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Lindqvist polyoxometalate (POM) additives increase Voc in p-type
DSSCs by up to 140%, yielding substantial efficiency gains for poorly
matched dyes and redox mediators. For better dye/electrolyte
combinations, these gains are typically outweighed by losses in
Jsc. Charge lifetime and transient IR measurements show that this is
due to retardation of both recombination and electron transfer to
the mediator, and a positive shift in the NiO valence band edge. The
POMs also show their own, limited sensitizing effect.

Dye-sensitized photocathodes (p-DSSCs) were first proposed as
a way to increase the efficiency of dye-sensitized solar cells over
a decade ago." Such photocathodes would replace the platinised
counter electrode of the Gritzel cell, and by harvesting lower
energy photons than the photoanode increase spectral coverage
as well as increasing photovoltage. In this way, the p-DSSC could
help drive advances from the current DSSC record of 13%,
towards (or beyond) the 25% attained by crystalline Si:* the
resulting tandem DSSCs would have a maximum theoretical
efficiency of 43%, vs. 33% for a single junction device. But to
date, no tandem DSSC has exceeded the power conversion
efficiency of a state-of-the-art, single-junction TiO, n-DSSC,
because they are limited by the poor performance of the series
connected p-DSSC. The only p-DSSC power conversion efficiencies
>1% have been achieved using redox mediators whose negative
redox potentials would severely reduce the photovoltage produced
by the TiO, side of any tandem cell.* With the more typical n-DSSC
I;7/I" redox couple, the p-DSSC record efficiency is just 0.61%.
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The poor performance of p-DSSCs results from the small
energy difference between the valence band (VB) of the p-type
semiconductor (usually NiO) and redox mediator, rapid back
transfer of photogenerated holes from NiO to the electrolyte,
and slow hole diffusion through NiO.° Consequently, open
circuit voltages (Voc) are low - the maximum obtained with
I;7/I" is 350 mV using special high crystallinity NiO and a dye
with a highly extended conjugated system.” More typically, Voc
is around 100 mV, and rarely exceeds 150 mV. At the same time,
fill factors are low (ca. 30%) and photocurrents (Jsc) are
moderate (up to 8.2 mA cm *).® While the improvements
achieved through sensitizer design have been impressive,*®
the necessary step change in p-DSSC performance will require
exploration of new strategies, and materials.

One simple modification employed in n-DSSCs, but little
investigated in p-DSSCs,’ is the use of coadsorbents such as
cholic acid derivatives and alkyl phosphonic acids.””™ These
can prevent dye aggregation, and passivate the surface helping
to suppress recombination, reduce dark current and increase
stability and efficiency. We expect that in p-DSSCs co-adsorbents
can play a similar role, while potentially also providing a remote
electron acceptor, isolated from the NiO VB that can relay
electrons to the mediator and impede recombination. This
strategy may have advantages over incorporating the acceptor
into the dye - it facilitates a rapid, combinatorial approach to
new cells and should reduce communication between electron
and hole.

Owing to their fast electrochemistry, tunable potentials and
stability to redox cycling,'® polyoxometalates (POMs) appear a
good but as yet untested choice of electron acceptor coadsorbent
for p-DSSCs. Ultrafast electron transfer (ET) has been observed
between POMs and dyes on TiO,,'" and in n-DSSCs, POMs can
enhance performance by increasing electron lifetimes.’> They
also perform well as replacements or modifiers for Pt counter
electrodes, and their charge may alter the position of the NiO
VB. Here, we demonstrate for the first time that POMs produce
dramatic increases in V¢ in NiO p-DSSCs. At the same time, they
increase Jsc for poorly matched dye/redox mediator combinations,
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Fig. 1 Sensitizer dyes and POM coadsorbents investigated in this study.

and decrease Jsc when dye and mediator are better matched.
Together, J-V, charge extraction/lifetime and time-resolved IR
(TRIR) data indicate a combination of VB shift, POM electron
acceptor behaviour and surface screening are responsible, estab-
lishing a model for how POMs modify NiO photoelectrochemistry.

