, Figure 29) showed higher
IPCE comparative to the hindered dyes 4 and 6 (IPCE 4 =27%, 7
= 53%). A higher Jsc (5.87 mA cm2) was reported for Bodipy 7
and was accredited to an improved electronic communication
with NiO.7”7

Besides the broad use of porphyrins for n-type DSCs and
optimization of such dyes carried out by different research
groups, they seem, so far, to be less promising for applications
in p-type cells. A possible approach to improve the performance
would be to build in a push-pull design and to improve the
orbital overlap between the HOMO on the dye and states in the
NiO valence band. However, the synthesis of asymmetric
porphyrins is typically limited by low yields and multiple steps.
Bodipy dyes are relatively more straightforward to synthesise
and have reached current densities which are almost
comparable with the push-pull dyes described above (ca. 0.3 %).
The field concerning bodipy based sensitizers is growing and is
still open to optimization, possibly by developing dyad systems
with an acceptor unit such as Ceo.

3. Kinetics

3.1 The dye-semiconductor interface

Figure 30. Energy level diagram of the backward processes in a p-type nickel oxide dye-
sensitized solar cell with an iodide/triiodide redox couple. 1) Dye relaxation; 2) dye-
| NiO+ recombination; 3) electrolyte-| NiO+ recombination.

In order to gain a deep insight into the mechanisms that
regulate the incident photon to current conversion (IPCE) of p-
type DSCs with different sensitizers, transient absorption
spectroscopy (TAS) and transient infrared spectroscopy (TR) can
be employed. TAS is typically applied to study the ultrafast
dynamics, which is made possible because the injection,
recombination and relaxation pathways occur on very different
timescales, with characteristic rate constants. The undesirable
excited state relaxation and charge-recombination processes in
p-type systems are shown in Figure 30. The fate of an electron
in a dye-sensitized solar cell is determined by kinetic
competition between charge separation and recombination
processes. The typical lifetimes associated with these processes
are given in Figure 31. For characteristic NiO systems, charge-
injection is a fast process, between 100 femtoseconds to 100
picoseconds.?® However, dye |NiO* recombination generally
occurs on a picosecond to nanosecond timescale and is often,
but not always, measured to be faster than regeneration which
has been reported from nanosecond up to microsecond
timescales, leading to an inefficient solar cell.767° Elaborate
donor-acceptor dyes can give charge-separated state lifetimes
of up to microseconds.8%-82 Fast charge-recombination may be
a result of the low hole mobility of NiO or the electronic
vacancies which exist above the valence band edge.83
Furthermore, whereas charge transport through TiO; is
believed to be diffusive, for NiO a hole-hopping mechanism at
the NiO/electrolyte interface has been proposed, which may
also promote semiconductor/electrolyte recombination.2%84
This hopping mechanism for NiO is believed to originate from
’trap states’ caused by the presence of Ni3*and Ni4+.83.85

Figure 31. Energy level diagram of the components within a dye-sensitized solar cell with
the relevant timescales of each process in p-type NiO.



Most studies on the dynamics of photoinduced electron
transfer from mesoporous NiO to an excited dye molecule
bound to the surface were reported by Hagfeldt and co-
workers.8 In this work, C343-sensitized NiO was chosen as a
model system to study interfacial electron-transfer dynamics.
The kinetic processes were found to be multi exponential and a
major ultrafast component (~200 fs) was present, which is of
the same order of magnitude as the time constants measured
for photoinduced electron injection in C343-TiO, colloid
solutions. However, back electron transfer, which is also multi
exponential, is remarkably fast, with the main part of the
recombination process occurring with a time constant of ~20
ps. In Table 1, dye structures and their corresponding dye-| NiO*
charge-separated state lifetimes are shown for all p-type nickel
oxide systems, where this information was reported. Charge-
recombination is generally believed to occur over a range of
timescales due to holes being present in different environments
in the nano-particulate film, so in some cases multiple lifetimes
are attributed to this process.

Long-lived (microsecond) charge-separated state lifetimes on
nickel oxide have been observed for some metal complexes,
such as [Ru(dcb)2(NMI-phen)]?* (namely bis-(2,2'-bipyridine-
4,4'-dicarboxylic acid); N-(1,10-phenanthroline)-4-
nitronaphthalene-1,8-dicarboximide  ruthenium(ll)) (Figure
32).3387 The presence of the electron-accepting group, 4-
nitronaphthalene-1,8-dicarboximide (NMlI), attached to the
phenanthroline of [Ru(dcb)2(NMI-phen)]?* resulted in long-lived
charge separation of the order of 10-50 ps between reduced
[Ru(dcb)2(NMI-phen)]?* and NiO valence band holes. Also,
among iridium-based complexes, three sensitizers (IrPhen,
IrDPQCN2, IrBpystyryl) were found to present a long-lived
charge separated state of the order of the microsecond
timescale.

Figure 32. Molecular structure of [Ru(dcb),(NMI-phen)]?* dye.®”

Organic molecules with an appended acceptor unit (A) also
present a longer charge separated state lifetime than just the
chromophore. Appending an electron acceptor (A) to the
sensitizer (S), increasing the separation distance between the
charges (hole in the valence band of NiO and electron on the
sensitizer), leads to slower charge recombination at the dye-
|NiO* interface. In some reported examples, the charge
separated state was successfully increased by several orders of
magnitude using this approach and some of the most efficient
sensitizers for NiO are dyads of the type S—A. For example,
Odobel et al. studied the photophysical properties of a perylene
monoimide (PMI) dye connected to a naphthalene diimide (NDI)
or a fullerene (Ceo) acceptor units. They reported a study of free
dyads (PMI—-Ph-NDI, PMI-PhCgo and PMI-NDI).37

The proposed mechanism of hole injection for these dyads,
PMI-A, starts with hole injection from the singlet excited state
(**PMI), after photon absorption, and is followed by a charge
shift reaction to A forming the final charge separated state A—
PMI|NiO*. The fast electron shift from the sensitizer to the
acceptor is crucial to compete with the fast recombination

reaction. When bound to nanoporous NiO films, all the dyads
presented in the study, exhibit ultrafast (t = 0.3—3 ps) hole
injection from the excited PMI unit to the NiO valence band.
Transient absorption measurements show that the radical
anion of the PMI unit is formed and undergoes charge shift to
the acceptor unit (NDI or Cgo), which localizes the electron at a
longer distance from the NiO surface.3® The resulting charge
separated state is long-lived, recombining on the ms timescale,
which is a significant improvement compared to the
recombination rate recorded with PMI-only based sensitizers.
Both PMI-NDI|NiO and PMI-PhCg | NiO exhibit rapid (t = 2—20
ps) formation of the final charge separated state A—/PMI|NiO*
that competes favourably with recombination, resulting in
charge shift yields greater than 80%. The electron transfer
cascade in PMI-Ph-NDI|NiO shows more complex kinetics that
compete with recombination and only achieves a 50% vyield for
NDI-.

The positive effect of NDI as an electron acceptor unit was also
demonstrated in a more recent work by Odobel et al.13 The
investigators synthesised a new series of diketopyrrolopyrrole
(DPP) dyes. The effect of appending a naphthalene diimine unit
(NDI) as a secondary electron acceptor, in conjunction with the
DPP, was analysed by transient absorption spectroscopy, which
indicated that very fast charge-transfer lead to a hole injection
quantum yield approximately close to unity for all the dyes. In
contrast, the charge recombination rate constants differed
substantially between the dyes with and without the NDI
substituent. The latter exhibit a long-lived charge separated
state of the order of one hundred microseconds. As a result, the
dyes containing an NDI

photovoltaic performances.
The same strategy was applied to the design of porphyrin dyes
and squaraines. Porphyrin-Cgo dyads have been widely studied
and recently these systems have been explored by Tian et al. in
p-type DSCs (see section 2).5° The dynamics of charge-
separation between a Cgo acceptor coordinated through the Zn
centre of a porphyrin have been investigated by Gibson et al.
using transient absorption spectroscopy to evaluate the effect
of the electron acceptor on the charge-separated state lifetime.
In this system, coordinating the zinc to a pyridyl-functionalised
fullerene (CsoPPy) extended the charge-separated state lifetime
of porphyrin from ca. 200 ps to nanoseconds.’> Similarly,
Odobel and co-workers added the terminal electron acceptor
unit NDI to a squaraine dye (SQ-PMI) to slow recombination
(SQ-PMI-NDI).?® Consequently, the PCE of the systems steadily
increased in the order of SQ-PMI < SQ-PMI-NDI, obtaining a
charge separated state of the order of microseconds.

More generally, the push-pull design has been shown to slow
the rate of charge-recombination by moving electron density in
the dye away from the nickel oxide surface towards the
acceptor groups and the interface with the redox electrolyte. In
these systems the anchor group is attached at the donor to
locate the acceptor group furthest from the surface when
adsorbed on nickel oxide, which is the opposite structure to
push-pull dyes for n-type TiO, systems where the anchor is
located near to the acceptor group. Time-resolved infrared
spectroscopy has been particularly useful in probing the change

electron acceptor give superior



in electronic structure in dyes adsorbed on NiO, following light
absorption. This technique probes changes in bond strength
following laser excitation and has been previously applied to
analyse charge transfer dynamics for dyes containing metal-
carbonyl bonds adsorbed on TiO; films.?%°1 The nitrile acceptor
in P1, which has a characteristic frequency of ~2000 cm is an
excellent reporting unit for the excitation and subsequent
reduction of P1.92 The lifetimes extracted from TRIR
experiments were consistent with femtosecond transient
optical absorption spectroscopy of P1 adsorbed on the surface
of NiO films, which revealed a rapid injection rate (T < 1 ps), but
a short charge-separated state lifetime (t < 1 ns).23
PMI-6T-TPA, like P1, contains a triphenylamine electron donor,
but is substantially larger in size compared to P1, partly due to
the long, extended thiophene bridge, in addition to a perylene
monoimide (PMI) chromophore, which is a good electron
acceptor in the excited state. The importance of such extended
linkers in terms of the charge-transfer dynamics was introduced
by Bach et al.*2 The investigators studied the impact of
systematically varying the length of the oligo-3-hexylthiophene
bridge, which provides control over the spatial separation of the
photogenerated charge carriers, from a bithiophene (n=1) to a
quaterthiophene (n=2) and a sexithiophene (n=3). The results
from transient absorption spectroscopy demonstrated a clear
correlation between the length of the oligothiophene linker and
the observed recombination kinetics. The champion dye with
the sexithiophene bridge (PMI-6T-TPA) was associated with
slower recombination kinetics with respect to the others (ca. 14
us). Assuming a similar molecular orientation of compounds, an
increasing length of the oligothiophene bridge translates into an
increased tunnelling distance between the electron occupying
the dye’s LUMO and the vacancies located in the NiO electrode,
leading to a lower recombination rate. Similarly, Wu et al.
reported a series of triphenylamine (TPA)-oligothiophene-
perylenemonoimide molecules, denoted as the BH dyes.>¢ They
systematically studied the photophysical properties of the BH
series of molecules with m-linkers of various lengths in solution
via time-resolved absorption spectroscopy. When the BH dye
attached onto the NiO films, ultrafast hole injection was
observed within the instrument response time (<200 fs) as well
as the slow injection component. They found that the
recombination lifetimes span a remarkably wide time scale
from tens of picoseconds to several microseconds. These results
were consistent with Bach et al. in showing that varying the
number of m-linkers to increase the spatial distance between
the PMI units and holes in the NiO leads to a slower rate of
charge-recombination.

