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Highly Efficient p-Type Dye-Sensitized Solar Cells based on
Tris(1,2-diaminoethane)Cobalt(IT)/(III) Electrolytes**

Satvasheel Powar, Torben Daeneke, Michelle T. Ma, Dongchuan Fu, Noel W. Duffy,
Giinther Gotz, Martin Weidelener, Amaresh Mishra, Peter Bduerle, Leone Spiccia,* and

Udo Bach*

The projected low manufacturing costs of dye-sensitized solar
cells (DSCs) has made them attractive alternatives to tradi-
tional solar cells.!! In the conventional photoanodic DSCs (n-
DSCs), photocurrent generation results from dye-sensitized
electron injection into n-type semiconductors, such as TiO,. In
contrast, for dye-sensitized photocathodes (p-DSC), electron
transfer takes place from the valence band of the p-type
semiconductor (NiO being the most commonly used to date)
to the photoexcited dye.”! The prospect of using p-DSCs as
components in dye-sensitized tandem devices (pn-DSCs) has
recently generated renewed interest in p-DSCs.”! Photocath-
odes employing the most efficient p-DSC sensitizer (PMI-6T-
TPA; see Figure 1) reported to date in conjunction with
a mesoporous NiO nanoparticles film and an I7/I;~ based
electrolyte achieved efficiencies of up to 0.41% under
simulated sunlight (1000 Wm 2, AM 1.5 G). The PMI-6T-
TPA-sensitized photocathode exhibits open-circuit voltages
(Voe) of up to 218 mV and short-circuit current densities (Js¢)
of up to 5.35 mAcm 2 Absorbed photon to charge carrier
conversion efficiencies (APCE) up to 96% have been
observed for these p-DSCs.P! Despite this major advance-
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Figure 1. a) Structure of the PMI-6T-TPA sensitizer b) [Co(en),]*"**
and c) schematic energy diagram of the p-DSC device components
used in this study (D=dye; NHE =normal hydrogen electrode).
Electrolyte redox potentials were measured according to reference.’!
The valence band edge of NiO was measured using photoelectron
spectroscopy (PESA).

ment, p-DSCs are still lagging behind their n-type counter-
parts. Low open-circuit potentials represent a major perfor-
mance limitation of these p-DSCs. Their V¢ is defined by the
difference of the quasi-Fermi-level in the p-type semiconduc-
tor and the redox potential of the electrolyte. Strategies to
increase the overall V¢ of p-DSCs, therefore, involve either
a fine-tuning of the electronic properties of NiO, the replace-
ment of NiO with a p-type material with a higher ionization
potential or the replacement of I'/I;~ with a redox mediator
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that is more easily oxidized. Some progress in this direction
was recently achieved through the use of more crystalline
NiO (Voe=350mV), p-type semiconductors with larger
ionization energy, such as CuAlO, (Voec=333mV),
CuGaO, (V=357 mV) and the use of alternative electro-
lytes.l*) In particular cobalt(II/III) complexes, such as [Co(ttb-
tpy)ol"**, [Co(dMeO-bpy),]****, [Co(dtb-bpy)s]*"*", and
[Co(dm-bpy);]**t (ttb-tpy = 4,4'4"-tri-tert-butyl tripyridine,
dMeO-bpy =4.,4'-dimethoxyl bipyridine, dtb-bpy =4,4"-di-
tert-butyl bipyridine, and dm-bpy =4,4'4"-dimethyl bipyri-
dine) have found application in p-DSCs, affording open-
circuit potentials of up to 350 mV.”) However, none of these
approaches has resulted in an overall increase in energy
conversion efficiency of p-DSCs beyond the 0.5% mark.
Herein we report the use of tris(1,2-diaminoethane)cobalt(II/
IIT) complexes ([Co(en);]*"**) as redox mediators in p-DSCs.
Application of this redox couple resulted in more than
a twofold increase in photocathode efficiency (1.3%) and
a twofold increase in Ve (709 mV) compared to previously
reported values.”>***®¢ Importantly, a Jsc of 4.44 mA cm™>
was also produced when I7/I;~ electrolytes were replaced by
[Co(en);]*™ based electrolytes.

