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ABSTRACT Nonaqueous synthesis routes have emerged as a
powerful platform for directly obtaining diverse metal oxide nano-
particles with high crystallinity and tunable compositions. The benzyl
alcohol (BA) route, for example, has been applied toward dozens of
oxides including binary, ternary, and even more complex multimetal
systems. Here we compare anatase nanoparticles made from the BA
route with the traditional hydrothermal route. XPS measurements
indicated that the BA route resulted in more reduced Ti states,
corresponding to additional oxygen vacancies. These defects resulted
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in additional trap states, slower recombination, and slower charge transport. The performance of BA anatase was improved by incorporating niobium

intended to suppress oxygen vacancies. The higher performance Nb-containing films were post-treated to yield a 7.96% power conversion efficiency

(AM 1.5), similar to the state-of-the-art hydrolytic Ti0, in the same configuration.
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he rise of nanomaterials has led to

significant advances in a broad range

of (photo)electrochemical and (photo)-
catalytic applications where high interfacial
surface areas are crucial for high reaction
rates.' > In the past decades, numerous
synthesis routes have emerged for the con-
trolled synthesis of diverse nanoparticles
with control over the nominal size, crystal-
linity, faceting, and surface functionality.*
Much focus has been turned toward transi-
tion metal oxide nanoparticles with a wide
range of applications including batteries,
fuel cells, supercapacitors, and photovol-
taics. Access to crystalline transition metal
oxide nanoparticles is often crucial to re-
alize efficient devices with suitable carrier
transport or photocatalytic activity, for ex-
ample.>® Water-based nanoparticle synthe-
sis procedures, based on hydrolysis and
condensation reactions, are quite popular
due to the ease and low-cost for numerous
oxide systems.” The products are oftentimes
amorphous and much work has been de-
voted to subsequent crystallization with
high-pressure or high-temperature treat-
ments to obtain crystalline nanoparticles.®®
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Nonaqueous, or nonhydrolytic, methods
have more recently emerged as an alterna-
tive approach for synthesizing transition
metal oxide nanoparticles that can enable
crystalline products directly, often with low-
er temperatures and easier incorporation of
multiple components.'®'! The benzyl alco-
hol (BA) route has emerged as a unique and
robust nonhydrolytic synthesis platform for
a diverse range of single- and multimetal
oxide nanoparticles,'? and can notably lead
to the synthesis of anatase TiO, close to
room temperature.'® The BA route includes
numerous different reaction pathways that
make it compatible with a wide gamut
of metal precursor chemistries includ-
ing chlorides, alkoxides, acetates, and
acetylacetonates.'

Dye-sensitized solar cells (DSC) are low-
cost photovoltaic devices based upon a
sensitizing dye monolayer adsorbed on a
high-surface area film of oxide nanopar-
ticles."" Since the inception of the DSC
in the early 1990s, anatase titania nanoparti-
cles have remained the highest performance
anode material. Here, a hydrolytic syn-
thesis followed by a hydrothermal (HT)
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crystallization of anatase nanoparticles is the most
popular and has led to the highest efficiency devices
to date.'® The optimized nanoparticle synthesis for
DSCs involves a time-consuming set of 7 steps to
obtain purified, crystalline anatase particles.'” In con-
trast, the benzyl alcohol route significantly reduces the
steps to just reagent mixing, heating, and centrifuga-
tion. Although there are a few reports of DSCs made
from benzyl alcohol derived anatase, the influence of
this unique synthesis route on the electronic properties
of the particles has yet to be elucidated.’® %' BA is
known to be slightly reducing, sometimes even lead-
ing to the formation of suboxide nanoparticles,?*~2*
metallic nanoparticles,®> or bulk metals.”® The redu-
cing tendency of BA may in some cases favor the
formation of reduced point defects such as oxygen
vacancies. Such defects significantly alter the optoe-
lectronic properties and strongly influence the perfor-
mance of DSCs by modifying the charge injection,
charge collection efficiency, and charge recombination
rate.”’*8

Here we examine the optoelectronic characteristics
of BA derived anatase in comparison to the standard
hydrothermal anatase that has been optimized for
more than 20 years. We find significant differences in
the trap state distributions, recombination rates, and
charge transport rates that should be considered when
designing new DSC photoanodes. The performance of
BA anatase in DSCs was significantly improved by
incorporating niobium intended to suppress the trap
states. We show that a further postsynthesis treatment
of Nb doped BA anatase leads an 11 um thick trans-
parent photoanode to have 7.96% power conversion
efficiency that is similar to the state-of-the-art hydro-
lytic TiO,, in the same configuration. These new rela-
tionships of synthesis parameters to optoelectronic
properties and DSC performance give additional
pathways forward for improved synthesis of DSC
photoanodes.