Gibson et al. attempted to slow charge-recombination by
varying the coupling between the chromophore and the
thiophene bridge in a series of boron dipyrromethene (bodipy)-
triphenylamine dyes. Transient absorption spectroscopy of 6
(Figure 29), a bodipy analogue of P1 where the acceptor is
electronically decoupled from the thiophene linker, revealed
the formation of a long-lived charge-separated state on nickel
oxide (tr = 180 ns). Surprisingly, however, the solar cell
performance, particularly IPCE, was lower for 6 than for the
benchmark dye, P1.77 This is possibly a consequence of

positioning the bodipy chromophore further from the NiO
surface and slowing down the initial charge-separation process.
By comparison, dye 7, a derivative with greater electronic
coupling with the thiophene, was shown to have a much shorter
charge-separated state lifetime but generated considerably
more photocurrent than dye 6.77

Generally, these studies support the strategies of donor-
acceptor dye designs and spatial separation from the
semiconductor NiO surface to retard the charge recombination
processes. However, there still remains quite a gap in
fundamental understanding on the dynamics of charge-transfer
at the interface between dyes and p-type metal oxides such as
NiO. Clearly there is a discrepancy between the measured
dynamics of sensitized films and the performance of the
photoelectrodes in complete devices. For a high quantum
efficiency, at least an order of magnitude difference between
the lifetime with and without electrolyte is required, and
typically charge-separated state lifetimes of the order of
microseconds are observed with n-type devices.?° Indeed, in the
case of sensitized semiconductor based photoanodes, the
quantum yield can be expressed as the product of three terms
related to the key steps of the device working principle:

IPCE = LHE ¢injn (Eg.1)

where LHE is the light harvesting efficiency, ¢is; is the electron
injection (from sensitizer to semiconductor) quantum yield and
n is the efficiency of e- collected at the photoanode. Being
efficiency dependent on electron collection, quantum yield can
be represented as a ratio between the rate constants of forward
(electron collection) and reverse processes (electron
recombination). Therefore, if the charge-separated lifetimes
are short (< ns), theoretically, the liquid-junction cell should not
work. Nonetheless, dyes such as P1 and CAD3%2, which have a
relatively short charge-separated state lifetimes (ca. < 10 ns),

still generate relatively high photocurrents in NiO dye-
sensitized solar cells.
As  previously mentioned, time-resolved absorption

spectroscopy experiments on films in the presence of a solution
of iodine and lithium iodide, showed that the charge-separated
state decays over a longer timescale than in the presence of an
inert electrolyte, which could suggest that species in the
electrolyte associate with the cationic dyes adsorbed on nickel
oxide or species on the surface of NiO. This association slows
recombination (extending the lifetime of the dye radical anion)
rather than the expected increase in the rate of regeneration
(quenching the lifetime of the dye-radical anion), and the effect
is attributed to the promotion of the reaction between I-and
Ni3*. Indeed, as discussed in section 3, charge-recombination
has been associated with the presence of Ni3* states, and it has
been demonstrated that the electrolyte chemically reacts with
the NiO surface, whereby I- reduces the Ni3* states. 8589

3.2 The semiconductor-electrolyte interface

Other techniques have been employed to evaluate the
dynamics of slower processes in dye-sensitized photocathodes,



such as charge transport and charge recombination at the
NiO|electrolyte interface, including photocurrent and
photovoltage transient measurements and electrochemical
impedance spectroscopy.
Hagfeldt et al. reported the first investigation of hole diffusion
length in p-DSCs incorporating mesoporous NiO electrodes.?* In
their study, time constants for charge-transport and charge-
lifetime were obtained from small light-modulation transient
photocurrent measurements under short-circuit conditions and
open circuit voltage transients. Despite the slower charge-
diffusion rate in NiO compared to TiO,, it was noticed that at
low light intensities, hole lifetimes (1), which are measured at
open circuit, are much larger than hole transport times (t),
which are measured at short circuit. These two values, at the
same equivalent light intensity or charge-density, can be
associated directly to the charge collection efficiency, ncc that
can be estimated as:

Nec=1-"%  (Eq.2)

h

Furthermore, the study revealed that mesoporous NiO displays
a transport time that is almost independent from light intensity
and is strongly dependent on the type of cation in the
electrolyte. This was attributed to adsorption of the cations
affecting the hopping of charge at the NiO|electrolyte interface,
supporting the idea that the holes are Ni(lll) sites at the surface.
However, hole lifetimes were found to decrease sharply with
increasing light intensity, as a higher charge density is expected
to lead to an increase in recombination. It is interesting that
charge transport in NiO is not affected by concentration of
charge, keeping a relatively constant diffusion coefficient until
high bias light intensities.?>%¢
Following this report several studies on hole transport
properties of NiO have been carried out. Mori et al. determined
an apparent diffusion coefficient:

dZ
T 2771,

(Eq.3)

(where d is the film thickness) of 5 x 10~8 cm? s'1, while Hagfeldt
et al. obtained a diffusion coefficient that is 3 times larger, by
modifying the NiO preparation route.?®” This result
demonstrated that the diffusion property of NiO can be easily
tuned by the film preparation. Transient
measurements were also employed to analyse the effect of
doping, of applying an insulating blocking layer and of varying
the redox mediator on the hole lifetime and transport time.38.98-
100 Hagfeldt et al. measured the hole lifetime and transport
times of devices employing several cobalt-based redox
mediators. Consistent with previous observations, the hole
lifetimes were strongly dependent on light intensity, whereas
the hole transport times were independent of light intensity
(unless the hole lifetime became sufficiently short to affect the
measurement). At the same time, while the transport times
were found to be almost independent from the cobalt
complexes used in the devices, the lifetimes were strongly
dependent on the steric bulk of the cobalt polypyridyl ligand
(see section 4). Furthermore, Odobel et al. found that with I57/I-

changing

the hole lifetime is shorter than with the Co'"/" redox couple
studied.38 They attribute the relatively long hole lifetimes in the
presence of the cobalt species to the large steric bulk of the
tertiary-butyl substituents on the bipyridyl ligands, which
increase the distance between the NiO and the cobalt centre.
Photocurrent and photovoltage transients have also employed
to compare charge lifetime and transport on NiO sensitized with
different dyes, for example the CAD dye series, in which the
steric properties of the dyes were varied. Devices utilizing CAD2
and CAD3, have charge lifetimes that are notably longer than
those utilizing CAD1, confirming that the bulky alkyl
substituents on the periphery of the dye inhibit charge-
recombination recombination between the NiO and the redox
couple 3! Furthermore, it was found that CAD2 and CAD3 exhibit
charge lifetimes comparable to those of previously studied dyes
such as P1.3741
Charge recombination and charge-transport can also be studied
using electrochemical impedance spectroscopy (EIS).
Electrochemical impedance spectroscopy is a frequency-
domain approach which measures current response to the
application of an AC voltage as a function of frequency.101.115
Generally for n-type DSCs, Nyquist diagrams under illumination
typically feature three semicircles, assigned to the charge
transfer process at the platinized counter electrode (in the
range of kHz), the transport and recombination of the
photoinjected electrons in the porous TiO; film (in the range of
1-100 Hz), and Nernst diffusion within the electrolyte (in the
range of mHz), respectively.102,103
Wau et al. reported a systematic and fundamental study of the
impedance spectra of NiO p-DSCs. Nyquist plots featuring two
semicircles were observed. By fitting the data to the standard
equivalent circuit model, the kinetic processes were separated,
and key parameters were extracted, including the charge
recombination resistance, chemical capacitance, and hole
lifetime. The first semicircle (Figure 33) was assigned to the
charge transfer reaction at the electrolyte/counter electrode
interface, while the second semicircle was assigned to the
recombination charge transfer process at the
NiO/dye/electrolyte interface. The hole lifetime (t) was
calculated by:

T= RyecCy (Eq.4)
Where Rec is recombination resistance and C, is associated
capacitance. It was found that hole lifetimes obtained by their
EIS measurement were comparable to those obtained by other
methods.®®
Wau et al. also applied EIS to investigate the reasons behind the
low fill factor (FF) in p-DSCs.194 Previously, Cheng et al. proposed
that the short hole diffusion length and insufficient charge
collection determined by charge recombination at electrolyte-
electrode interface might account for the relatively low FF.105
Whereas, Wu et al. suggested that the low fill factor value is
largely attenuated by the recombination of holes in NiO with
the reduced dyes. Indeed, R, is affected by both Rit.e and
Rrct-aye, With the latter process dominating under the SC
condition. As matter of fact, the lower dielectric constant of NiO



means NiO is less effective in screening the Coulombic
interaction between the charged dye and the charge carriers in
the semiconductor compared to TiO,. Furthermore, they
observed that the large values of C, can be associated to a
surface charging/hopping mechanism for the storage/transport
of holes in NiO. These considerations were supported by a more
recent work by Bach and co-workers which attributed efficiency
losses to fast recombination with dye and as the main reason
associated to a poor FF, along with poor hole injection efficiency
(b)), under applied bias.106

However, Zaban at al. highlighted hole transport as the
performance limiting factor of p-DSCs. Their impedance results
shed light on the fact that hole transport in the mesoporous film
is a limiting factor to the performance of the solar cell, pointing
out the need to improve the hole conductivity of the NiO based
electrode.197 Once understood the dynamics that regulate the
PCE of p-type DSCs, the same technique was used to evaluate
strategies to improve the efficiency such as treatment of the
NiO surface, doping or the use of a suitable blocking layer (see
section 5) and to gain a deep insight into comparisons of
different electrolytes and sensitizers.

Figure 33. (top) Equivalent circuit of NiO p-DSC where Rs is the equivalent series
resistance of the device, parallel RC units model the various interfaces and a Warburg
element models electrolyte diffusion. (bottom) Nyquist plot of cell at open circuit under
1 sun illumination. The red solid line shows the fitting curve.104

Li et al. reported a simple Ni(CH3COO), post-treatment method,
which the authors propose, can offer an effective way of
decreasing the surface NiO(OH) structure, resulting in
diminishing the hole recombination, increasing the charge
collection efficiency, leading to a 31.3% improvement in the
photovoltaic performance.%® The charge collection efficiency
(nec), obtained by EIS, which is related to the ratio of charge
transport through NiO and charge recombination, can be
calculated by the following equation:

nee =1 (5) * G (Eq.5)
The nc. was found to be higher for post-treated devices. This
observed electrochemical character of treated sample was
attributed to the decrease of surface defects (species
NiO(OH))by Ni(CH3COO), treatment, which can inhibit back hole
transfer from the NiO to electrolyte.108

Wu et al. doped NiO with different quantities of CoO. From EIS
measurements they found out that the t,increased from ~5 ms
for p-DSCs assembled with pure NiO cell by more than 2-fold for
2% and 6% Co-doped NiO films. The authors attributed this to
the dopant ions acting as scattering centres for the electrons or
holes, reducing the probability of polaron hopping and reducing
the hole and electron mobility values. The Voc increased from
122 mV up to a maximum of 158 mV with > 6% cobalt doping.
This was consistent with the lowering of the flat-band potential
(observed from Mott-Schottky measurements) of the NiO by a
few tens of mV and to higher hole lifetimes for the Co-doped

cells than those for pure NiO cells.1%® Meanwhile, lithium as
dopant was found to improve the electrical properties of the
films. The EIS analysis clarified that this behaviour is due to a
strong dependence of the valence band shape and position with
respect to the Li-doping concentration. Hammarstrom et al.
demonstrated evidence that the decreased recombination of Li-
doped NiO DSCs is attributed to a downward shift of the valence
band, which increases the energy barrier for interface
recombination. Another reason results in narrowing the trap
energy distribution of Li-doped NiO photoelectrodes which can
weaken energy overlap with the LUMO level of dye and
subsequently the recombination path of hole back transfer to
the dye is hindered.116

At the same time, with alumina as blocking layer, Wu et al.
showed a higher recombination resistance value from the
electrochemical impedance studies. It has thus been
established that the increase in Voc upon alumina treatment
arises due to a higher resistance for electron/hole
recombination across the NiO surface, locally.11® Meanwhile,
spray pyrolysis of TiO, on NiO was found to increase
recombination resistance.'! The t, was calculated from the
recombination resistance and the chemical capacitance. The
results showed that TiO, treated devices exhibited the longest
hole lifetime, leading to a higher hole density, a higher Fermi
level and, therefore, a higher Voc and PCE. Similar behaviour
was found studying the effect of a NiO blocking layer through
electrochemical impedance spectroscopy, which demonstrated
that charge recombination was suppressed pointing to a higher
photocurrent and fill factor.112

The effect of recombination suppression for a series of dyes in
which the structure was systematically varied, has also been
evaluated using EIS analysis. As an example, impedance
spectroscopy revealed that zzx-opl-2 exhibits a longer hole
lifetime, and a higher photogenerated hole density than zzx-op1
and zzx-op1-3. All results indicated that the dye zzx-opl-2
formed a much more compact dye block layer than zzx-op1 and
zzxopl-3, with regard to retarding the charge recombination
between the injected hole in the NiO film and the hole acceptor
in the electrolyte, leading to better performance.>® The same
approach was employed for the study of zzx-op2 and zzx-op3
dyes and a family of squaraines (SQ).51.112

The effect of the electrolyte composition was also screened by
EIS measurement: the influence of the presence of an additive
such as chenodeoxycholic acid was evaluated by Odobel and co-
workers.113  Analysis of  electrochemical impedance
spectroscopy provides evidence that the role of the CDCA layer
is to create a physical barrier to prevent the approach of the
redox mediator from the NiO surface and consequently raise
the open circuit voltage, as demonstrated by higher hole
lifetimes in the presence of such additive.