The redox potential of [Co(en);]*"*" based electrolytes is
about 340 mV more negative than that of typical I"/I;~ based
p-DSC electrolytes, offering the scope to dramatically
increase the V. of p-DSCs. At the same time, the driving
force for dye-regeneration is still high (more than 1.0 eV)
when [Co(en);]*"*'] electrolytes are used in conjunction with
PMI-6T-TPA as sensitizer.

Three electrolytes (EL1, EL2, and EL3, see Table 1) were
prepared as described in the Experimental Section. The
photovoltaic performances of p-DSCs with these three differ-
ent electrolytes were measured under simulated sunlight
(AM 1.5 G) with different light intensities. Table 1 summa-

Table 1: Photovoltaic performance of p-DSCs based on mesoporous NiO
electrodes.”

100% Sun ELT® EL2U EL3M

Voc [mV] 284415 709410 660+ 14
Jsc [MAcm® 7Y 5.35+0.17 4.4440.22 4.3540.40
Fill Factor 0.37+0.01 0.42+0.02 0.46+0.05
Efficiency [%)] 0.56+0.04 1.30+0.09 1.30+0.08
10% Sun EL10 EL21 EL3M

Voc [mV] 219415 640+ 11 587+17
Jsc [mAcm™] 0.66+0.01 0.57+0.03 0.56+0.04
Fill Factor 0.40+£0.03 0.45+0.06 0.52+£0.02

Efficiency [%] 0.5840.06 1.61+£0.13 1.67+0.12

[a] Film thickness =2.5 um and surface area=0.16 cm?; sensitized with
PMI-6T-TPA under simulated sunlight. All p-DSCs were tested in front-
illumination mode (light incident on the dye-sensitized NiO electrode)
with settling time of 1's/10 mV for EL1 and 3 s/10 mV for EL2 and EL3
measured from positive bias to negative bias. The corresponding IV
curves are shown in Figure S1. [b] EL1: (0.03 M iodine, 0.6 M 1-butyl-3-
methylimidazolium iodide, 0.5 M 4-teri-butylpyridine, and 0.1 M guani-
dinium thiocyanate in 85:15 acetonitrile:valeronitrile), [c] EL2: (0.07 m
[Co(en)s](BF,)s, 0.3 M Co(BF,),-6 H,O, 0.1 ™ lithium bis (trifluorometha-
nesulfonylimide) (LiTFSI), 1.67 m 1,2-diaminoethane in acetonitrile) and
[d] EL3: (0.07 m [Co(en);](BF,);, 0.3 m Co(BF,),:6 H,0, 0.5m LiTFSI,
1.67 M 1,2-diaminoethane in acetonitrile).
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rizes the photovoltaic performance at two different light
intensities (100 % sun and 10 % sun). Photocathodes employ-
ing a classical I7/I;~ electrolyte (EL1) generated a Ve of
284 mV with a Jc of 5.35 mA cm? yielding 0.56 % conversion
efficiency at 100 % sun condition. Replacing EL1 with the
[Co(en),]*™* based electrolytes (EL2, EL3) resulted in a 2.3
and 2.8-fold increase in device performance at 100% and
10 % sun illumination, respectively. Photocathodes using EL2
produced the highest Ve of 709 mV with an efficiency of
1.3%. This corresponds to a 2.5-fold increase in Ve
compared to EL1 based devices. A higher concentration of
LiTFSI (0.5M) in the EL3 electrolyte lowered both the Ve
(660 mV) and Jc (4.35 mA cm?) values but improved the fill
factor (FF =0.46) with similar power conversion efficiency
(1.30 %) compared to the EL2 electrolyte containing a lower
LiTFSI concentration (0.1m).

The Jc values at lower sun intensities (10 % sun) were as
high as 0.57 mAcm™ and 0.56 mAcm™ for photocathodes
based on EL2 and EL3 electrolytes. Photocathodes based on
EL3 electrolytes achieved the highest FF of 0.52 and overall
efficiency of 1.67 % at 10 % sunlight intensity. The solar cell
data presented was measured with settling time of 1 s for EL1
and 3 s for EL2 and EL3, where the front bias and reverse bias
efficiencies co-incite with each other. For shorter settling
times, hysteresis was found to affect the results (See
Supporting Information, Figure S4-S9).