RESULTS AND DISCUSSION

Anatase nanoparticles were prepared from benzyl
alcohol for comparison with the standard hydrother-
mal route. Two types of nanoparticles were prepared
from the BA route, including one pure sample (“BA
TiO,") and another containing Nb>" (“BA Nb:TiO,"),
motivated vida infra. The synthesis parameters were
systematically varied to yield similar particle sizes to
the standard ~20 nm nanoparticles used for DSCs. The
nominal as-made particle size was determined with
Scherrer analysis®® to be 16.0 and 17.8 nm for the BA
TiO, and BA Nb:TiO,, respectively (Table 1, Figure S1).
The BA Nb:TiO, particles were a deep blue color as-
made, indicative of active donor levels below the
conduction band (Figure 2d).?’2° The blue color of
as-made Nb:TiO, was found to be unstable and
disappeared upon long-term particle storage or high
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temperature heat treatment in air, consistent with the
findings of others where heat treatments in vacuum
were needed to preserve the electrical conductivity
from Nb doping of TiO,,3'3? whereas heat treat-
ments in air deactivated the dopant and led to
nonconductive films.?” These findings highlight the
often critical role of atmospheric oxygen in oxide
defect chemistry.*?

The nanoparticles were prepared into viscous pastes
for the fabrication of mesoporous films. The porosity
and average crystal size were characterized by nitro-
gen physisorption, XRD, and SEM. BET analysis of the
physisorption data indicated that the films all had
similar high surface areas of 60—84 m?/g, correspond-
ing to calculated average particle sizes of 18.4, 19.8,
and 25.5 nm for the HT TiO,, BA TiO,, and BA Nb:TiO,
(Table 1). The film porosities were also comparable
with 59.5—-64.9 vol % porosity. BJH analysis of the
physisorption data indicated similar pore size distribu-
tions covering from ~20—40 nm for the three films,
with slightly larger pores for the BA Nb:TiO,, corre-
sponding to its larger particle size (Figure 1d). The XRD
patterns after calcination were consistent with pure
anatase phase for all the BA samples and only a slight
trace of rutile was detected in HT TiO,. Scherrer analysis
was consistent with moderate grain growth, with
average grain sizes of 16.4, 19.4, and 23.1 nm, respec-
tively, for the three samples (Figure 1¢, Table 1). The
average domain size increased by 19% for BA TiO,,
whereas BA Nb:TiO, increased by 30%. This observa-
tion is counter to previous reports showing that Nb
stabilizes anatase and retards grain growth.>*** The
SEM micrographs showed a homogeneously random
pore network and were consistent with the other
particle dimensions, measuring 18.9 &+ 4.3 and 24.0 +
6.2 nm for BA TiO, and BA Nb:TiO,, respectively
(Figure 1a,b).

Further insights into the synthesis-property relation-
ships were determined by measuring the surface
binding energy distributions with X-ray photoelectron
spectroscopy (XPS). The titanium 2p,,, and 2ps,, spec-
tra are shown in Figure 2a. For all samples, the pre-
dominant peaks correspond to the Ti*" oxidation state
of TiO, with peaks near 459.0 and 464.8 eV of binding
energy. Suboxides with reduced titanium oxidation
states were apparent in several of the spectra, particu-
larly near 454.6 and 462.7 eV so the spectra were de-
convoluted to quantify the Ti,Os (457.3 and 462.7 eV)
and TiO (454.6 and 460.2 eV) observed at lower binding
energies.>® Although the observed peak near 454.6 eV
was intermediate between reported binding energies
of TiO (455.0 eV) and Ti metal (454.1 eV),%” this peak
was attributed to TiO after considering the high tem-
perature calcinations in air. The Ti oxidation state
distribution was calculated for each sample and is
shown in Table 2 and Figures S2—S6. The HT synthesis
route resulted in the most Ti** rich film, having 95.28
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TABLE 1. Characteristics of Nanoparticles and Resulting Films

sample BET surface area (mzlg) porosity volume (%)
HT Ti0, 83.8 68.0 184
BA Ti0, 78.1 59.5 19.8
BA Nb:TiO, 60.3 64.9 255

BET particle size (nm)

XRD domain size” (nm) XRD domain size® (nm) dye-loading (#/nm?)