At the same time the technique was used to study
semiconductor materials as alternatives to the conventional
NiO substrate (see section 5). Guldi and co-workers reported a
study about the detailed optimization of CuO-DSCs by
combining  device analysis with a comprehensive
electrochemical impedance spectroscopic (EIS) study.11* They
evaluated the impact of the CuO electrode fabrication, e.g.



calcination temperature and electrode thickness, and the I- /l5
electrolyte ratio on the device performance. They studied the
effect of different device parameters on Rcr in concert with
advanced EIS parameters ne, D and 1, as a function of
calcination temperature, electrode thickness, and electrolyte
ratio. A calcination temperature of 300 °C and a film thickness
of 5.0 um yielded the best balance between dye loading, charge
injection, and recombination, with an optimum |- /I5” electrolyte
ratio of 2.5:1 for the dye regeneration process. In addition, the
effect of trap states on the th has been studied for the first time
in p-type DSCs by EIS. For the above-mentioned variables
different observations have been obtained. In the context of
sintering temperature and the electrode thickness, large
differences in C, were governing t,, which led to longer lifetimes
and increased recombination for a higher amount of trapping.
For the different electrolyte molar ratios, the differences in C,
were small and, thus, Rcr showed a major impact on t,. Here, a
shorter lifetime pointed to a faster recombination of the
trapped charge carriers. Furthermore, the reactivity of non-
sensitized CuO electrodes with the electrolyte solution was
probed by EIS measurements in the dark and compared to
state-of-the-art NiO electrodes. Surprisingly, CuO electrodes
showed a lower reactivity towards the redox couple compared
to NiO electrodes.

Generally, dynamic studies using EIS and transient photovoltage
and photocurrent decay measurements have demonstrated
that there is a pronounced correlation between PCE and both
suppressing charge recombination and enhancing charge
transport, which can be tuned by modifying the semiconductor
properties, electrolyte and dye design.

4 Electrolytes

Figure 34. Molecular structure of PCBM. 118117

Figure 35. Molecular structures of the oxidized (5,50 -dithiobis(1-phenyl-1H-tetrazole))
and reduced (sodium 1-phenyl-1H-tetrazole-5-thiolate) forms of the redox couple.'?°

In a DSC, the electrolyte is responsible for regenerating the
ground state of the dye and transporting electrons to the
counter electrode. Its optimization is crucial, therefore, for the
design of tandem devices. Most p-DSCs use a liquid electrolyte,
which is typically 1/13- or a metal complex-based redox shuttle,
but recently a few solid-state p-DSCs have been reported.116.117
In this context, phenyl-Cg1-butyric acid methyl ester (PCBM),
instead of liquid redox couple electrolyte, has been employed
as a solid electron-transfer material (Figure 34). Tian et al.
reported the first example of a p-type solid state dye sensitized
solar cell (p-ssDSC).1'7 The photovoltaic data support the
feasibility of the concept, but the PCE of the device was low.
This was attributed to the short lifetime of the reduced dye (P1)
on the NiO surface and slow dye regeneration from PCBM.
Odobel et al. improved the p-type DSC performance by
substituting  the P1 dye with a simple DPP

(diketopyrrolopyrrole) dye bearing a thienyl carboxylic acid as
binding group and a derivativel!®, which was furnished with a
pyromellitimide (PYRO) group acting as a secondary inner
electron acceptor. The performance of this kind of device still
lags below devices prepared with liquid electrolytes however.
The most common liquid electrolyte is I-/15- (typically formed
from a solution of Lil and |, in acetonitrile) and this has been
used for many high-efficiency devices.*>*8 The iodine-based
electrolyte composition has been optimised for the p-type
system by changing the solvent and the additives.83.11°
However, despite its widespread use, there are several
drawbacks connected to this electrolyte. The redox couple is
strongly coloured and competes with the dye for light
absorption, particularly at lower wavelengths (Amax I3~ =380 nm,
absorbs up to ca. 450 nm).2* Additionally, the small energy
difference between the redox potential of this electrolyte and
the Fermi level of NiO limits the open-circuit voltage (Voc) of
these devices. Great advances have been made recently,
resulting in the implementation of Co, Fe and Cu-based
inorganic redox couples and thiolate-based metal-free redox
couples, which have led to a higher Vgc.

In 2015 Bach et al. reported the application of an optically
transparent thiolate/disulfide electrolyte based on 5,50 —
dithiobis(1-phenyl1H-tetrazole) and sodium 1-phenyl-1H-
tetrazole-5-thiolate as redox couple (Figure 35).120 The redox
potential of the thiolate electrolyte (245 mV vs. NHE) lies about
70 mV more negative than that of the iodide electrolyte (315
mV vs. NHE), offering an opportunity to improve the Voc of p-
DSCs. An improvement in Voc of the p-DSCs containing the
thiolate-based electrolyte compared to the devices containing
iodide-based electrolyte was observed, while a similar Jsc (5.3
mA cm2) was maintained. In the same year, a device based on
a commercially available and inexpensive coordination complex
tris(acetylacetonato)iron(ll)/(ll) ([Fe(acac)s]%/*- (Figure 36) in
conjunction with the PMI-6T-TPA sensitizer was reported.
Solar cells made with the present electrolyte and incorporating
a NiO blocking layer and chenodeoxycholic acid as an electrolyte
additive produced PCE = 2.5%,4> which was the highest reported
efficiency for a p-type DSC at that time. The photovoltage was
relatively low however, and this was attributed to fast charge
recombination across the FTO/electrolyte interface, even in the
presence of an NiO blocking layer.

Figure 36. Molecular structures of [Fe(acac)s]%1- .45

Figure 37. Molecular structure of the cobalt complexes investigated as redox couples in
p-DSCS.“'wO

Cobalt (11/111) complexes have proved to be the most promising
alternative to the I/l3 redox couple so far, due to the improved
chemical stability of the device, better optical transparency and
more negative redox potentials (vs. I7/I37). Also, the size of these
complexes can be tuned to reduce recombination between the
redox electrolyte and holes in the NiO, as previously mentioned



in section 3.190 Devices made using cobalt-based electrolytes
typically produce a higher PCE than I-/l3- (when comparing the
same dye) due to a higher Voc (ca. 200-300 mV vs. 100 mV).44
However, not all dyes can be used with transition metal-based
electrolytes, as a long-lived charge-separated state is necessary
for dye regeneration to compete with charge recombination at
the dye | NiO*interface. Most dyes used with these electrolytes
contain a secondary electron acceptor, such as PMI or NDI, to
generate long-lived radical species.*4100 |n 2009 an impressive
Voc of 0.35V was obtained for the p-DSC using Co'/!(dtb-
bipy)s;2*/3* as the electrolyte, giving a PCE of 0.2% (Figure
36).3%Furthermore, in 2011, members of the same group
reported a series of cobalt polypyridyl-based complexes with p-
DSCs PCE ranging from 0.04 to 0.24% (Figure 37).1°° The most
significant breakthrough so far has been the application of a
novel electrolyte based on Co'"/!tris(1,2-diaminoethane)
([Co(en)s]2*/3+) (Figure 37), which allowed p-DSCs to achieve a
PCE = 1.3% with PMI-6T-TPA dye and NiO.**

In addition to metal complex-based electrolytes,
polyoxometalates (POMs) are well-known anionic metal oxide
clusters that have favourable electrochemical properties, are
easy to prepare and are based on cheap starting materials.13¢
Recent applications of POMs include water oxidation catalysts,
as components in redox flow batteries, lithium ion batteries and
super capacitors 137-140, POMs have also been used as co-
adsorbents on the surface of NiO electrodes in p-type DSCs and
were shown to decrease the recombination rate and increase
the Voc.1#! Recently, POMs have been applied directly as redox
mediators in p-DSCs by Reek et al.12 Their study incorporated
Lindgvist POMs which have a molecular formula MgO19?~ and a
spherical shape, in the electrolyte solution. A unique feature of
these POMs as electrolytes is that they are transparent and can
therefore be suitable for tandem solar cell applications.
Furthermore, they found give a 4 to 5-fold increase in Voc when
applying these POM electrolytes in comparison to the devices
with the traditional I5~/I- couple. Currently, the low solubility of
the POMs is the main limiting factor for increasing the short-
circuit current of these cells. Increasing the solubility of these
POM materials should therefore be the main focus point when
improving the efficiency of these cells.

The same optimization approach was applied to other
semiconductors, including CuO (see section 5).151 Guldi and co-
workers found acetonitrile to be the most suitable solvent for
CuO p-DSCs, which is consistent with NiO devices. The 4-tert-
butyl-pyridine (4-tbp) and Li* addition was also screened. In
general, 4-tbp exerted no notable impact on the PCE, as
previously demonstrated for NiO by Hagfeldt et al.2° There was,
however, a significant concentration dependence observed for
Li*: the authors proposed that the Li* affects the distribution of
trap states, which, in turn, suppresses the recombination with
the electrolyte. It was suggested that at high Li* concentrations,
the formation of additional trap states in the valence band of
CuO open new pathways for recombination through I
adsorption on the electrode surface. An optimum Li*
concentration of 0.2 M was found for CuO-based p-DSCs, to
balance charge injection, charge transport, and charge
recombination. These optimum conditions resulted in device

efficiencies of up to 0.16%. The impact of three different ionic
liquids on the electrolyte properties and device performance
was also probed. EMIl and DMPII showed superior diffusion and
recombination properties, respectively, when compared to 1-
butyl-3-methylimidazolium iodide (BMII), which has been used
as iodine source before.15!

The efficiencies of p-type DSCs with NiO and Is7/I- as the redox
couple has probably approached its optimum performance and
further breakthroughs will require alternative electrolytes. The
challenge is balancing the kinetic properties of the dye and
redox mediator, i.e. a redox couple which is advantageous in
terms of slow recombination with the NiO substrate may also
be slow at regenerating the dye, and so more effort is required
to prevent recombination at the dye-NiO interface.
Organometallic systems are versatile in terms being able to
functionalise the ligands to both tune the redox potential and
the steric properties to balance fast diffusion but limiting the
interaction with the NiO. New concepts are also emerging, such
as POM-based redox shuttles, which can store charge, and solid-
state charge-transport layers, which have obvious benefits for
scale-up and stability. A dual shuttle approach, which is
characterized by the use of a redox mediator in conjunction
with a co-mediator, initially employed by Bignozzi et al.143 for n-
type dye sensitized solar cells, could also be employed in p-type
devices to favour charge separation over recombination.

