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A p-Type NiO-Based Dye-Sensitized Solar Cell with an Open-Circuit

Voltage of 0.35 V**

Elizabeth A. Gibson, Amanda L. Smeigh, Loic Le Pleux, Jérome Fortage, Gerrit Boschloo,
Errol Blart, Yann Pellegrin, Fabrice Odobel,* Anders Hagfeldt,* and Leif Hammarstrom*

In 2000, He et al. reported that the combination of a NiO-
based photoactive cathode with a TiO,-based photoanode
produced a tandem device with an open-circuit voltage (V)
of 0.73 V'l which is the sum of the open-circuit potentials of
the separate devices, where the TiO,-based electrode con-
tributed 0.65 V and the NiO-based electrode 0.08 V. Tandem
dye-sensitized solar cells (TDSCs), such as He’s, have
suffered from the lack of research directed at the optimization
of the photocathode, despite the potential they hold in
developing higher voltage devices. Only recently have
researchers begun to address issues associated with NiO-
based DSCs, such as low short-circuit photocurrents (Js¢) and
poor fill factors (FF).”® We present herein a three-fold
increase in Voo (0.35V), while maintaining a Jg. of
1.7mAcm™?, for a p-type NiO dye-sensitized solar cell
(p-DSC) employing a carefully designed “dyad” sensitizer
and a cobalt-based redox mediator. We have almost quad-
rupled the p-DSC conversion efficiency from the previous
record, 0.055 % ! to 0.20 %. Interestingly, the improvements
within the p-DSCs translate to improvements in TDSC
performance, namely achieving a Ve of 091V, a FF of
0.62, and an efficiency of 0.55 %. The results reported herein
present the most significant increase in photovoltaic effi-
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ciency of p-DSCs to date, emphasizing the importance of
molecular engineering in sensitizer and redox-mediator
development to achieve substantial gains in DSC perfor-
mance.

A schematic representation of a TDSC is shown in
Figure 1. Absorption of light by the sensitizers, in separate
photo-processes, causes an electron to be injected into the
conduction band (CB) of the TiO, at the anode and a hole to
be injected into the NiO at the cathode. These charges diffuse
through the respective semiconductors to the SnO,:F charge
collector. To complete the circuit, the oxidized and reduced
forms of the redox mediator regenerate the dye at the cathode
and anode, respectively.

Often DSCs have a counter electrode of platinized
conducting glass. In p-type devices, the V is the potential
energy difference between the quasi-Fermi level close to the
valence band (VB) and the Nernstian potential of the redox
mediator.”) Efforts to improve the Vi of TiO,-based n-type
DSCs (n-DSCs) have involved modifications to the electro-
lyte®™” and doping of the semiconductor itself.'*"! The
various redox couples suffered from slow regeneration
kinetics!'>'¥ or fast recombination with the semiconductor,!'*!
as a result the I'/I;” mediator, though problematic, has
prevailed as the electrolyte of choice for n-DSCs. Previously,
the p-side in a TDSC contributed little to the overall tandem
performance, owing to the low Vi, in the presence of I'/I;™,
and the low photocurrent. We report herein our rational-
design effort directed at improving p-DSC performance.

We present three p-DSCs composed of a cobalt mediator
and three different sensitizing dyes: coumarin 343 (C343), a
typical sensitizer for p-type DSCs?>*%1>161 'and PI and PINDI,
two peryleneimide-based dyes."! Optimized sensitization
conditions for PI and PINDI, greatly improved the adsorption
of the dyes onto the NiO photocathode, compared to Ref. [5],
improving light-harvesting ability. The nanostructured NiO
films were up to 5 um thick, and prepared according to
Nakasa etal'” In a move away from the typical T/I;
electrolyte, Co™ tris(4,4'-di-tert-butyl-2,2'-dipyridyl) per-
chlorate was employed as the redox mediator. The motivation
for this change is two fold; first, the cobalt-based electrolyte is
optically dilute, making more photons available for the
sensitizer; second, the Nernstian potential of the Co™™
couple is more negative than that of I7/I;~, which is likely
to increase the Vi of the p-DSC (see Supporting Informa-
tion).

Incident photon-to-current efficiency (IPCE) spectra of
the p-DSCs are shown in Figure 2. The PINDI p-DSC exhibits
superior performance to that of the C343- and PI-sensitized
devices with a peak IPCE value of 31 %, the highest reported
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charge-injection mechanism for PINDI-
sensitized NiO, to date it was only possible
to speculate at this mechanism.””! A broad
positive peak around 605 nm indicates the
formation of the perylene radical anion
(PT") occurs within the first 0.5 ps (see
Figure 3 A and Supporting Information).
The PI™ signal at approximately 605 nm
then decays, on an approximately 1 ps

) timescale, concomitantly with the rise of a
NiO VB

O

band at 475 nm. This synchronized behav-
ior is indicative of a charge-separation
process, which results in the formation of
the naphthalenediimide radical anion
(NDI™; growth of a feature at ca.
475 nmP'), while the PI ground-state

Figure 1. Schematic representation of a tandem dye-sensitized solar cell (TDSC). TiO, CB and
NiO VB represent the Fermi level in the conduction band of TiO, and the valence band of the
NiO, respectively; N and N’, P and P’ represent the energetics of the sensitizers; Co""

represents the redox potential of the electrolyte.
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Figure 2. Incident photon-to-current conversion efficiency (IPCE) spec-
tra of C343 (——), Pl (s++++), and PINDI (-----) on NiO; N719 on

TiO, (-+—+) in the presence of cobalt-based electrolyte. Film thickness
of NiO and TiO, were 5 pm and 1.5 um, respectively.