16.4 0.47
16.0 19.4 0.41
17.8 2.1 0.37

“ Average domain size for as-synthesized nanoparticles was determined by Scherrer analysis of the (101) and (200) peaks. ® Average domain size for calcined nanoparticle films

were calculated by the same method as 1.
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Figure 1. SEM micrographs of BA TiO, (a) and BA Nb:TiO, (b). XRD patterns for all calcined films (c) were shifted vertically for
clarity and compared to anatase titania (PDF #21-1272). BJH pore volume distributions as a function of pore size (d). Plotted
data correspond to HT TiO, (black), BA TiO, (blue), and BA Nb:TiO, (orange).

atom %. The as-made particles from the BA route were
the most reduced, having 93.88 and 92.33 atom % Ti*"
for the pure and Nb-containing samples, respectively,
consistent with a slightly reducing effect from the
benzyl alcohol. In both cases, the subsequent calcina-
tion of BA derived particles in air increased the amount
of Ti*" to 94.56 and 94.76 atom %, respectively. We
previously observed the deactivation of active Nb
donor sites upon calcination in air and attributed this
effect to the formation of Ti vacancies (eq 1).7 Ti
vacancies could form Schottky pairs with O vacancies
and annihilate each other (eq 2). This is analogous to
the excess oxygen associated with the Nb>" filling
oxygen vacancies.>®

1 TiO . T m 5
Nb20s e Nb; + Vi +205 (1)
w1
VG 45V == 0 2)

Such a mechanism could explain the slightly less
reduced character of the Ti in BA Nb:TiO, compared to
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BA TiO, after calcination. Although all crystalline lat-
tices have some intrinsic thermal disorder with a
specific equilibrium vacancy concentration,®**° the
specific preparatory conditions can have lasting
effects®6384%41 when there are slow kinetics for va-
cancy formation/elimination. The oxygen 1s spectra
showed no significant differences between the sam-
ples except for the shoulder near 532—533 eV corre-
sponding to hydroxyl groups, chemisorbed oxygen or
adsorbed water*? (Figure 2b). The O 1s spectra was not
used to quantify the average Ti oxidation state due to
this presence of diverse oxygen containing surface
species in the signal. XPS was however used to confirm
the 0.63 atom % Nb content of sample BA Nb:TiO,,
similar to the 0.5 atom % Nb used in the synthesis
(Figure 2c). The electronic defect states resulting from
each nanoparticle preparation method were distinct
and should be anticipated to effect DSC performance.

Dye-sensitized solar cells were prepared to compare
the optoelectronic characteristics of the different nano-
particle synthesis routes. No performance enhancing
scattering layers or antireflection coatings were used
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Figure 2. XPS binding energy distributions for Ti (a), O (b), and Nb (c) from samples HT TiO, (black), BA TiO, (blue), and BA Nb:
TiO, (orange) along with the as-made nanoparticles (dashed lines). Spectra in (a) were shifted vertically for clarity. Photograph

of freshly prepared BA Nb:TiO, paste with a blue color (d).

TABLE 2. Distribution of Ti Oxidation States in Calcined
Films and As-Made Nanoparticles, Shown in Atomic
Percentage

sample Ti0, Ti,03 Ti0
HT Ti0, 95.28 2.69 2.03
BA Ti0, as-made 93.88 3.52 2.60
BA Nb: Ti0, as-made 92.33 428 339
BA Ti0, 94.56 3.12 231
BA Nb:Ti0, 94.76 254 2.70

since the objective was to compare electronic proper-
ties. The DSCs made with the optimized hydrothermal
route gave high power conversion efficiencies of 8.29%
under 1 sun of illumination, with a short-circuit photo-
current of 14.7 mA/cm? and an open-circuit voltage of
728 mV (Figure 3, Table 3). The DSCs from BA TiO,
yielded a modest power conversion efficiency of
5.42%, lower than that of the HT TiO, principally due
to the reduced photocurrent of 10.1 mA/cm?. The dye-
desorption measurements indicated a similar content
of C101 dye 0.47 vs 0.41 #/nm? for HT TiO, and BA TiO,
(Table 1), respectively, indicating that the lowered
photocurrent is due to either lowered electron injec-
tion from the excited dye state or a lowered electron
collection efficiency. Niobium modification of anatase
DSC photoanodes®®** was previously shown to en-
hance the charge collection efficiency with as little as

STEFIK ET AL.
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Figure 3. DSC JV curves for HT TiO, (black), BA TiO, (blue)
and BA Nb:TiO, (orange) at 100, 50, 10, and 0% intensity of
simulated AM 1.5 sunlight.