5. Semiconductors

The fabrication of sensitizers which permit a long-lived charge
separated state at the dye|semiconductor interface is
imperative to parasitic recombination.
Furthermore, their coupling with new electron mediators can
dramatically improve device efficiencies. At the same time,
several approaches have been employed to enhance the
electronic characteristics of NiO or to find better performing
semiconductors based on binary or ternary oxides, such as
delafossites or spinel structures.

reduce charge

5.1 NiO

As previously mentioned, NiO is the most widely researched p-
type semiconductor (SC), with a valence band edge at 0.3 V vs.
SCE at pH 7 and a band gap of 3.6-4.0 eV.122 NiO is essentially
transparent at low thicknesses, although some brown colour is
present due to intrinsic Ni(lll) ions that form during sintering.
Ni(Ill) is present as a result of Ni(ll) vacancies in the material,
and their presence is thought to be responsible for the p-type
character of NiO, which otherwise would be a Mott insulator.
Various techniques are used to prepare NiO films123124including
sol-gel, rapid discharge sintering (RDS), hydrothermal and
screen-printing methods.23:123-127 The most commonly used
technique is the sol-gel method, due to its simplicity and
reproducibility. A successful method for preparing mesoporous
NiO films, which increases the surface area for dye adsorption,
is to use triblock copolymers as templates in the sol-gel route.
The method described by Sumikura et al.125 is used to prepare
F108-templated NiO films with thicknesses of 1-2 um and
crystal sizes of 16 nm (after sintering at 450 °C). In this respect,



Gibson et al. investigated a range of different mesoporous NiO
electrodes prepared by different research groups and private
firms in Europe to determine the parameters which influence
good quality photoelectrochemical devices. From these studies
it appears that a crystallite size of at least 20 nm, a film thickness
of 1-2 um and a specific surface area above 40 m2 g1 is most
appropriate for photoelectrochemical devices using NiO. In
addition, for thinner films, a lower sintering temperature (350
°C) gave better results than a higher sintering temperature (450
°C and 500 °C).147

In addition to the conventional methods already employed to
prepare NiO thin films, such as screen printing, spin coating and
spray pyrolysis, many other methods have been employed.144
One example of preparing metal oxides with high specific
surface area is electrospinning, which is simple, controllable,
versatile and cost-effective approach. This method has been
employed in the synthesis of NiO electrodes for
supercapacitors, otherwise it can be easily shifted to
semiconductor preparation for p-type dye sensitized solar cells.
Electrospun metal oxide nanofibers are characterized by
granular and fibrous morphology, high aspect ratio and large
surface to volume ratio, high crystallinity and improved
mechanical strength, which makes them potentially ideal
candidate for solar cells.’#> Furthermore, Jousselme et al.
reported the synthesis of mesoporous NiO films through inkjet
printing of a sol-gel ink for the first time. Multilayer NiO films
were formed, and different morphologies could be obtained by
playing on the interlayer thermal treatment. The different
morphologies and thicknesses of the NiO films were correlated
to their performance in a p-DSC configuration, using a push—pull
dye and an iodine-based electrolyte. The best results were
obtained with NiOx/four layer-NiO mesoporous photocathodes
of 860 nm, with a current density at the short circuit of 3.42 mA
Cm—2_146

Although its broad usage, NiO is not free from issues. For
example, NiO has a low hole mobility (108 — 0.141 cm?2 V-1 s1),
as discussed in section 3.130 This leads to a small diffusion length
for holes (2-3 um), which is not observed in TiO, where the
electron diffusion coefficient is two orders of magnitude faster.
The PV performance of NiO p-DSCs has been hampered as a
consequence of the poor conductivity of the electrodes, which
leads to fast charge recombination (CR) and poor injection yield
(ninj), depleting the number of collected charges and PCE.128
Charge recombination at the dye|NiO interface has been seen
to occur in the Marcus normal region, in which recombination
increases with increasing driving force.128 Several strategies
have been employed to improve the performance of p-DSCs
with NiO electrodes. For example, Hammarstrom and co-
workers found that surface Ni3* states were involved in hole
trapping.130 These states act as tunnelling sites that rapidly trap
holes on a sub-ps timescale, forming high energy Nih** states,
that recombine with the reduced dye/redox mediator rapidly
(100 ns). The authors proposed that reducing the reactivity of
the Ninhy* hole would improve the device performance. For
example, removing the Ni3* sites from the surface of NiO by
chemical reduction would avoid “Ni**” formation, or retarding
the electron recombination with Nih)#* to lifetimes longer than

100-200 ns would, instead, allow the relaxation to the
Nin+)3* hole, for which recombination is much slower. The
authors subsequently showed that the reduction of high
valence Ni impurities, Ni3* and Ni** to Ni%*, at the electrode
surface by both chemical and thermal methods, decreased the
charge recombination with the electrolyte.®> The chemical
method, which involved immersing the NiO electrodes in an
acetonitrile solution of a hydride source, NaBH4, before
sensitization with the dye, was successful in reducing NiO high
valence states. The thermal treatment of NiO at 200°C led to the
decomposition of Ni"OOH impurities to NiO, oxygen, and water.
The group proposed that this heat treatment affected the dye
adsorption and trap state distribution, which contributed to
preventing recombination and lowing the quasi Fermi level,
which manifested in an increase in the Voc compared the
untreated films.

Wu and co-workers reduced the rapid charge recombination
between the photoreduced dye and the injected hole into the
NiO semiconductor, by means of modifying the photocathode
with an aqueous nickel salt.131 As a result, a denser and highly
crystalline nanostructure was acquired on the NiO electrode,
which led to an increase in the current density and photovoltage
compared with the untreated NiO film. The authors attributed
the improvement to a shift in the Fermi level due to a change in
the stoichiometry of the nickel and oxygen atoms on the surface
of the modified electrode, resulting in an increase of the Vocand
a 35.7 % increase in the PCE of the p-DSC.

Blocking layers have also been employed to improve
performance, being well-known to reduce recombination with
FTO. A number of approaches have been taken to apply a thin
compact layer of NiO on the FTO substrate, for example by spray
pyrolysis of a precursor solution of [Ni(acac;)], which has been
observed to improve the PCE.132 Wu et al. found that applying
an alumina coating as a blocking layer in NiO based p-type DSCs
could enhance the PCE by 74%, while atomic deposition of
boron or spraying a TiO, compact layer onto the NiO film
produced a similar effect of suppressing the recombination, as
discussed in section 3.110.111

Odobel et al. proposed another strategy, filling the gaps in the
dye monolayer with an insulating, transparent, bulky organic
molecule, namely chenodeoxycholic acid (CDCA), which has
been used widely in TiO, DSCs to avoid aggregation of the dye,
according to two methods; either directly dissolving CDCA in
the electrolyte (where the dye was sufficiently insoluble in the
electrolyte solvent to avoid leaching) or, when CDCA was poorly
soluble in the electrolyte solvent, by depositing CDCA directly
on the photocathode by spin coating.113 In both methods the
authors found that the vacant sites were efficiently covered by
CDCA molecules, reducing the charge-recombination at the
electrode surface (see section 3), but without competition with
the photosensitizer for adsorption sites, thus leaving the light
harvesting efficiency of the electrode unaffected. Interestingly,
the Voc increased by 25% when CDCA was dissolved in iodine-
based electrolyte, and an impressive 65% rise was recorded
when CDCA was spin coated onto the photocathode, reaching
540 mV on NiO in the presence of a cobalt-based electrolyte.
This strategy seems to be generally applicable as it was



successful with different benchmark dyes such as P1 and DPP-
NDI.

The doping of NiO with atomic impurities has shown promising
effects on the performance of p-DSCs. NiO was successfully
doped with Co, Mg and, in particular, Li. Wu and co-workers
systematically prepared nanoparticulate films composed of
solid solutions of NiO with 2, 6 and 10% cobalt.?® Their
electrochemical study on doping effect is reported in section 4.
The authors found that the density of acceptor states around
the valence band edge of NiO nanoparticles increased and the
Fermi energy level was lowered gradually upon addition of
cobalt. Consequently, the Voc increased with
concentration of cobalt and the maximum
obtained for the nominally 6% wt. Co-film. Adding Mg to the
NiO photocathode also enhanced the open-circuit voltage,
however, this was offset with a decrease in the photocurrent
with increasing Mg?* content.’3* The cause of this has been
attributed to a positive shift in the energy of the valence band,
which decreased the driving force for electron transfer from the
NiO film to the dye. A MgO doping concentration of 5% wt. was
found to strike a balance between increasing Voc and
decreasing Jsc, which lead to an optimum PCE. Chen et al.
improved the PCE of p-DSCs by about 85% for electrodes based
on a solid solution of Mg-NiO compared to pure NiO.133

Li doping of NiO, where Ni?* is substituted with Li*, creates an
electron vacancy, increasing the number of charge carriers
(holes) and leading to a shift in the valence band edge. Li doping
of NiO has been extensively studied over several decades for
applications in capacitors and batteries.13> p-Type DSCs
containing Li-doped NiO also suffered from declining hole
injection efficiency, but this has been offset with a decrease in
hole recombination, and improved hole transport, which
resulted in enhanced collection efficiency and photovoltaic
performance.116

In addition to doping, the preparation of NiO composites have
also been considered: in particular, graphene/NiO thin-film
composites have shown a suppression in charge recombination,
ascribed to the presence of graphene enhancing hole transport
thus achieving efficient electron-hole pair separation and
collection.1#® Despite improvements, NiO presents intrinsic
limitations which are challenging to overcome. One of the most
compelling motivators for alternative p-TCOs is that the VB of
NiO (0.54 V vs NHE) is very close to redox potential of most of
the electrolytes. To match the built-in potential of TiO, devices,
the VB of the p-type semiconductor needs to be about 0.5 V
more positive than NiO.

increasing
increase was

5.2 Binary oxides

Figure 38. Molecular structure of dye examined by Suzuki et al. in conjunction with CuO.

Among the alternative p-type binary oxides which have been
studied, cupric oxide (CuO) has gathered much attention in
numerous applications including solar cells, due to its ease of
fabrication with high chemical and thermal stability and
tuneable electronic properties.’*® CuO films have a deeper

valence band compared to NiO, as shown in Table 2, and a
higher dielectric constant with respect to NiO (CuO € = 18.1 vs.
NiO & = 9.7).19149 Consequently, the likelihood of electron-hole
dissociation should be higher, increasing the charge collection
efficiency. Suzuki et al. were the first to report a DSC based on
CuO, which was sensitized with Fast Green FCF and NK-3628
(Figure 38), and the corresponding devices generated a PCE of
approximately 0.01%.14°

Figure 39. Molecular structure of electron-accepting dyes ZnPcl, ZnPc3 and ZnPc4
investigated in conjunction with Cu0.154 The dyes feature phenyl-ethynyl (ZnPc3) and
triphenylamine-ethynyl (ZnPc4) spacers, to control the charge recombination between
the CuO photocathode and the reduced ZnPc, and implement a “push-pull” design in the
case of ZnPc4.