We investigated the tetrabutylammonium salt of Lindqvist
anion, [NBuy],[M0sO1,] (1), and its organoimido derivatives 2, 3
and 4 (Fig. 1). As a highly reversible single electron acceptor
with a less negative redox potential (—0.12 V vs. NHE), than
those of typical photosensitizers (ca. —0.8 V vs. NHE for P1,
—0.36 Vvs. NHE for CAD3), the Lindqvist hexamolybdate seems
an ideal starting point for study of POMs in the p-DSSC.
Attaching an organic group to this cluster anion raises the
redox level to around —0.3 V vs. NHE (Table S3, ESIt), providing
additional driving force for onward ET to the redox mediator
(ca. —0.2 Vvs., NHE for I;7/I,*~, +0.3 V vs. NHE for Co*"/*"),** and
enables introduction of binding groups (pyridine, carboxylate)
for NiO. Organoimido compounds 2 to 4 were synthesized from 1
and the appropriate amine using established DCC mediated
coupling methods (see ESIt). Of these, 2 and 3 are new
compounds, and an X-ray crystal structure of 3 is presented
in the ESLf

As 2 and 3 both show significant visible absorption (between
400 and 450 nm, Fig. S2, ESI}), we first tested the ability of the
POM compounds to sensitize NiO with no dye (Table 1 and
Fig. S3, S4, ESIt). With I /I;~ electrolyte, 1 to 4 all produce
significant V¢ (105 to 142 mV, i.e. comparable to or better than
typical dyes with this electrolyte) but small Jsc (<0.14 mA
em™Y). The highest performing (7 = 0.0072%) was 3, likely a
result of its more extended visible absorption and the ability of
the pyridine group to bind NiO." Changing 1 /I;~ for
Co(tBBPY),*"** (tBBPY = 4,4'-di-tert-butyl-2,2/-dipyridyl) further
increases V¢, beyond 200 mV for 3 (1 = 0.0088%), but generally
decreases Jsc. This is the first evidence that organoimido-POM
charge transfer transitions can sensitize wide-band gap semi-
conductors, and it is noteworthy that 5 for NiO-3-Co(tBBPY),>"**
is comparable to that of NiO-CAD3-Co(tBBPY),**" (0.01%)
despite far inferior light absorption. This is because ET to
Co(¢tBBPY);>"", for both P1 and CAD3, is slow. Even so, the
weak effects observed make it clear that in the coadsorbed
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Table1 Performance of p-DSSCs based on NiO and Lindqvist anions 1 to
4

POM  Electrolyte  Jsc (mAcem™?) Voo (mV)  FF (%) 7 (%)

1 I /1,74 0.057 109 40 0.0025
2 I/, 0.044 105 36 0.0017
3 I /1,7 0.14 134 39 0.0072
4 I/, ¢ 0.057 142 38 0.0031
1 Co23+P 0.039 23 26 0.0002
2 2H3+b 0.029 130 42 0.0016
3 Co2*3+h 0.12 208 35 0.0088
4 Co2"3*h 0.071 164 38 0.0044

01 M I, 1 M Lil in MeCN. ? 0.1 M Co"(tBBPY);(ClO,),, 0.1 M
Co™(tBBPY);(ClO,);, 0.1 M LiClO, in PC. ¢tBBPY = 4,4'-di-tert-butyl-
2,2/-dipyridyl.

dye/POM systems discussed below, all but a small fraction of
the observed Jsc must result from sensitization by the dye, not
the POM.

To investigate POMs as coadsorbents, we treated NiO films
sensitized with either the P1 or CAD3 dyes with 1 to 4 (Table 2).
The high point-of-zero charge of NiO favours binding of
negatively charged POM species, and evidence of POM binding
is seen through Mo peaks in EDX (ESI,{ Tables S4 and S5). The
films were assembled into dye-sensitized solar cells with I"/I;~
or Co(tBBPY);>** (tBBPY = 4,4'-di-tert-butyl-2,2'-dipyridyl) electro-
lytes — to provide one system (I /I;~) where dye and electrolyte are
well matched, and another (Co(tBBPY),*"**) where they are not. In
this way, the influence of the POM’s ability to act as an electron
accepting, band shifting or screening additive can be probed
under different conditions.

In the presence of the POMs, the V¢ of the Pl-sensitized
cells with the I"/I;~ mediator increased (18 to 45%), but Jsc
fell by at least 50% (J-V curves Fig. S6, ESIT). No clear trends in

Table 2 Performance of NiO|CAD3 and NiO|P1 p-DSSCs with 1 to 4
as coadsorbents

Dye|POM  Electrolyte Jsc (mA cm™?) Voo (mV)  FF (%) 7 (%)
CAD3 /1,7 4.44 93 30 0.123
CAD3|1 T /1;7¢ 2.35 146 37 0.127
CAD3|2 | B P 2.14 127 38 0.103
CAD3]3 T /1;°¢ 1.48 117 41 0.072
CAD3l4 T /1;7¢ 2.08 153 39 0.123
P1 | g 2.32 110 34 0.087
P1]1 | Y 1.16 138 35 0.056
P1j2 /1, ¢ 1.01 130 35 0.046
P1j4 I/ 0.98 160 37 0.058
CAD3 Co*"3+h 0.40 100 24 0.010
CAD3|1 Co*"3tb 0.58 200 23 0.027
CAD3[2  Co*"P**P 0.75 189 25 0.035
CAD3|4 Co*"*b 0.74 208 25 0.038
P1 Co>*3*P 0.58 146 27 0.023
P11 Co*"3tb No current — — —