0.5 atom % Nb?” so we investigated whether a similar
approach could enhance BA derived TiO,. The DSCs
prepared from BA Nb:TiO, clearly showed a much
improved efficiency of 6.78% under 1 sun of illumina-
tion, largely due to the increased short-circuit current
of 12.8 mA/cm?. The trends in performance were
similar at reduced illumination intensities with power
conversion efficiencies of 7.93, 6.08, and 6.54% for
HT TiO,, BA TiO,, and BA Nb:TiO,, respectively, under
10% simulated sunlight intensity. Both of the BA
derived films exhibited smaller slopes for the photo-
current near V., indicative of a higher series resistance
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compared to HT TiO,. Further measurements were
performed to investigate the sources of synthesis
dependent DSC performance.

Transient photovoltage/current experiments en-
abled quantitative comparisons of the electron recom-
bination and collection dynamics as a function of the
anatase synthesis route. The transport of electrons in
TiO, occurs via a trapping—detrapping mechanism
from subbandgap states,** whereas recombination
scales with the electron density and is sensitive to
the trap state distribution.*> Thus, overall device per-
formance is strongly influenced by the specific
TiO, trap state distribution. The fast relaxation of
photovoltage transients indicated that the HT TiO,
was the most active for recombination at a given V.
(Figure 4a). The BA TiO, had a slightly reduced recom-
bination rate and the BA Nb:TiO, had the slowest
recombination rate, a factor of ~2 less than HT TiO..
These reduced recombination rates for the BA route
were matched by similarly reduced electron transport
rates, having a counter effect on the overall charge
collection efficiency (Figure 4b). Oxygen vacancies are
generally charge compensated by Ti*" states in ana-
tase that are known to form deep trap states ~0.7—
0.8 eV below the conduction band*®~*® and are antici-
pated to slow down electron transport. Thus, the
slower electron transport in BA derived TiO, is consis-
tent with the slightly reducing BA synthesis route.
Further differences in the trap state distribution were
evidenced by transient capacitance—voltage measure-
ments, allowing for the calculation of the density of

STEFIK ET AL.

states (DOS) (Figure 4c). When the Nb-free samples
are compared, it is clear that BA TiO, has significantly
more trap states than HT TiO, at a given voltage, with
more than 5 times at 0.75 V. Such changes in the DOS
can be caused by either new states or a shift of the
bands due to a surface dipole. This latter possibility was
excluded by Mott—Schottky analysis of the Nb-free
films showing similar flat band voltages (Figure S7).
Beyond influencing transport and recombination, sub-
bandgap states also can influence electron injection
from the dye. Ideally the states are located at low
enough energy levels to favor electron injection; how-
ever, this benefit must be matched accordingly to
optimize the trade-off between enhanced photocur-
rent and reduced voltage.>® Comparing the DSC per-
formance data in Table 3, it is clear that the excess
states in BATiO, did not improve the photocurrent, but
rather decreased the charge collection efficiency. As
discussed, the addition of Nb can passivate oxygen
vacancies and this effect was evidenced by the sig-
nificantly narrowed DOS for BA Nb:TiO,. In contrast to
BA TiO,, the Mott—Schottky analysis of BA Nb:TiO,
showed a significant —45 mV shift in the flat band
potential, similar to the —80 mV shift reported for TiCl,
post treatments.>*? When correcting for this shift is
done, the trap state distribution for BA Nb:TiO, is very
similar to that of HT TiO, (Figure S8). The similar
recombination and charge collection rates for the BA
samples suggest that the addition of Nb coinciding
with an increased photocurrent is due to enhanced
electron injection from the dye, as supported by the

VOL.7 = NO.10 = 8981-8989 = 2013 K@N&NJK)\

WWwWW.acsnano.org

8985



TABLE 3. Comparison of DSC Performance Metrics with
Different Anatase Nanoparticles

HT HT HT BA BA BA BANb: BANb: BANb:
Tio, Ti0, Ti0, Ti0, TiO, Tio, Ti0, Ti0,  Ti0,

Intensity 99.1 50.7 94 996 512 94 996 508 9.4
(% sun)

Voe (mv) 728 711 661 735 716 664 745 725 669

Jg (mA/(mz) 147 76 14 101 55 11 128 6.7 13
Fill Factor (%) 768 78.5 79.8 728 757 815 707 719 730
Efficiency (%) 829 838 7.93 542 579 608 678 686 6.54
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Figure 5. DSC JV curves of TiCl, treated Nb:TiO, (orange)
compared to optimized HT TiO, (black) at 100, 50, 10, and
0% intensity of simulated AM 1.5 sunlight.

greater density of traps at low energy from 0.67 to
0.72 V. The explored synthetic routes for TiO, were
found to have pronounced effects on the device
performance and were correlated to different electron
kinetics and trap state distributions.