More recently, Guldi and co-workers reported a p-DSC based on
nanorod-like CuO electrodes, employing zinc phthalocyanines
(ZnPcl and ZnPc2) as sensitizers (Figure 39). They obtained
respectable PCEs of 0.103% and 0.191% with iodide and cobalt
redox mediators respectively.130 The group have characterised
the impact of CuO electrode fabrication, calcination
temperature and electrode thickness, and the I /I3~ electrolyte
ratio on the device performance by combining device analysis
and electrochemical impedance spectroscopy (EIS), as
described in section 3.114 Guldi et al. found that nanoparticles
prepared by the precipitation of CuO via Cu(OH), were superior
(PCE = 0.11%) to commercial CuO nanoparticles (PCE =
0.073%).151 The authors attributed the improved performance
to the smaller size of the precipitated nanoparticles which had
a higher specific surface area and a higher uptake of the
photosensitizer compared to the commercial material.
Furthermore the corresponding devices showed an improved
charge injection and charge-transport lifetime and,
consequently a higher Js (3.4mAcm-2).152 Guldi et al. assembled
a t-DSC incorporating the optimised electrodes, sensitized with
electron-accepting ZnPcs (Figure 39).15 ZnPc3 and ZnPc4
performed better in terms of Voc and FF than the previously
reported ZnPcl, which the authors attribute to higher dye
loadings and a more efficient charge separation/hindered
charge recombination. However, the Jsc was moderate (1.17
mAcm-2 for ZnPc4 and 1.57 mAcm2 for ZnPc3), due to limited
charge injection. The low-energy absorptions of ZnPcs are
potentially useful for tandem cells, however, and the t-DSCs
assembled with ZnPc4 gave the best PCE of 0.69%.

Obodel et al. tested CuO nanowires and nanorods sensitized
with P1 and two DPP based derivates (DPP-NDI and YF1) in p-
DSCs.?* The researchers found that cobalt redox mediators
were more suitable for CuO electrodes, which were found to be
unstable towards I/l3. In this study, the reported average
transport time in CuO was shorter than in NiO, which the
authors propose could be due to a higher conductivity for CuO,
arising from the wire-like morphology. Finally, the intrinsic
absorbance of CuO competed with light absorption of the
sensitizers and offers a pathway to quench the dye excited state
by energy transfer. Despite this, it was noted that dyes featuring
a high molar extinction coefficient and an absorption profile
around 600 nm gave promising results. It is therefore possible



that CuO could represent a viable cathode material for solar
cells provided that it is sensitized with a dye harvesting low
energy photons such as those above 700 nm. For example, this
is feasible in t-DSCs where the photoanode could capture most
of the visible photons and transmit the lower energy region of
the solar spectrum to be collected by the photocathode.
Cuprous oxide (Cu;0) is also a potentially interesting p-type
semiconductor, however, the electrode made of only Cu,0 has
rarely been investigated, probably due to the natural instability
of Cu,0 in the presence of an electrolyte.1>> Lu et al. presented
a simple method for the preparation of Cu,O films for DSCs,
obtaining an open-circuit voltage of 0.71 V, a short-circuit
current density of 1.3 mA cm2, a fill factor of 46%, and a PCE of
0.42% with the C343 dye.?>® Following this interesting result,
Cu,0 was used in core-shell structures with Cu0.157 Cu,0@CuO
core-shell nanoparticles were synthesized via a facile
precipitation-thermal oxidation method consisting of the
preparation of Cu,O nanoparticles in solution followed by a
post-treatment at 300 °C, 350 °C or 400 °C in air. This shell may
be viewed as a passivating layer that overcomes the natural
chemical instability of Cu,0 towards electrolytes. Furthermore,
the energy barrier formed at the interface between the core
and shell facilitates the transfer of the holes from the CuO to
the Cu,0 to enhance the injection efficiency of the excited dye.
The Cu;O0@CuO based p-DSC gave a Voc = 315 mV and a Js =
0.14 mA cm?2 The Jsc value remains unsatisfactory and
consequently leads to the relatively low PCE = 0.017%, due to
the low specific surface area of Cu,O@CuO compared with
other materials and the competition for light absorption
between DPP-NDI and both CuO and Cu,O themselves. In
addition to choosing photosensitizers which absorb > 600 nm,
the authors suggest that decreasing the size of the Cu,0@CuO
core-shell nanoparticles or preparing the Cu;O@CuO core-shell
materials with hierarchical structure to increase the specific
surface area for favourable dye loading should improve the
performance.

Other binary oxides, such as ZnO and ITO have also been applied
in dye-sensitized photocathodes. ZnO nanostructures have
been widely studied across a broad range of optical and
electronic applications. ZnO nanostructures typically show n-
type conductivity and can be prepared by vapor process, vapor-
liquid-solid growth method, or grown via surface reaction of
organic or metal-organic precursor compounds.10 Group Il
elements such as Al, Ga, and In are commonly added as extrinsic
dopants. However, Gupta et al. showed that the dopant K has a
strong influence on the carrier density and mobility of p-type
Zn0.138 Wang and co-workers examined the effect of K as a
dopant in transparent, nanocrystalline ZnO and successfully
produced a p-type semiconductor for p-DSC applications.1%° The
K-doped ZnO thin-films showed high optical transparency
(>85%) and reasonable hole diffusion (106 cm? s1), which were
comparable to NiO, making them viable for p-DSCs.15° The films
were sensitized with C343 and applied in p-DSCs, which gave
almost promising Jsc (0.408 mA cm-2), Voc (82 mV), and PCE
(0.0012%). The authors reported that the charge recombination
with electrolyte in solution was lower compared to that
observed in NiO-based devices and proposed that alternative

sensitizers with optimised alighment of the HOMO level with
the ZnO valence band would improve the results, however, to
our knowledge, no further studies have yet been reported.
Indeed, in the present case, the flat-band potential for the K-
doped ZnO (being related to the doping level) indicates that the
valence band of the semiconductor might not be suitable for
hole injection for p-DSC applications, due to a large potential
offset (about +0.2 eV) related to the HOMO energy level (5.9 eV
vs. vacuum) of the C343 sensitizer employed in the work.
Tin-doped indium oxide (ITO) is a degenerate n-SC with a
bandgap around 3.7-3.8 eV. However, it has been shown to be
able to accept or donate electrons from photosensitizers.
Huang et al. first reported that p-DSCs can be constructed onto
mesoporous ITO films coated with a ruthenium-dye.161
Although high photocurrents were achieved of up to 5.96 mA
cm?, which are close to the highest recorded in conventional p-
type sensitized photocathodes, the PCE was limited by the low
Voc that were achieved with the 137/I-based electrolyte. Bach
and co-workers replaced the I37/I-- with [Fe(acac)3]%- in p-DSCs
based on ITO films bearing the organic dye, PMI-8T-TPA, which
is optimised for photocathodes.6? PCEs of ca. 2% were achieved
using this strategy which rival the best reported PCE of 2.5% for
analogous devices based on NiO. Work on binary oxides so far
has highlighted a key problem in the trade-off between good
conductivity and high transparency. This is particularly apparent
with CuO, which, despite higher Voc obtained, the absorptivity
of the electrode was too high in the visible region, leading to
competition with the dye for light absorption and, accordingly,
limiting DSC performance. At the same time, the instability of
Cu;0 has limited its application and this is a well-known issue
also for p-type ZnO. Further studies are required to exploit the
favourable properties of K-doped ZnO in p-type DSCs, such as
screening with different combinations of electrolytes and dyes.
Since charge recombination is reported to be slower with these
semiconductors, they could be potentially be coupled with a
faster redox couple, such as iron acetylacetonate. However,
until now, the best result with a binary oxide alternative to NiO,
was obtained with ITO in conjunction with a dye with a donor
acceptor structure. However, at the moment, the behaviour is
comparable with, but not superior to, the best performing DSC
made with NiO.

5.3 Ternary and quaternary oxides

An alternative solution to poor hole mobility is to fabricate TCOs
which have an element with full 3d orbitals close in energy to
the oxygen 2p orbitals, so that hybridisation would delocalise
this state and reduce the hole effective mass. One proposed
way of achieving this is to use delafossite-structured Cu(l)
ternary oxides. The Cu'-based delafossite structure, Cu'M"'O,,
can accommodate a wide range of rare earth and transition
metal cations on the M site. Substitutional doping of divalent
ions for these trivalent metals is known to produce higher p-
type conductivity than is observed in the corresponding
undoped materials. This class of p-type TCOs were proposed in
1997 by Hosono and co-workers, who first reported the optical
and electrical properties of copper aluminate (CuAlO;), which



crystallizes in the delafossite structure.1%3 This sparked an
explosion of interest in developing p-type TCOs using Hosono’s
approach “chemical modulation of the valence band” to
combine the p-type conductivity of Cu,O with the larger band
gaps of other binary oxides. Ternary Cu-based delafossite
materials retain the valence band features of Cu,0, with the Cu
states dominating the top of the valence band, while extending
the band gap by alloying with the wide band gap trivalent binary
oxide. In the delafossite structure, each Cu atom is linearly
coordinated with two oxygen atoms, forming O—Cu—0O dumbells
parallel to the c axis (Figure 40). Oxygens in these O—Cu—0 units
are also each coordinated to three M'"' atoms, which are
oriented such that M'"-centred octahedra form M"'O; layers
that lie parallel to the ab plane. Two alternative layer stackings
are possible, resulting in a hexagonal (space group P63/mmc) or
rhombohedral (space group R3-mh) unit cell.164

Figure 40. The hexagonal delafossite structure. The green, red, and blue spheres are Mlll,
oxygen, and copper, respectively.64

The prototypical copper delafossite TCO, CuAlO,, has received
most of the attention. The delafossite structure of CuAlO; is
comprised of alternating layers of slightly distorted edge-shared
AlOg octahedra and two-dimensional close-packed Cul* cations.
Depending on the stacking of the layers, two polytypes are
possible. The “3R” polytype consists of “AaBbCcAaBbCc...”
stacking along the c-axis and has rhombohedral symmetry with
the space group R-3m, whereas the “2H” polytype consists of an
alternate stacking sequence (“AaB-bAaBb...”) and has the space
group P63/mmc.163 The suitability of a CuAlO, as a hole
conductor was first demonstrated in a solid-state DSC by
Yasomanee and co-workers.16> Later, Cheng and co-workers
produced CuAlO, photocathodes by a solid-state reaction
observing particle sizes of 1-2 um.1%6 The photocathodes were
then sensitised with PMI-6T-TPA for assembly in p-DSCs. The
driving force for hole injection was found to be sufficient,
however, the large particle size, low dye loading and low
specific surface area (1.7 m2 g1) resulted in low Jsc (0.3 mA cm-
2). In addition, a relatively large Voc (333 mV) was recorded
compared to analogous I/l and NiO-based DSCs.
Enhancements in the J;. (0.954 mA cm-2) were then reported by
applying a solid-state synthesis, under controlled partial oxygen
pressures of 10> atm at 775°C, which gave pure phase CuAlO,
nanoparticles (diameter = 35 nm). Despite a higher Jsc, the
overall PCE (0.037%) was still lower than previously reports.167
Recently, a study focusing on the effect of polymorphism on PV
performance found that even in small concentration the
presence of the 2H polytype of CuAlO; lead to a 49% increase in
the PCE compared to the pure 3R-CuAlO; polytype.1%8 In the
delafossite CuMO, materials, the optically measured direct
bandgap increases from M = Al, Ga to In, and CuGaO; should
exhibit better transparency than CuAlO,. Furthermore, the VB
edge of CuGaO,; is about 5.3 eV below vacuum level, which is
lower than that of NiO. CuGaO,-based p-DSCs should thus
generate higher photovoltages than NiO. CuGaO; based
photocathodes were sensitized with P1 and assembled in p-

DSCs which, indeed, increased the Voc compared to NiO (I7/15™:
CuGaO; = 234 mV vs NiO = 132 mV). However, the limiting
parameter was the Jsc (0.4 mA cm2), which the authors
attributed to the lower specific surface area of their CuGaO;
electrodes (CuGaO; = 30 m2 g1 vs NiO = 158 m? g'1), which
limited the PCE (0.026%). Generally, the main challenge with
this class of materials is the difficulty in synthesizing the
delafossite CuMO; nanoparticles. Wu and co-workers reported
CuGaO; nanoplates produced by a hydrothermal synthesis
route, which is known to be promising to achieve small particle
dimensions.1%? Much higher Jsc (2.05 mA cm-2) was reported for
thin-films made of small nanoplates (25 nm in average
thickness, 100—200 nm in average diameter) prepared by a
hydrothermal synthesis of CuGa0,.172 When the benchmark P1
dye and an I/I5 electrolyte were combined with the optimal
CuGaO0; photocathode, a PCE of 0.18% was attained.