The stability of the electrolytes is another important
aspect to explore. Aging tests were performed on p-DSC
employing EL3 electrolyte at room temperature in the dark.
The efficiency improved due to improvements in FF over
time. Figure S2 shows the photocathodes stability data for
624 h.

To further characterize the p-DSCs, majority charge
carrier lifetimes (hole lifetimes z,) were measured using
intensity modulated photovoltage spectroscopy (IMVS). The
hole lifetime describes the average time a photogenerated
hole will remain in the NiO film before it crosses the NiO-
electrolyte interface and recombines with the reduced redox
mediator. IMVS analysis is usually combined with intensity
modulated photocurrent spectroscopy (IMPS) and charge
extraction measurements. IMPS measurements allow the
quantification of charge transport times in the semiconductor
while charge extraction analysis can be used to identify shifts
in the conduction and valence bands of the semiconductor.
Similar to the TiO, conduction band, the NiO valence band
edge is known to shift with pH value.® Differences in the
electrolyte composition, especially the addition of excess 1,2-
diaminoethane, may alter the proton activity of the electro-
lyte. This change can lead to a shift in the NiO valence band
and a change in open-circuit voltage. We found that the
capacitive nature of NiO films interfered with IMPS measure-
ments conducted at short circuit and prohibited the determi-
nation of possible valence-band shifts and changes of the
charge transport times (See Figure S3 for charge extraction
data).”!

For all further analysis, p-DSCs based on EL1 electrolytes
were compared with high efficiency devices based on the EL3
electrolytes. Figure 2 shows the dependence of the hole
lifetime on Jg.. The hole lifetimes for the EL1 and EL3 based
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Figure 2. Hole lifetime as a function of short-circuit density (Jsc) for
the photocathodes employing I /1;~ based (black circles) and
[Co(en)]*"** based (gray triangles) electrolytes.

devices were found to be approximately similar at a given Jg,
indicating similar recombination losses for I17/I;~ and
[Co(en),]*"* based electrolytes. These results are encourag-
ing since single-electron redox couples for n-DSCs usually
suffer from increased recombination losses compared to two-
electron redox couples.'” Furthermore, the observed hole
lifetime of 66 ms at 100 % sun is similar to electron lifetimes
observed for typical high performance n-DSCs.!'!

Incident photon to electron conversion efficiency (IPCE)
spectra of p-DSCs using EL3 and EL1 electrolytes are shown
in Figure 3. Under front-illumination (light incident from the
sensitized NiO electrode) [Co(en);]*"** and 17/I;~ based p-
DSCs display almost identical IPCE spectra that feature
a broad plateau between 400 and 520 nm with similar peak
IPCE values of 66 % (EL1) and 57 % (EL3). To determine the
redox mediator’s applicability in tandem solar cells (pn-
DSCs); back-illumination IPCE spectra were measured by
illuminating light from the counter-electrode side. The
measured [PCEs under back illumination were corrected
for the transmission losses that occurred at the counter
electrodes to calculate the ‘corrected back-IPCEs’. The shape
of the curves can easily be explained based on the absorption
properties of the 22.5 um thick electrolyte layer located
between the counter electrode and the sensitized NiO film
(see Figure 3¢). Above 500 nm, the corrected back-IPCEs
closely follow the front IPCE for both electrolyte systems
whereas below 500 nm the corrected back-IPCE of iodide
based DSCs (EL1) drops down steadily to reach a value close
to 0% at about 380 nm. This drop is caused by the strong
absorptivity of I"/I;~ based electrolytes in this wavelength
range. For [Co(en);]*"** based DSCs (EL3), the front and
corrected back IPCE follow each other closely throughout the
wavelength range. At around 480 nm, the corrected back-
IPCE for EL3-based DSCs shows a shallow minimum, which
was not observed in front-illumination mode. This is caused
by a weak absorption maximum (7.9 % absorptivity) for the
[Co(en);]*™*" electrolyte in this spectral region. Generally,
the absorptivity of the [Co(en);]*™" based electrolyte
remains well below 10% over most of the wavelength
range, making it an excellent choice for tandem solar cells
where one of the two photoelectrodes inevitably needs to
operate in back-illumination mode.

