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Sensitization of TiO2 by the MLCT Excited State of CoI

Coordination Compounds
Darren Achey,† Shane Ardo,† Hai-Long Xia,† Maxime A. Siegler,† and Gerald J. Meyer*,†,‡

†Department of Chemistry and ‡Department ofMaterials Science&Engineering, Johns Hopkins University, 3400North Charles
Street, Baltimore, Maryland 21218, United States

ABSTRACT CoI coordination compounds, based on porphyrin or glyoxime
ligands, anchored to TiO2 nanocrystallites interconnected in a mesoporous thin
filmwere found to efficiently inject electrons into TiO2when excitedwith visible or
near-infrared light. When a cobalt metalloporphyrin sensitizer was employed,
electron injectionwas rapid and led to a long-lived (millisecond time scale) charge-
separated state whose recombination kinetics were nonexponential but were
first order in the concentration of TiO2 electrons. The MLCT excited state was
found to inject electrons more efficiently than the π f π* excited state of the
porphyrin, even though unfilled d orbitals were present. These findings provide
an earth-abundant metal to use in coordination compounds for sensitization of
wide-band-gap semiconductor nanoparticles, especially those whose conduction
band edges are generally closer to the vacuum level.

SECTION Energy Conversion and Storage

D ye-sensitized solar cells represent an intriguing alter-
native to traditional silicon-based technologies, yet the
most efficient cells employ ruthenium-polypyridyl

compounds as sensitizers.1,2 Efforts to replace the metal
center with iron have been frustrated by rapid deactivation
of metal-to-ligand charge-transfer (MLCT) excited states via
ligand-field (LF) states3 that lower the yield of excited-state
injection into the semiconductor.4 In an effort to identify an
alternative first-row transition metal, we report here that the
MLCT excited states of CoI (d8) coordination compounds
sensitize TiO2 to visible and evennear-infrared light. Although
the CoII/I reduction potentials of these specific compounds
were not appropriate for application in present dye-sensitized
solar cells, the data provide fundamentally new insights into
injection from excited states with different parentage as well
as interfacial charge recombination with low thermodynamic
driving force in the presence of trapped electrons.

Themesoporous, nanocrystalline (anatase) TiO2 thin films
wereprepared as previously described.5 The filmswere placed
inmillimolar solutions of Co(TCPP)Cl in DMSO, where TCPP is
meso-5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin, that re-
sulted in surface coverages of (1-4) � 10-9 mol/cm2, abbre-
viated CoIII/TiO2. The thin films were rinsed and immersed
in argon-saturated 100mMTBAClO4/CH3CN electrolyte with
0.2% v/v pyridine, and the Fermi level of the TiO2 was
potentiostatically controlled (versus SCE). Figure 1a shows
the absorption spectrum of such a film in the presence of
25mMpyridine with Co in the (III), (II), and (I) formal oxida-
tion states as well as that of trapped TiO2 electrons, TiO2-
(e-)s. Comparative spectroelectrochemical studies on ZrO2

thin films were consistent with this data and revealed no
evidence for direct CoI to TiO2 charge-transfer bands. The
formal reduction potentials were taken as the potential

where a 50:50 mixture of the two redox states were present
upon forwardbias,Eo(CoIII/II)≈-480mV,Eo(CoII/I)≈-900mV.
The CoII/I couple was reversible, while the CoIII/II couple was
influenced by charge rectification at the TiO2 interface.