Attempts to increase the Jsc include doping or alloying with
other cations, for example, Mg-doped CuGaO, has been
synthesized with small concentrations of Mg added: the
photocathodes provided a higher specific surface area and
higher PCE with respect to the bare CuGaO; (0.045% for Mg
doped CuGa0,).17% Indeed, Jobic et al. reported nanostructured
CuGaO; and its Mg doped derivatives synthesised via
hydrothermal conditions.170 Their results indicate that a low
amount of magnesium helps in preparing samples with higher
specific surface areas and increasing the PCE. The
corresponding p-DSCs assembled with the PMI-NDI dyad and a
tris(4,4'-bis-tert-butyl-2,2’-bipyridine) cobalt(ll/111)-based
electrolyte attained conversion efficiencies similar to those
typically reported for NiO. Fe-doped CuGaO; has also been
applied in p-DSCs and improvements were observed in the dye
loading, the overall conductivity and the PV performance.17 Al-
doped CuGaO; has also been synthesized employing the
hydrothermal method and its properties have been investigated
as a cathode with ruthenium dye N719. The Jsc and Voc for 5%
Al-doped CuGaO; microparticles coated with N719 dye were
two times higher than undoped CuGaO, microparticles.173
CuFeO,, CuBO;, and CuCrO, photocathodes have also been
reported.’’¢ CuCrO; has so far been the most promising Cu-
based delafossite for p-type devices and has also attracted
attention for a range of applications beyond TCOs. In the
condensed matter CuCrO; has been
investigated for its unusual magnetic properties due to its
antiferromagnetic ordering
properties.17* The higher conductivities of CuCrO, compared to
other delafossites is attributed to favourable mixing of Cr d
states with O 2p states in the valence band producing shallower
transition levels for the Cu-based holes. Furthermore, the top of
the valence band is found to be dominated by the Cu d states
and both theory and experimental data are consistent with
conductivity  through  the  Cu(l)/Cu(ll)  hole-transport
mechanism.174175
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In 2012, Chen and co-workers reported a hydrothermal method
to synthesise delafossite CuCrO, nanocrystals (ca. 20 nm) and
applied them as photocathodes in p-type DSCs for the first
time.17¢ Under optimized conditions, a Voc of 102 mV, a Jsc of
0.491 mA cm?, a fill factor of 0.398 and an overall PCE of 0.019%



were finally achieved for a C343 dye sensitized CuCrO;solar cell.
These values were comparable with a DSC based on a NiO
photocathode prepared and tested in similar experimental
conditions.

To improve the device performance, different sensitizers and
electron mediators have been tested. For example, Bach et al.
sensitized screen-printed thin mesoporous electrodes of
CuCrO; nanoparticles, prepared by a hydrothermal route, with
PMI-6T-TPA and applied the photocathodes in p-DSCs with the
[Co(en)3]?*/3* electrolyte.l’7 Compared to the equivalent device
with NiO, the Voc was higher, reaching 734 mV, which was
attributed to a slightly lower valence band edge of CuCrO; with
respect to NiO. Furthermore, the improved Voc could be due to
a reduced charge recombination with CuCrO,. Indeed, the
observed transient lifetime in CuCrO; (140 + 15 ps) and NiO
DSCs (24 + 0.4 ps) indicate an overall reduced recombination
rate for CuCrO,. Unfortunately, this Vocincrease was offset by a
significant decrease in photocurrent (3.74 mAcm-2 for NiO with
respect to 1.23 mAcm2 for CuCrO;).177 The authors concluded
that the cause of the drop in photocurrent was insufficient
driving force for the hole-injection, rather than any intrinsic
material properties of CuCrO,. The driving forces for hole
injection from PMI-6T-TPA* into the valence bands of CuCrO,
and NiO are ~ 0.3 and ~ 0.4 eV respectively. Mori et al. recently
reported that hole-injection rates scaled with driving forces up
to AE values of 0.6 eV, thus providing a strong indication that
insufficient hole injection driving forces are hampering the
performance of PMI-6T-TPA-sensitized CuCrO, p-DSCs. 28178
This suggests that the latest generation of high performance, p-
type sensitizers could be inadequate for the sensitization of
alternative p-type semiconductors where there is a ca. 100 mV
drop in the energy of the valence band edge, compared to NiO.
In the future, it may be necessary to tailor sensitizers to match
the electronic properties of the new materials in order to fully
exploit their potential.

Chen et al. attempted to increase the photocurrent generated
by CuCrO,, sensitized with P1, by adding Au nanoparticles to
augment the light absorption from the dye. The authors
assembled the photocathodes in p-DSCs with a
disulfide/thiolate redox shuttle, which attained a PCE of 0.31%.
The near field induced by Au NPs improved the photocurrent,
reaching a value around 3 mA cm-2 with respect to 1.5 mA cm
obtained without Au nanoparticles, without affecting the
interfacial recombination kinetic dynamics or the electronic
energy levels of the semiconductor.17?

Other attempts to improve the photocurrent of CuCrO, devices
include doping the material to improve the conductivity. It was
found that Mg-doped CuCrO; films (with 10% Mg) attain a
conductivity greater than many other p-type TCO (~ 220 S cm-
1). Chen et al. applied Mg-doped CuCrO; nanocrystals, prepared
by hydrothermal synthesis, in p-type DSCs, with P1 and iodine-
based electrolyte. Generally, ultrasmall size is the biggest
advantage of CuCrO; and CuCrpoMgo.102 nanocrystals
introduced by the authors show small dimension particles
almost over any other reported delafossite oxides applied in the
p-type DSC systems (ca. 40 nm and ca. 50 nm respectively). A
PCE improvement of approximately 30% was achieved through

adding Mg, mainly due to an increase in Jsc (by 27%).1%0 The
increase in Jsc for the doped films was attributed to a larger
surface area (23 m?2 g for CuCrO; and 15 m? gl for
CuCrg.sMgo.102) and higher light harvesting efficiency. The Vo,
Jsc, and PCE of the optimal CuCrgsMgo.10,-based DSC device
were 201 mV, 1.51 mA cm? and 0.13%, respectively, being
higher than that for the equivalent NiO reference when tested
under the same conditions. CuCrO; has also been doped with
different species such as Ga and Co.!8L18 The specific
hydrothermal conditions (temperature, pressure and molarity
of basic solution) determine the concentration of excess oxygen
in the delafossite material and by Co-substitution for Cr the
observed electrical resistivity further decreases in the non-
stoichiometric nanocrystals.181 P-DSCs assembled with Co-
doped CuCrO, using two types of dye, C343 and N719 and | /I35
as the redox couple, gave PCEs of around 0.01%. The Jsc was
higher by approximately 40% when N719 was used as dye
compared to €343 (0.5 mA cm=2 and 0.3 mA cm2 respectively).
Partial substitution of Cr for Ga has provided more encouraging
results.!82 The difference between the ionic radius of Cr (0.52 A)
and Ga (0.62 A) is sufficiently small that solid solutions of CuCra.
xGax0; from 0 < x < 1 can be prepared. Pure phase nanocrystals
of CuCr1.xGax0O; with the crystal sizes ranging from 15 nm to 50
nm, prepared by hydrothermal synthesis, were reported by
Chen et al.'82 The corresponding p-DSCs attained optimum
values of Voc = 134 mV, Jsc = 1.56 mA cm2 and PCE = 0.10%,
which was comparable to that of CuCrO, reported in the same
paper.

The reported conductivity of CuFeO, is relatively higher
compared to other delafossites, excluding CuCrO,.183 CuFeO,
thin films have been prepared by techniques such as pulsed
laser deposition (PLD) and radio-frequency (RF) sputtering.184
186 However, these vacuum-based processes are complex and
time consuming. CuFeO; transparent thin-films prepared by a
sol-gel route have produced promising conductivity (0.28 S cm-
1-0.36 Scm) and hole mobility as well as a wide bandgap (3.38
eV).1¥7 Wang and co-workers were the first to report an
application of €343 sensitized CuFeO; thin-films as
photocathodes in p-DSCs.1%0 The sintering process and thickness
of the CuFeO; photocathode films were roughly optimized. A
comparatively deeper valence band of CuFeO, (0.69 V vs NHE)
was found resulting in a larger Voc (365 mV) compared to NiO.
The overall PCE (0.01%) for the optimised device (2.8 um) was
however limited by poor Jsc (0.071 mA cm2), which was
attributed to a low specific surface area (6.5 m2 g1).

To improve the photocurrent, the p-type conductivity of CuFeO,
powders have also been improved by Mg2* or Ni2* doping. The
maximum p-type conductivity, until that point, of 18 Scm was
recorded for CuFe;xNixO, (x = 0.01, 0.02 and 0.03) in the
temperature range from 600 to 1000 K.188 CuFe;xMgxO> thin
films have been synthesized by a sol-gel method.18° In thin films
of these materials, the resistivity first decreased to a minimum
value (3.23 Q) observed at room temperature at x = 0.02, and
then increased with increasing x. CuFe;xMgx0, has also been
prepared by hydrothermal synthesis, giving hexagonal platelets,
which in p-DSCs were observed to enhance the lifetime of

photoinduced charge carriers with respect to undoped



material.18° The authors attribute the increase in lifetime to
improved charge transport, due to the addition of Mg inducing
more acceptor-type states, which increases the p-type carrier
concentration and improves the conductivity of CuFeO,. In this
study, the authors found that the optimum Mg content of 0.1%
in CuFe1.xMgx0> gave the longest lifetime for the photoinduced
charge carriers, which was a 94% enhancement compared with
the lifetime recorded for pure CuFeO,.

CuBO; was prepared by a sol-gel method and the as-obtained
particles were applied in photocathodes for p-DSCs with DPP-
NDI dye as the sensitizer and tris(4,40-ditert-butyl-2,20-
bipyridine)cobalt(l11/11) as the redox mediator. Consistent with a
deeper valence band position compared with NiO, the CuBO;
based p-DSC attained a Voc= 453 mV, which was 150 mV higher
than the equivalent NiO-DSC under the same conditions.
However, a low Jsc (0.02 mA cm2) arose due to a low specific
surface area (18.5 m2 g'1).191

In conclusion we can state that delafossite based materials are
fairly promising substitutes for NiO as semiconductors in DSCs,
in particular due to their valence band position in conjunction
with a higher hole lifetime which leads to a higher Voc. However,
they are yet to live up to their promise and there is still some
optimization required, especially in terms of morphology and
porosity. The most important issue of such semiconductors is
their particle size, which can be improved trying different
synthetic routes. This work has been already done for CuCrO,,
obtaining particle size between 20-40 nm. However, the best
result obtained with such semiconductor (ca. 0.3%) is far from
the highest efficiency delivered with NiO. A way to improve the
efficiency could be the employment of different dopant, such as
iron, with CuCrO,. Also CuBO,, which presents a deeper valence
band with respect to NiO, was not studied in detail and more
work can be done in this direction.