P1|2 Co**3+b 0.67 198 28 0.036
P1j4 Co**3*P 0.78 209 27 0.044

0.1 M I, 1 M Lil in MeCN. ? 0.1 M Co"(tBBPY);(ClO,),, 0.1 M
Co"(tBBPY);(Cl0O,);, 0.1 M LiClO, in PC. ¢tBBPY = 4,4'-di-tert-butyl-
2,2/-dipyridyl.
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Voc or Jsc vs. redox potential were observed between the
different POM coadsorbents. This is surprising as ET from 1
to I;~ is thermodynamically uphill, whereas there is a ca.
100-200 mV driving force for ET from 2-4. Similar results were
observed with the CAD3|I7/I;~ cells, despite ET from CAD3 to
2-4 being almost thermodynamically neutral. All four POMs
increased Vo significantly (by 65%, to 153 mV for 4), relative to
CAD3 only, but accompanying falls in Jsc (43 to 67%) left overall
n similar (0.072-0.127%) to the NiO-CAD3 baseline (0.123%)
(J-V curves Fig. S5, ESIT). As 3 performed significantly worse
with CAD3 than the other POMs it was not investigated further.

Electron transfer from 1-4 to Co(tBBPY);>"" is thermo-
dynamically favourable. Replacing I"/I;~ with Co(tBBPY);>""
led to a further ca. 50 mV increase in Vo with CAD3 (up to
108%, to 208 mV) vs. POM free systems (J-V curves Fig. S7 and
S8, ESIt), while with P1 the V¢ increases were similar to those
obtained with I"/I;~. Moreover, with the cobalt electrolyte, the
presence of the POM coadsorbent slightly increased Jsc in most
cases vs. POM free cells. Consequently, ; increased, up to near
fourfold but from a very low base.

Using the POMs as an electrolyte additive (0.01 or 0.02 M)
with both I"/I;~ and Co®>"*" (Table 3 and Fig. $9, S10 in ESIY)
produced more pronounced changes in Voc and Jsc to the
coadsorption experiments. Voc values of up to 293 mV were
achieved (P1]1|Co®**) but the highest Jsc were only 0.57 mA cm ™2,
With Co**"*, Jsc values were also decreased vs. POM free cells (in
contrast to adsorbed POM systems), with the exception of 4. This is
likely because the total amount of POM present is higher than in the
co-adsorption experiments. Electrolytes with only dissolved POM
produce cells with zero Jsc and low (<100 mV) Ve This eliminates
the possibility that the POM provides an alternative redox mediator,
with a more negative redox level (hence increased Voc) but poor
electron transfer kinetics.

Two explanations for the increase in Voc with 1-4 are a
positive valence band shift due to electrostatic interactions at
the NiO|POM interface, and decreased recombination at the
NiO|electrolyte interface. It is apparent that a band shift occurs
as the charge density vs. photovoltage plot (Fig. 2, top) indicates
a shift in the quasi Fermi level for equivalent charge density,
and dark current plots (Fig. S5, ESIt) show a >60 mV positive
shift in the presence of 1-4. This band shift seems independent

Table 3 Performance of NiO|P1 p-DSSCs modified by 1 to 4 as electro-
lyte additives

POM |electrolyte  Jsc (mA cm™?) Voc (mV) FF (%) 1 (%)
1T /1,7 0.57 256 30 0.043
2|17 /1, ¢ 0.39 233 27 0.025
3|/, 0.47 238 33 0.037
4T/, 0.54 265 31 0.045
1|Co?*3+b 0.37 293 37 0.040
2|Co?"3*P 0.32 228 29 0.022
3|Co?"3*P 0.36 275 24 0.033
4|Co?H3+b 0.57 230 29 0.038

?0.1 M1, 1 M L in PC. ? 0.1 M Co"(tBBPY);(ClO4),, 0.1 M Co™(tBBPY);-
(ClO4);, 0.1 M LiCIO,, in PC. Added POM 0.02 M (1 to 3) or 0.01 M (4).
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Fig. 2 Top: Charge density vs. photovoltage plot for NiO|P1 films in the
presence and absence of 1 and 4 in an |7/ls~ electrolyte, indicating a
positive shift in the Fermi level when 1 and 4 are present. Bottom: Charge
lifetime vs. photovoltage of NiO|P1 cells, with and without 4 added to
I=/15~ and Co?*/3* electrolytes.

of the different electron withdrawing/donating properties of the
anchoring group. As it is also independent of any electron
transfer or steric/electrostatic screening effects of the POM, it
must contribute to the V¢ increase in every system studied.