IPCE value for a p-DSC. The poor performance of C343- and
Pl-sensitized devices with the Co™" redox couple is most
likely due to their rapid recombination and the absence of a
pre-associated complex that has been implicated in a recent
study of C343-sensitized NiO in the presence of an I/I;~
electrolyte.”! PINDI, a “dyad”, consists of a peryleneimide
unit, similar to PI, covalently linked to a napthalenediimide
(NDI) acceptor. This dyad structure has been shown to
promote charge separation, there by reducing the rate of
recombination and improving the efficiency of the device."

Since charge-separation and recombination kinetics have
been correlated to the performance of DSCs, time-resolved
transient absorption experiments were carried out on PI- and
PINDI-sensitized NiO films (Figure 3). The high adsorption
of sensitizer PINDI onto NiO has enabled elucidation of the
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recovers (decay/flattening of ca. 605 nm
region).

In the absence of a redox mediator,
the reduced sensitizers recombine with
the hole in the NiO on very different
timescales. As shown in Figure 3B,C,
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Figure 3. Time-resolved transient absorption (AA) measurements.

A) PINDI/NiO with 0.1 M LiClO, at various time delays after excitation
are shown: 0 ps (dots), 1 ps (dashes), 100 ps (thin solid line), and

1 ns (thick solid line). Kinetic traces at PI/NiO (600 nm, A) and
PINDI/NiO (500 nm, Q) are shown from t=—5 ps to 0.5 ns (B)and
t=—2 s to 150 us (C).

films sensitized with PI recombine rapidly, ;=100 ps
(60%), 7,=500 ps (30%), with a small fraction remaining
at times greater than 5 ns (10 %), which is in agreement with
results in Ref. [5]. Figure 3C shows, for the first time, the
recombination associated with PINDI; 7, ~5 ps (60 % ) and 7,
~ 50 ps (40 % ). The slower recombination of PINDI, approx-
imately 10° times slower than PI, is presumably the important
factor in the improved performance of the PINDI p-DSCs
with the cobalt-based electrolyte over both the PI and C343
p-DSCs.
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Current-voltage (/-V) curves for the best performing p-,
n-, and tandem DSCs are presented in Figure 4. The PINDI-
sensitized p-DSC exhibits a Vo of 0.35 V. This is a three-fold
increase over the highest reported value for a NiO-based DSC

ViV

Figure 4. Current-voltage (J-V) curves for PINDI/NiO p-DSC (s+++4);
N719/TiO, n-DSC (-—-); TDSC, with N719/TiO, as the photoanode
and PINDI/NiO as the photocathode, illuminated from the NiO
side (-+—+) and TiO, side (—) in the presence of the cobalt-based
electrolyte. Film thickness of NiO and TiO, were 5 um and 1.5 um,
respectively.

(C343/NiO:17/1,~, 0.12 V).) We attribute this increase to the
more negative redox potential of the cobalt redox couple
compared with I7/I,~."®) Additionally, we show an increase in
Jsc of approximately 0.4 mA cm 2 in comparison to the best
p-DSC.H

In view of the above results, we assembled a TDSC. The
highest possible V attainable for our TDSC consisting of the
Co" couple, a N719/TiO, (Vo 0.67 V; N719 is a common Ru
complex for TiO, DSCs) photoanode, and a PINDI/NiO (V¢
0.35 V) photocathode is 1.02 V; we achieve a V. of 0.91 V.
This value is better than the best-performing N719/TiO,
n-DSC (0.86 V)8! and is equal to the highest reported for a
TDSC.”! By exact matching of the anodic and cathodic
photocurrent, using specific film thicknesses (a relatively thin
TiO, film, 2 pm, rather than the 10-20 um of record devices),
current generation from NiO as a passive electrode is
avoided. Additionally, the FF is significantly improved, 0.8
versus 0.19""] and the overall conversion efficiency reaches,
0.55%, one of the highest reported.!'”)

We attribute this enhanced TDSC performance to the
suitability of the Co™" redox couple to both the NiO- and
TiO,-based!'>!320:2!l glectrodes and the slow recombination of
the PINDI sensitizer. We expect a further enhancement in the
photocurrent and performance if we use sensitizers with
complimentary absorption spectra, that is, one absorbing the
low-energy photons while the other absorbs high-energy
photons, since currently there is considerable overlap
(Figure 2).

In conclusion, the improvements to the performance of
NiO-based DSCs presented herein, Vo 035V and Jsc
1.7 mA cm™?, have set new standards in p-DSC performance
and have made it possible to construct a tandem device where
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the p-side contributes significantly to the photocurrent as well
as increasing the V.

Experimental Section:

p-Type photocathodes were made by following published proce-
dures!"” to achieve film thicknesses of 5 um. The NiO electrodes were
soaked in dye a solution (0.1 mm) for 16 h; acetonitrile (Cou-
marin 343, Aldrich), methanol (PI, Ref. [5]), or acetone (PINDI,
Ref. [5]). n-Type photoanodes were also prepared in accordance with
literature methods®>?! resulting in films of 1.5 um. The TiO, electro-
des were immersed in a solution of N719 (Solaronix; 0.1 mm) in
ethanol for 16 h. The electrolyte was composed of Co™™ tris(4,4'-di-
tert-butyl-2,2’-dipyridyl) perchlorate (0.1m/0.1m) and LiClO, (0.1m) in
propylene carbonate. Specific procedures for electrode preparation,
electrolyte synthesis, device assembly, and device performance are
available in the Supporting Information.

NiO films were deposited on glass slides for transient absorption
(TA) measurements and illuminated through the back contact (200 nJ
at 520 nm). Instrumental specifics for both TA systems are reported
elsewhere.>!!
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