5.4 Oxysulfides

Hosono and co-workers have also proposed that high figure of
merit p-type TCOs can be prepared by replacing oxygen with a
chalcogen (S, Se, or Te), to introduce more delocalized p-
orbitals.’®2 Accordingly, LaCuOS and LaCuOSe p-type oxides
have been synthesised.193.1%4 Unfortunately, LaCuOSe has a too
small band gap (ca. 2eV) for applications in p-DSCs. However,
this strategy looks appealing as the p states of the chalcogen
atoms are usually higher and therefore make the compound
more prone to be p-doped. LaCuQS, has a higher hole mobility
(~0.6 cm? V-1 s1), conductivity and optical transparency (60-
70%) compared to NiO.193.194 | 3CuOS NPs synthesised by low
temperature hydrothermal routes have a tendency to form
La(OH)3 and Cu,S mixtures. To hinder the formation of La(OH)3,
a low temperature solvothermal method has been developed.
The initial pH of solution was found to be crucial to tune the
particle size (300 nm — 2 um). However, LaCuOS thin-films
sensitized with PMI-NDI showed a poor PCE (0.002%).1%5 The
authors attributed this to the similar valence band potentials of
NiO and LaCuOS and reported that electron-hole recombination
occurs rapidly which reduces the Fermi level under illumination,
leading to low Voc. The authors also reported that the binding

affinity between dye and LaCuOS was weak and also hindered
the device performance. The mixed chalcogen materials have
shown promise, but there are clear synthetic challenges in
controlling the composition and morphology of such materials.
Consequently, reported devices
incorporating these materials and ternary oxides are still a more
appealing direction currently.

there have been fewer

5.5 Spinel structures

Another class of materials which could provide high
conductivity are the spinels. Spinel structures (AB,04) can exist
in the forms; A'"B,''O4 or AVB,'04 (2-3 and 4-2 spinels,
respectively). Compared to binary NiO, spinel cobaltites
(MCo0204; M= Ni, Zn) possess richer redox chemistry and
combine the actions from both metal (M) and Co ions. NiCo,04
is reported to have a higher conductivity, by at least two orders
of magnitude compared to NiO.1%6 NiCo,04 nanoparticles can be
synthesised by co-precipitation, sol-gel, hydro/solvothermal,
and simple chemical precipitation methods.'% Li and co-
workers have prepared NiCo,04 NPs by a hydrothermal route,
modifying the process to obtain nanosheet, nanowires and
nanowire-nanosheet arrays.1°¢ In particular, the nanowire-
woven nanosheet arrays in conjunction with N719 dye
produced a PCE = 0.785% (Voc = 189 mv, Jsc = 8.35 mA cm™2, FF
=50%), which is a significant value among the p-DSCs fabricated
using the standard I5/I- electrolyte. In the future, the focus
could be to dope the NiCo,04 nanostructures to increase the
conductivity and adjust the Fermi level energy. As far as we are
aware, results on doping have not yet been reported and the
material has not been tested with optimised photosensitizers
for photocathodes. A very promising PCE close to 0.8% with
spinels suggests that this should be a more fruitful direction of
research. There is a significant chemical space to be explored in
terms of structure, doping, stoichiometry etc. So far, there has
been little follow up work in this area published and it will be
interesting to see what develops in the near future.

6. Device stability

Despite increasing effort towards improving p-type DSCs since
1999, there is a lack of consideration beyond efficiency at this
stage in the development of these devices. Few papers mention
the durability and chemical stability of their devices. The little
knowledge that is at our disposal
counterparts. Concerning electrolytes, for example, the iodide
couple is known to degrade.1®? On the other hand, as reported
by Gibson et al., the stability in the presence of a cobalt based
redox mediator was pretty good.32 In terms of semiconductors,
it is established that CuO and Cu,O suffer from problems of
instability over long term measurements. CuO is subjected to
passivation 1% and Cu,O is well-known to be unstable in the
presence of the electrolyte. On the other hand, as far as we
know, delafossite and spinels are expected to be stable over

comes from n-type

time. So, despite some parallels that can be drawn from other
photoelectrochemical systems, there is a need to investigate
the stability of p-type DSCs in the presence of different dyes,
with different anchoring groups, in order to evaluate and



improve issues such as desorption in the presence of the
electrolyte. In general, if the kinetics are optimised, e.g. in a
high-performing device, and species are not left in an excited or
high-valence state for long, decomposition routes will be
minimised.

7. Toward the increasing of p-type DSCs performance

Despite much progress in the field in the last 20 years,
particularly in terms of mechanistic understanding, the
reported PCEs of p-DSCs remain very low. Clearly, at the heart
of the device, the optimisation of the dye will bring further
improvements and most of the research in the field has been
directed at engineering new structures and optimising the
optical and electronic properties of the molecules. However,
the rapid recombination at the dye-electrode interface still
limits progress. The I57/I- electrolyte fundamentally limits the
efficiency of the device, because of the large overpotential,
particularly when tandem devices are constructed. The
electrolytes are challenging to optimise, particularly one-
electron, outer sphere shuttles, which are prone to low barriers
to recombination at the working electrode surface. Furnishing
the ligands with alkyl substituents to block recombination
brings issues with diffusion in the pores, which requires
optimisation of the electrode morphology. Slowing down the
kinetics, such as moving from iron to cobalt or copper shuttles
where there is a reorganizational energy barrier to electron
transfer, is beneficial in terms of reducing recombination at the
electrode/electrolyte interface, but this is typically
accompanied by slower dye regeneration which leads to more
recombination at the electrode/dye interface. Therefore, it is
necessary to take a holistic approach and to investigate
combinations of dyes and electrolytes together.

The real step-change in performance is likely to come from a
new metal oxide, but this is arguably the hardest part to
develop. Frequently there is a trade-off between conductivity
and transparency and so finding a material with all the
necessary credentials (a p-type equivalent of anatase) is not
straightforward. The obvious candidates, which have been
identified from theory, such as oxysulfides, delafossites and
spinels have all been tested in p-type DSCs, but in each case, if
the Voc was improved, the current was sacrificed. There are a
number of potential reasons, such as insufficient surface area
for the dye to adsorb or insufficient porosity for the electrolyte
to diffuse, which could be addressed through systematic
studies. There could be issues associated with the physical
properties such as the dielectric constant or surface properties,
which could be addressed though applying novel architectures
or layered materials. Alternatively, there could be a
fundamental underlying issue which could be more challenging
to address, such as inherent low mobility of holes or the band-
structure itself. Certainly, without a systematic investigation of
a wider pool of materials, progress will remain incremental.
Fortunately, interest in photoelectrochemical approaches to
solar energy conversion is increasing, particularly with the
possibility to perform photocatalytic reactions at the electrode
surfaces, such as the generation of solar fuels.

8. Tandem-DSCs

The ultimate purpose of a p-type DSC is to be used in tandem
solar cells, to increase the spectral response of the cell without
sacrificing the photovoltage. In a typical tandem DSC device,
different dye molecules are adsorbed onto the surface of the
two mesoporous thin-film of either the p-type semiconductor
at the cathode or the n-type semiconductor at the anode.
Photons exceeding the HOMO-LUMO gap can promote the dyes
into an energetically excited state. Then, depending on the
electrode, either; i) an electron is transferred (or “injected”)
from the sensitizer molecule into the conduction band (CB) of
the n-type semiconductor or ii) an electron is transferred from
the valence band (VB) of the p-type semiconductor to the
photosensitizer, leaving a hole in the semiconductor. Charges
migrate through the mesoporous photoelectrodes while the
reduced and oxidised sensitizers are then regenerated by the
redox mediator by electron transfer. Higher energy photons are
collected at the top electrode, and lower energy photons, which
would usually be transmitted are collected at the bottom
electrode. Currently, n-type semiconductors give the best
power conversion efficiency (PCE) for DSCs (14.7 %°) and, as a
consequence, research in the field is dominated by n-type DSCs,
particularly using TiO, electrodes. The performance of p-n DSCs
is limited by the comparatively poor performance of p-type
DSCs at present.

The first tandem DSC was fabricated with a NiO|erythrosin B
photocathode and a TiO,|N3(cis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato) ruthenium(ll)) photoanode.l! The
tandem cell successfully proved that the photovoltage of the p-
n-DSC was close to the sum of the individual cells. On the other
hand, the PCE and fill factor of the device was low (PCE = 0.39%,
FF = 0.199), which was attributed to the limiting photocurrent
at the photocathode (Jsc = 0.27 mA cm-2). Following this first
example, Gibson et al., after optimization of p-type device,
constructed a tandem DSCs, achieving a Voc of 0.91 V, a FF of
0.62, and an efficiency of 0.55%.3° The authors attributed this
enhanced t-DSC performance to the suitability of the Co'/!
redox couple to both the NiO- and TiO,-based semiconductors.
More recently, Gibson et al. reported a tandem cells with up to
5.2 mA cm2, employing CAD3 as p-type dye.*8 Tandem devices
require current matching between the photoanode and
photocathode, so the film thickness of the TiO, electrode was
reduced from the usual 10 pm and current-voltage and IPCE
measurements were taken until a current was obtained that
matched the current that would be produced by the
photocathode when positioned at the bottom of the cell

Bach et al. assembled a tandem device with a more encouraging
efficiency (n = 2.42%).42 This device incorporated the optimised
donor—acceptor dye, PMI-nT-TPA, which provides control over
the spatial separation of the photogenerated charge carriers.
Very recently, Odobel and co-workers have produced a new
series of diketopyrrolopyrrole (DPP)-based sensitizers which
have performed well when combined with the conventional
I57/I- electrolyte (Th-DPP-NDI Jsc = 7.38 mA cm=2; Vo = 147 mV;
FF = 0.32; n = 0.35 %).12 This has enabled the fabrication of a
highly efficient p-n junction DSC, in which the performance of



NiO| Th-DPP-NDI photocathode and TiO,| D35 photoanode was
greater than that of the individual sub-devices (Jsc = 6.73
mA cm=2; Voc =910 mV; n = 4.1 %).

In conclusion, despite low performances, improvements are
now being made to the efficiency of tandem devices. The
electrolyte has a crucial role, and has to match perfectly all the
dyes involved in the process, both at the photocathode and the
photoanode. In the long term, if efficiencies surpassing 20% are
to be made, it will be necessary to find a new semiconductor
which has a valence band at least 0.5 V lower than NiO, or
replace TiO, with a material with a higher lying conduction
band. Given that anatase already has the perfect balance of
properties required for efficient DSCs, it is preferable that NiO
is replaced with an appropriate p-type material. Given the
challenges of finding transparent p-type semiconductors, this
will require an intensive focus. However, the potential rewards
are substantial.

Conclusions

Over the last 20 years the performance of p-type DSCs has
improved by a couple of orders of magnitude, due to the
improvements made to the electrode materials, dyes and
electrolytes. However, there are many unresolved questions in
this area and there is a lack of a reliable benchmark system for
comparing new components. The best electrolyte composition
to use in p-type is not really defined as it is dependent on the
dye structure employed. Cobalt based electrolytes have only
been successful with dyes having a long-lived charge separated
state and the iodine-based electrolyte presents several issues
that have not yet been resolved. At the same time, there is not
a well-defined set of conditions to test new materials. Each
component of the device affects another, so it
straightforward to predict the outcomes of simple
substitutions. One reason for this is the complex kinetics and
several mechanistic aspects are still not fully understood. Even
the high-performing dyes tested in p-DSC, e.g. P1, CAD3 present
short charge separated state lifetimes, which makes efficient
dye-regeneration challenging to achieve. The reason behind this
is not clear, despite several proposed explanations, including
the possible interaction of iodine with semiconductor surface or
forming a complex with the dye. The highest efficiency reached
with PMI-6T-NDI dye and Fe(ll/1ll) based electrolytes is equal to
2.51%, which is far from n-type DSC efficiency and could hamper
the general efficiency of the device when employed in a t-DSC.
The application of redox shuttles with faster dye regeneration
kinetics, such as iron based complexes, and dyes with longer
lifetimes for the charge separated state, of the order of
microseconds, may further improve the performance. At the

is not

same time, the discovery of a suitable semiconductor could be
fundamental for the enhancement of device performance.
Despite attempts to develop alternative materials to NiO,
research is far from providing a satisfactory result. So, p-DSCs
are limited owing to the lack of a suitable wide band gap p-type
semiconductor with sufficient transparency and good charge
transport properties. The discovery of p-type semiconductivity
in degenerate n-type semiconductors could potentially solve
this problem, provided that recombination losses can be
curbed.