The surface treatment of TiO, photoanodes is well-
known to improve DSC performance. Chemical bath
deposition of aqueous TiCl, is perhaps the most stu-
died and operates by shifting the TiO, conduction
band down 80 mV to improve charge injection from
the dye while simultaneously reducing the recombina-
tion rate.>'>? This highly optimized surface treatment
was performed on our Nb:TiO, films to compare the
performance of the two surfaces. Notably, the transient
photovoltage measurements indicate no reduction in
the recombination rates after TiCl, treatment of BA Nb:

EXPERIMENTAL METHODS

Anatase Nanoparticle Synthesis. For undoped particles, 18.2 mmol
(2.0 mL) of titanium tetrachloride (99.9%, Sigma-Aldrich) was
added dropwise to 20 mL of benzyl alcohol (anhydrous, 99.8%,
Sigma-Aldrich) and the mixture was reacted in an autoclave
(Parr Acid Digestion Bombs, 45 mL) at 220 °C for 3 h. Without
niobium, longer reaction times were found to result in the rutile
polymorph. For doped particles, 4.55 mmol (0.5 mL) of titanium
tetrachloride and 0.023 mmol (6.2 mg) of niobium pentachlor-
ide (99.95%, Alfa Aesar) were added to 20 mL of benzyl alcohol
and the mixture was reacted in an autoclave at 220 °C for 48 h.
As-made particles were purified by washing and centrifugation
twice with chloroform and once with diethylether. Standard

STEFIK ET AL.

TABLE 4. DSC Performance Metrics for BA Nb:TiO, after
TiCl, Treatment

BA Nb:Ti0, + TiCl, BA Nb:Ti0, + TiCl, BA Nb:Ti0, -+ Tidl,

Intensity (% sun) 99.6 52.7 122
Voo (mv) 738 Al 677

Jse (mA/cm?) 151 8.1 21
Fill Factor (%) 709 72.8 74.5
Efficiency (%) 7.96 8.0 8.4

TiO,, indicating that the surface is already quite resis-
tant to recombination (Figure 4a). Although the collec-
tion rate was unaffected, there was slight downward
shift in the DOS (Figure 4b,c). These slight changes
however, significantly improved the device perfor-
mance to have 15.1 mA/cm? of short-circuit current
and a power conversion efficiency of 7.96%, bringing
the performance in line with the highly optimized HT
TiO, (Figure 5, Table 4). These results are quite en-
couraging and show that alternative synthetic chemis-
tries such as the benzyl alcohol route can lead to high
performance devices. We anticipate that the limitless
variations of related chemistries will lead to further DSC
improvements.

CONCLUSION

We examined benzyl alcohol derived anatase nano-
particles in comparison with the optimized hydrother-
mal synthesis route. XPS measurements indicated that
the BA synthesis route resulted in a greater quantity of
reduced Ti oxidation states, corresponding to addi-
tional oxygen vacancies. This modified defect chem-
istry resulted in larger trap state distributions, slower
recombination rates, and slower charge transport rates.
The performance of BA derived anatase was significantly
improved by incorporating niobium intended to sup-
press oxygen vacancies. These higher performance Nb-
containing films were post-treated to yield a 7.96%
power conversion efficiency (1 sun) that is similar to
the state-of-the-art hydrolytic TiO, in the same config-
uration. The new relationships of synthesis parameters
to electronic properties give additional pathways for-
ward for the rational design of DSC photoanodes.

DSC anatase particles were prepared by a hydrolytic method as
previously reported in detail."”

Paste Preparation. Viscous pastes were prepared from nano-
particle dispersions for screen printing as previously reported in
detail."” In brief, nanoparticle dispersions in ethanol were
combined with ethyl cellulose and terpineol. The mixture was
agitated repeatedly with an ultrasonic horn and an Ultraturrax
hand mixer before rotary evaporation to remove the ethanol.
The resulting paste was heated to 75 °C for 1 h to remove trace
ethanol and subjected to roll milling. Please note that it is crucial
to use crystalline particles in paste preparation to avoid cracking
and delamination during the calcination.