There is also evidence for the POMs preventing recombination
to NiO. Charge-lifetime vs. photovoltage plots (Fig. 2, bottom)
reveal a significant increase in charge lifetime for the P1|4
co-adsorbed cells compared to POM free cells, reaching ca. 8 s
for 4 with Co*"** and 0.6 s for 4 with I"/I;~ (ca. 2 s and 0.3 s
respectively without POM). A similar effect is seen in charge
lifetime vs. charge density (Fig. S11, ESIt). It is unclear whether
this is due to the POM screening the charge in NiO from the
electrolyte (electrostatically or sterically), or intercepting the
charge and inefficiently releasing it. However, TRIR provides
evidence for ET from P1 to 4, by monitoring recombination of
the charge-separated state (P1~|NiO") (Fig. 3). Laser excitation
at 540 nm of NiO|P1 adsorbed on NiO (CaF, window) gave
spectra and recombination rates consistent with those previously
reported.’® For NiO|P1|4, the spectral features did not change,
but transient species generally decayed on a shorter timescale,
with an average lifetime of © = 33 ps. (t = 65 ps for P1|NiO).
This suggests that the POM quenches P17 |NiO', forming
POM ™ |P1|NiO".

TRIR also showed no clear effect on the rate of formation of
P17 |NiO", suggesting that charge-injection is not diminished in
the presence of 4 and that lowered photocurrents must be due

Phys. Chem. Chem. Phys., 2017, 19, 18831-18835 | 18833
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Fig. 3 Recovery of the ground state of P1 after laser excitation at 540 nm,
taken at 1435 cm™* (P1|NiO, red triangles) and 1433 cm~* (P1|NiO|4, blue
squares).

to other factors. Fully delineating these is beyond the scope of
this manuscript, but in real solar cell operating conditions the
dye likely transfers electrons to the mediator and POM in
parallel. Thus, the POM may increase or decrease Jsc depending
on how much it increases electron-hole pair lifetimes, and the
relative rates of ET to the mediator from dye and POM.
Increased Jsc for POM coadsorbents with Co®"3*, that also tend
to increase in line with POM redox level, are therefore consistent
with an increased electron-hole pair lifetime, and suggest
comparable POM-to-mediator and dye-to-mediator ET rates.
Decreased Jsc for POMs with I/I;~ indicate that the increased
electron-hole pair lifetime in this system does not compensate
for a POM-to-mediator ET that is slow compared to dye-to-
mediator ET, and in some cases uphill. A role for screening of
the dye from the mediator is also implied by CAD3|4 with I /I;:
Jsc is lowered even though the chance of reducing the POM is
minimised by a 40 mV uphill dye-to-POM ET, and 200 mV
downhill POM-to-mediator ET.

Previously, films based on Al substituted"*® and lacunary
silicotungstate Keggin POMs'*” showed high efficiency for
I"/I;~ reduction. It is therefore likely that {Mos} to mediator
electron transfer is less efficient than for these POMs, at least in
part due to a weak driving force. The POMs may also adsorb at
poorly accessible locations on NiO due to their negative charge
(anchoring groups do not seem to influence loading, ESIT).
These questions may be addressed in future by expanding the
range of POMs studied, and developing deposition methods
that ensure location of the POMs close to the electrolyte
interface.

In conclusion, using polyoxometalates as coadsorbents in
p-DSSCs significantly increases Vo, over 100% in some cases,
but with well-matched dye/mediator combinations an accompanying
>50% decrease in photocurrent eliminates any gain in efficiency.
When electron transfer between dye and mediator is poor,
however, introduction of POMs at appropriate loadings increases
both V¢ and Jsc. Charge lifetime, charge extraction and TRIR
measurements indicate that this behaviour results from a
combination of a valence band shift, slowed recombination to
NiO, and impeded electron transfer to the mediator due both to
electron trapping by the POM, and screening of the dye and NiO
from the electrolyte. The results therefore show that charged,
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electron accepting coadsorbents may provide a simple combinatorial
route to suppressing recombination and increasing photovoltage,
but materials that enable more efficient transfer of electrons on to
the mediator are required. They point towards other applications,
e.g. in solar capacitors, photochromic devices or photoelectro-
chemistry that would benefit from enhanced charge lifetimes.
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for MS, and the STFC for access to CLF ULTRA. JF and HEM
thank the EPSRC for funding (EP/M00452X/1), EAG the EPSRC
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A. A Y. thanks the Iraqi government for an HCED PhD scholarship
and AMR the EU for Marie Sklodwska Curie Fellowship No. 656658
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