Table 1. Summarised photovoltaic performance of NiO based p-DSCs reported in the literature (with an I-/l5” electrolyte). Voc is the open-circuit voltage at the J = 0 intercept, Jsc is

the short-circuit current density at the V = 0 intercept, FF is the device fill factor, PCE is the power conversion efficiency and IPCE is the monochromatic incident photon-to-current
conversion efficiency. T(NiO*/dye’) is charge separated lifetime of dye on NiO calculated through time-resolved transient absorption measurements. -2 Not reported.



Dye Voc(mV) Jsc (mA cm™?) FF PCE (%) IPCE t(NiO*/dye’) Ref.
(%)
Erythrosin B 95 1.016 0.40 0.039 8 -2 49
C343 0.117 0.88 0.28 0.036 -2 20 ps 36
P1 84 5.48 0.34 0.15 64 2.7 ps, 17 ps, 205 4
ps
P2 63 3.37 0.31 0.07 32 -2 »
Bodipy-Co:H 95 1.48 0.36 0.05 20 4.1 ps 7
Bodipy 4 97 1.6 0.38 0.06 27 5ps ”
Bodipy 5 109 3.7 0.35 0.14 44 0.1 ps, 13 ps 7
Bodipy 6 95 1.58 0.35 0.05 23 12 ps, 12 ns 7677
Bodipy 7 106 5.78 0.31 0.2 24 4.9 ps, 580 ps 7
P3 55 1.36 0.34 0.03 6 2.4 ps, 20 ps, 317 I
ps
P7 80 3.37 0.35 0.09 26 - »
CAD3 101 8.21 0.31 0.25 50 1.2 ns d
P4 100 2.48 0.36 0.09 44 - a0
CAD1 87 3.32 0.33 0.09 25 300 ps 52
CAD2 96 3.25 0.33 0.1 17 100 ps 2
T3 121 5.01 0.3 0.184 27 -2 53
T3H 133 5.57 0.31 0.23 25 -2 55
T5 124 4.51 0.33 0.186 23 - 3
T6 133 4.02 0.33 0.178 22 -2 53
T4 152 3.94 0.35 0.21 22 -2 55
T4H 152 6.74 0.31 0.32 26 -2 55
BH2 97 4.30 0.31 0.13 -a -2 6
BH4 128 7.40 0.3 0.28 -a -2 56
BH6 95 4.40 0.31 0.13 -a -2 6
Th-DPP 74 0.26 0.53 0.008 <2 -2 12
Th-DPP-NDI 147 7.38 0.32 0.35 55 -2 12
DPP-Br 125 0.75 0.37 0.03 8 8.6 ps, 75 ps 64
DPPCN: 135 1.51 0.32 0.07 22 -2 12
DPP-NDI 155 1.38 0.40 0.09 25 13 ps, 260 ps, 64
140us
TPA-DPP 81 0.70 0.25 0.01 5 -2 12
TPA-DPP-NDI 123 4.04 0.32 0.16 30 - 12
1SO-Br 87 0.82 0.34 0.025 7 -2 66
1SO-NDI 96 1.27 0.33 0.04 5 -2 66
PMI-2T-TPA 153 2.06 0.29 0.09 -a 177 ns, 1.34 us a2
PMI-4T-TPA 176 3.40 0.32 0.19 -2 1.22pus, 12.2us 42
PMI-6T-TPA 218 5.35 0.35 0.41 -a 2.54 us,13.6 us a2
PMI-NDI 120 1.76 0.35 0.073 32 5 us, 50 us 38
PMI-PhNDI 130 1.64 0.35 0.074 43 3 s, 55 us 38
PMI-PhCso 95 1.88 0.32 0.058 31 2.4pus 38




z2zx-ppl 96 5.70 0.38 0.207 50 -2 50
2zx-op1-2 117 7.57 0.41 0.353 70 -2 50
zzx-op1-3 115 6.68 0.4 0.308 58 -2 50

zzx-op2 111 4.00 0.36 0.16 48 -2 51

zzx-op3 109 3.80 0.36 0.15 42 -2 51
Fielden-1 50 0.83 0.43 0.018 14 -2 7
Fielden-2 49 0.87 0.32 0.014 11 -2 &
Fielden-3 66 0.83 0.33 0.018 14 -2 7
Fielden-4 1.11 0.86 0.37 0.036 13 -2 &
Fielden-5 70 0.84 0.37 0.014 10 -2 n

Ccwi1 99 2.66 0.35 0.093 25 -2 '3
cw2 118 4.05 0.34 0.16 40 -2 2
BAI-COOH 79 1.13 0.33 0.029 8 -2 67
RBG-174 90 2.88 0.37 0.096 -2 -2 6
coco 91 2.45 0.36 0.080 -2 -2 6
BBTX 88 4.32 0.33 0.126 -2 -2 6
COCN 77 1.53 0.32 0.038 -2 -2 6
CBs 115 1.52 0.34 0.059 9 -2 8
CBs 117 1.13 0.31 0.044 4 -2 8
CB; 117 2 0.33 0.076 11 -2 8
CBsg 118 1.71 0.33 0.066 7 -2 8
w1 131 2.83 0.34 0.126 13 -2 7
W2 121 4.16 0.33 0.166 17 -2 57
w3 134 2.32 0.33 0.103 8 -2 57
06 97 1.04 0.37 0.037 14 -2 58
o7 90 1.74 0.38 0.06 18 -2 58
02 94 1.43 0.37 0.05 12 -2 58
Qr-1 120 8.20 0.34 0.33 57 -2 60
Lin-1 113 1.38 0.34 0.05 14 -2 61
Lin-5 122 2.18 0.35 0.09 17 -2 61
p-sQl 117 1.22 0.37 0.056 6 -a »
p-SQ2 140 1.92 0.42 0.113 18 -a 59
sQ 85 1.18 0.34 0.034 3 2.2 ps, 53ps 62
SQ-PMI 65 1.31 0.35 0.026 5 3 ps, 112 ps 62
SQ-PMI-NDI 95 2.73 0.32 0.083 25 4.8ps,130ps 62
SL1 104 2.25 0.34 0.079 18 -2 31
SL2 77 1.50 0.33 0.038 7 -2 31
K1 96 291 0.32 0.09 14 -2 %
K2 93 1.96 0.39 0.07 9 -2 %
03 100 2.75 0.36 0.10 -2 1.1ns 8
013 89 2.66 0.31 0.074 -2 -2 z
018 93 3.43 0.33 0.104 -2 1.7ns 8
017 92 2.69 0.34 0.085 -2 -2 z
08 63 0.44 0.36 0.009 2 0.15ps, 8.91 ps 30




0.25ns

011 82 1.84 0.34 0.051 9 0.43ps, 24.1ps 30
0.63 ns
012 79 1.16 0.36 0.033 5 2.63 ns, 52.9ns 30
1.13ns

ZnP 98 0.19 0.35 0.006 - 51.7 ps 68
ZnP-NDI 127 1.38 0.32 0.056 -2 219 ps 68
Zn-TCPP 120 0.5 0.4 0.02 10 -2 69
ZnP-TCPP-CsoPPy 146 14 0.4 0.08 35 - 69
Zn-1 57 0.28 0.35 0.006 5 15 ps, 190 ps, s

1ns
Zn-2 74 0.45 0.35 0.012 8 32ps, 1.6 ns s
Zn-3 76 0.51 0.37 0.014 10 210 ps, 2.3 ns 7
Zn-3-CeoPPy 80 0.55 0.35 0.015 - 350 ps,5ns 7
[Ru(bpy)2(H1)] 95 4.06 0.36 0.139 -2 -2 »
[Ru(dcb)s] 110 0.09 0.43 0.004 - 5.1 ps &
[Ru(dcb)2(NMI- 95 0.16 0.36 0.006 -2 14 ps 87

phen)]**

IrPhen 345 0.14 0.44 0.021 -2 50-70 ns, 1us, 5-30 3

us
IrDPQCN2 508 0.25 0.54 0.068 - 50-70 ns, 1us, 5-30 3

us
IrBpystyryl 383 0.37 0.44 0.061 -2 50-70 ns, 1us, 5-30 33

us
AS9 90 0.68 0.36 0.022 4 - 34
AS10 90 0.66 0.37 0.022 3 -2 34
AS11 70 0.45 0.38 0.013 2 -2 34
AS12 90 0.36 0.4 0.013 2 - 34
AS13 100 0.82 0.39 0.032 8 -2 34
AS14 100 1.12 0.37 0.043 10 - 34




Table 2. Selection of reported parameters for various p-type metal-oxide semiconductors which have also been utilized in p-type dye-sensitized solar cells. Exact values can differ depending on synthesis methods and testing conditions used.

p-type Space Transparency Valance Band Energy Flatband potential Dielectric Conductivity Carrier Concentration Hole mobility
. Structure Band gap (eV)
semiconductor Group (%) (eV vs. Vacuum) (V vs. SCE) constant (S cm?) (cm3) (cm?2Vv-is)
NiO cubic Fm3m 401 3.4-43%° -5.04 2 0.1V atpH9.41 9.7% 1074202 5.00 x 106 - 1 x 1020 203 0.141 2%
Cuo monoclinic C2/c 25 55 206 1.3-21% -5.57 11 0.15-0.41VatpH9.4® | 18.12" 3.85 206 1.5 x 10% - 7.4 x 1010199 0.12 206
Cu20 cubic Pn3m 72 %06 2.1-2.6 2% -5.69 206 -0.22 Vv 28 12209 6.7x1073 206 1.5 x 10% - 5.7 x 109 206:208 51 206
delafossite,
CuGaO: R-3m 210 80 211 3.6-3.9 211212 -5.29 172 0.49 V at pH 6.3 22 0.96 23 1071- 107222 1.7 x10%-3.5 x 10%° 213 0.23 21
rhombohedral
CuCro, delafossite R-3m 77214 302 5.3 0.21V 25 0.2-0.62¢ 0.23 2 5.06 x 1014 215 0.2 ot
NiCo204 Spinel Fd3m 80 218 2.06 - 3.63 2% -5.3 218 0.14 v 20 N/A 4 28 N/A N/A
delafossite,
CuAlO: R-3m 75 2t 3,55 211 -5.222 0.445V atpH 7.2 %% 102 3x10°t 22 1.3x10Y7 2% 10 91
rhombohedral
delafossite,
CuFeO: I R-3m 50 2% 1.5 - 3.38 227.228 -5.32%7 0.82Vv 7 20277 0.36 228 5.3 x 108 228 0.2 7
hexagonal
delafossite,
CuBO; ' R-3m 7019 4.0 -5.9 230 0.31VatpH 9.4 N/A 1.65 2 3.07 x 1013 100
hexagonal
P4/nmm
LaCuOS tetragonal . 70232 3.1 233 -5.0 2% 0.26-0.4V atpH 6.3 4 4231 1.2x1072 232 1x10%° 194 0.6 234
wurtzite,
K:ZnO P63mc 85 159 3.23 159 -5.7 159 1.04 V 159 N/A N/A 1.9 x 1016 157 2.6x1073 1
hexagonal
In20sSn (ITO) Cubic la3 80 236 4,123 -4.7237 -1.5Vv 238 3.34 2% 104 236 5x 1020 240 3924
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