Material Characterization. Electron micrographs were acquired
with a high-resolution scanning electron microscope (FEI XLF30
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FEG and a Zeiss Merlin) with a through-the-lens detector for
secondary electrons and 5 kV of accelerating voltage. Powder
X-ray diffraction (XRD) patterns were acquired with a Bruker D8
Discover diffractometer, using monochromatic Cu Ko radiation
(1.540598 A) and a PANalytical X'Pert Pro diffractometer with
Cu Ko radiation. The material binding energy distributions were
probed using X-ray photoelectron spectroscopy (XPS) with an
ESCA Kratos Axis Ultra, using the C peak at 285 eV to correct for
sample charging. Additional Ti peaks were used for charging
correction if the C peak was an asymmetric convolution. The
XPS data were processed with CasaXPS 2.3.15 for deconvolution
and integration of the overlapping peaks. Dye-uptake was
measured by desorption in DMF containing tetrabutyl ammo-
nium hydroxide and the resulting solution absorbance was
measured by UV—visible spectrophotometry with a Hewlett-
Packard 8452A diode array spectrophotometer. The surface
area of the films were evaluated by the BET method using N,
physisorption analysis at 77 K with a Micrometrics ASAP2000.
Porosity distributions were calculated from the isotherms using
the BJH method on the desorption branch to enhance sensitiv-
ity to necked pores. Prior to physisorption, the samples were
degassed at 250 °C under vacuum for 4 h. Mott—Schottky type
analysis was performed in pH 2 sulfuric acid after bubbling with
dry nitrogen.>® An Eco-Chimie Autolab PGSTAT 10 with an FRA
module was used to record the impedance from —0.2t0 0.6 V vs
Ag/AgCl at 1000 Hz. The recorded reactance was used to
directly calculate the approximate capacitance as a function
of voltage. The thicknesses of the screen-printed films were
measured using a KLA Tencor alpha-step 500 surface profiler.

Device Fabrication. The NSG10 FTO photoanode glass was
thoroughly cleaned and then treated twice with 40 mM TiCl,
at 70 °C for 30 min. Anatase paste was applied to the glass by
repeated screen printing to a nominal film thickness of 11 um
and calcined using a series of steps up to 500 °C.'” Unless
otherwise noted, the mesoporous photoanodes were as-made
and not subjected to a subsequent surface treatment with TiCl,.
The photoanodes were sensitized in a heteroleptic ruthenium
polypyridyl dye C101 complex>* overnight at 4 °C as previously
reported.” The dye solution contained 300 M dye and 75 uM
dineohexyl phosphinic acid (DINHOP) dissolved in equal vo-
lumes of acetonitrile and tert-butyl alcohol. The sensitized
electrode was washed with acetonitrile and assembled. The
counter electrode was prepared on TEC15 glass using an
isopropyl alcohol solution of 5 mM H,PtCls and calcination to
410 °C for 15 min. The electrodes were thermally sealed
together with a 25 um thick Surlyn polymer seal. The electrolyte
was injected through a hole in the counter electrode and was
composed of 1 M DMII, 50 mM Lil, 30 mM |,, 0.5 M tert-butyl
pyridine, and 0.1 M GUNCS in a mixture of 85% acetonitrile and
15% valeronitrile. Further details on the reproducible assembly
of high-efficiency DSCs were recently reported.'”

Photovoltaic Characterization. A 450 W xenon lamp (Oriel) with
an intensity of 100 mW/cm? was used to simulate AM 1.5
sunlight. The spectral output of the lamp was corrected with a
Schott K113 Tempax sunlight filter (Prazisions Glas and Optik
GmbH, Germany) to reduce the mismatch with the AM 1.5
spectrum to be less than 2%. Current—voltage characteristics
were recorded with a digital source meter (Keithley model
2400). The photoactive area of 0.22 cm? was defined by a black
metal mask to cut off stray light.> Plots of device IV character-
istics were normalized to the intended illumination intensities
and the non-normalized data are provided in tabular format.
Multiple devices were measured for each condition, with the
highest efficiency devices being reported. Please see Figure S9
for an indication of the typical statistical spread in performance
metrics. Electron recombination and transport were measured
by transient photovoltage and photocurrent decay measure-
ments, respectively. The white light was generated by an array
of LEDs, while a red LED light pulse was controlled by a solid-
state switch. The transient measurements were recorded with a
digital source meter (Keithly model 2602).
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