Nanosecond 532 nm laser excitation of CoI/TiO2 led to the
prompt appearance of an absorption spectrum consistent with
an interfacial charge-separated state, comprised of an injected
electron in TiO2 and an oxidized sensitizer, abbreviated CoII/
TiO2(e

-) (Figure 1b). The inset shows that injection was
complete within 100 ns while CoII/TiO2(e

-)f CoI/TiO2 recom-
bination was well-described by the Kohlrausch-Williams-
Watts (KWW) kineticmodel,ΔA=ΔAo exp[-(kKWWt)

β],where
kKWW

-1 is a characteristic lifetime and β is inversely related to
thewidth of an underlying L�evydistribution of rate constants.6,7

In the absence of pyridine, rapid injection was again observed,
but the recombination rate increased. The MLCT excited state
was not observed by transient absorption in solution (CoI

generated via chemical reductant) nor immobilized on an
insulating ZrO2 surface, implying τ < 10 ns. Further evidence
that the absorption features resulted from rapid excited-state
electron injection was garnered by time-resolved photocurrent
measurements,where a transient anodic signal (<100ms) and
immediate cathodic rebound was observed after pulsed excita-
tion. As redox mediators were absent, the photocurrents could
not be sustained under steady-state illumination.

A convenient method for maintaining the CoI formal oxi-
dation statewaswith an applied bias. However, it was difficult
to ensure that this state was present without a significant
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concentration of TiO2(e
-)s.8 It was of interest to quantify

recombination under conditions where there were few and
excess electrons in TiO2 as this corresponds approximately to
short- and open-circuit conditions of an operational solar cell.
Hence, an electrochemical bias dependence study was per-
formed, Figure 2. There was no evidence for excited-state
injection when the compound was in the formal oxidation
state of 2. Had such injection occurred, a significant bleach at
410 nm would have occurred, contrary to the experimental
result. However, as the Fermi level was raised to ∼-990 mV,
the excited-state injection yield increased with the CoI con-
centration, Figure 2a. As the Fermi level was raised further
to -1100 mV, the amplitude of the absorption change re-
mained nearly constant, but faster TiO2(e

-) þ CoII charge

recombination was apparent, Figure 2b. The recombination
kinetics at each bias were well-described by the KWW kinetic
model with a fixed β = 0.365. The observed rate constants
were logarithmically dependent on the applied bias, Figure 2b
inset. Given the known exponential density of TiO2 states,

9,10

this data indicates that recombination was first-order in TiO2-
(e-)s. At more negative applied biases, the initial amplitude
began to decrease, behavior attributed to either a lower
injection yield or rapid subnanosecond recombination.

In sharp contrast to the RuII sensitizers optimized for solar
cell applicationswhere the driving force for charge recombina-
tion is large, |ΔG| > λ ≈ 1 eV, the near coincidence of the
potential for TiO2 and CoII reduction, implies a small free-
energychange, |ΔG|≈0. Therefore, the charge-recombination

Figure 1. (A) Absorption spectra for a Co/TiO2 thin-film electrode in the formal oxidation states of CoIII (black), CoII (red), and CoI (green)
obtained via spectroelectrochemistry, where TiO2(e

-) absorption features, shown for an unsensitized TiO2 thin film (blue), were removed
from the CoI spectrum. The inset displays the same spectra but referenced to the CoI/TiO2 spectrum. (B) Transient absorption difference
spectra for CoI/TiO2measured after pulsed 532 nm laser excitation at delay times of 20 ns (brown), 500 ns (dark blue), 5.0 μs (light blue), and
60 μs (purple). Overlaid as a red dashed line is the (CoII-CoI) difference spectrum from the inset in panel A. The inset depicts the absorption
change observed at 410 nm.

Figure 2. (A, B)Transient absorption changes at 410 nm after pulsed 532 nm excitation of the sample from Figure 1 at the indicated applied
potentials. Overlaid are fits to theKWWmodelwithβ=0.365(2). The inset illustrates the logarithmic dependence betweenapplied bias and
the extracted rate constants as is apparent by the linear fit.
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reactions are expected to occur in the Marcus normal region
for these CoI sensitizers and in the inverted region for the
standard ruthenium sensitizers. Given the parabolic depen-
dence of electron-transfer rate constants with the Gibbs free-
energy change, it is reasonable that the observed rate
constants for the reactions are nearly the same.11