In conclusion, we have shown that the [Co(en);]*™** redox
couple is an excellent mediator for p-DSCs, affording energy
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Figure 3. |PCE spectra of p-DSCs with illumination through the work-
ing electrode (front illumination), counter electrode (back illumination)
and the back-illumination IPCE corrected for the transmission losses
that occur at the counter electrode is also shown: a) EL3 electrolyte
([Co(en);]*"**); and b) EL1 electrolyte (iodide/triodide) c) Absorptivity
spectra of EL3 (gray line) and EL1 (black line) electrolytes in a cell with
25 um optical pathlength. (See Experimental Section for electrolyte
compositions.)

conversion efficiencies of 1.3% at 100 % sun (1.67 % at 10%
sun) and open-circuit voltages as high as 709 mV. This
corresponds to a 2.3-fold increase in # and twofold in Vi,
compared to the best performing p-DCSs known to date.
Surprisingly, the lifetimes of photoinjected holes in the
valence band of NiO were almost identical for the one-
electron redox couple [Co(en);]*™** and the two-electron I/
I;” redox system. These hole lifetimes were also comparable
to the electron lifetimes in conventional TiO,-based DSCs.

Electrolytes based on [Co(en),]*"*" are optically trans-
parent, making them very suitable for application in tandem
solar cells, where one of the two dye-sensitized electrodes
needs to operate in back-illumination mode. The use of
[Co(en);]* " in conjunction with dye-sensitized TiO, elec-
trode, affords low built-in voltages of around 475 mV. This
could provide an opportunity to develop NIR-sensitive n-
DSCs, which are difficult to achieve for conventional TiO,/
dye/I"/I;” DSCs owing to insufficient driving forces for either
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dye regeneration or charge injection. Moreover, the use of
[Co(en);]*"** based p-DSCs in conjunction with alternative n-
type materials with higher-lying conduction band edges could
provide an opportunity to realize tandem DSCs with unpre-
cedentedly high V.

Experimental Section

Dye-sensitized photocathodes were constructed following literature
procedures.’?! In brief, NiO nanoparticle (Inframat) based screen-
printing paste was printed on plain FTO glass (NSG—8 Q/[], 4 mm
thick) using a semi-automatic screen printer. 2.5 um thick NiO
electrodes were sensitized in a 0.2 mm PMI-6T-TPA dye solution (in
DMF) for 2 h, before they were used to construct photocathodes with
platinized conductive glass counter electrodes. Three electrolytes
were prepared; an optimized I'/I;~ electrolyte (EL1); and two
[Co(en);]*** based electrolytes (EL2, EL3) with different LiTFSI
concentrations (0.1M and 0.5m). The I7/I;~ based electrolyte (EL1)
was composed of 0.03M iodine, 0.6M 1-butyl-3-methylimidazolium
iodide, 0.5M 4-fert-butylpyridine, and 0.1M guanidinium thiocyanate
in 85:15 acetonitrile:valeronitrile. The [Co(en);]**”** based electrolyte
(EL2) contained 0.07M [Co(en);](BF,)s, 0.3m Co(BF,),-6 H,O, 0.1m
lithium bis(trifluoromethanesulfonylimide) (LiTFSI), 1.67m 1,2-dia-
minoethane in acetonitrile. EL3 contained a higher LiTFSI concen-
tration of 0.5M. [Co(en);]*"*" electrolytes were prepared in the
glovebox. Exclusion of oxygen during electrolyte preparation and cell
construction was important as [Co(en),]*" can oxidize to [Co(en),]*"
in the presence of air.l'¥! Devices were characterized at slow scan rates
(1's for EL1 and 3 s for EL2 and EL3). Electrochemically deposited
platinum counter electrodes were used for the front and back
illumination IPCE studies.['"
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