The injection quantumyield for CoI/TiO2 at-1.16 V versus
SCEwas 0.46(0.06of thatmeasured for cis-Ru(dcb)2(NCS)2/
TiO2, where dcb is 4,40-(COOH)2-2,20-bipyridine, with pulsed
532 nm light and was dependent on the excitation wave-
length. These quantum yields were determined by a pre-
viously described comparative actinometry procedure using
N3/TiO2 as the actinometer.12 The yield decreased by about
1/4 when 436 or 369 nm light and matched numbers of ab-
sorbed photons were utilized, compared to 532 nm excita-
tion. The CoI absorptions at 436 or 369 nm are intraligand
πf π* transitions to the lowest unoccupiedmolecular orbital
(LUMO), whereas those at 532 nm have MLCT character, as
previously assigned bymagnetic circular dichroism in CoI

phthalocyanines.13 Assuming D4h symmetry, electric di-
pole selection rules require that this MLCT transition be to
upper unoccupied molecular orbitals, that is, LUMOþ1 and
LUMOþ2.14 This implies that MLCT excitation creates a
stronger reductant than Soret or Q-band intraligand π f π*
excitation, behavior that may underlie the higher injection
yield. It also suggests that the energy of the dx2-y2 LF state (b1
state) is above theπ* LUMOþn, states, thus allowing injection
to be competitive with decay through LF states. Wavelength-
dependent injection frommolecular sensitizers is rare but has
been observed with FeII compounds, although the injection
yieldswereabouta factorof5 lower than those reportedherein.3

To test the generality of CoI MLCT sensitization, a co-
balt-diglyoxime coordination compound was synthesized,
CoII(deegH)2(Py)2, where deegH2 is diethylesterglyoxime
(Figure 3a). When anchored to TiO2 and reduced to the
CoI state, Eo(CoII/I) ≈ -350 mV, a broad absorption band
centered at 680 nm was observed with a reported extinction
coefficient of∼8000M-1 cm-1.15,16 A similar absorption band

has been observed in closely related CoI glyoxime compounds
and was attributed to low-lying MLCT excited states.17 Pulsed
532 nm laser excitation into this transition led to an immediate
bleach of the MLCT absorption band, Figure 3b. A simulated
differencespectrumbasedontheassumptionofCoIexcited-state
injection to yield CoII agreed well with the observed data and
supports an excited-state injection mechanism as opposed to
reductive quenching of the CoI excited state and/or ligand loss
photochemistry. Recombinationoccurred ona100μs time scale.
The same transient absorption spectrawere observedwhen 683
nm light excitation was employed. The ground state absorption
spectrumsuggests that this compoundwill sensitizeTiO2beyond
900 nm. Furthermore, without the interfering and overlapping
intraligand transitions found inmetalloporphyrins, verification of
MLCTsensitizationbyaCoI coordinationcompoundwas realized.

In conclusion, pulsed-light excitation of CoI-sensitized TiO2

thin films resulted in rapid MLCT excited-state electron injec-
tion into TiO2 (kinj > 108 s-1) to yield a CoII/TiO2(e

-) charge-
separated state. Although the expected quenching by LF
states was present when the cobalt was in the (III) and (II)
formal oxidation states, suchbehaviorwas not dominantwith
Co(I), behavior shown to result from an underlying MLCT
excited state. The lifetime of the CoII/TiO2(e

-) statewas found
to be linearly dependent on the concentration of TiO2(e

-)s in
the thin film. The charge-separated state lifetime could pre-
sumably be enhanced through the incorporation of a rigid
rod spacer unit between the carboxylic acid groups and the
Co(I) center or through the addition of a blocking layer on the
TiO2 surface.

18-20Although second-rowd8 coordination com-
pounds based on PtII have recently been shown to sensitize
TiO2 nanocrystallites,

21,22 the sensitization reported here is of
potential practical importance as cobalt is an earth-abundant
metal and the singly oxidized (d7) state is known to be
sufficiently stable.23 Closely related CoII coordination com-
pounds have in fact been utilized as redox mediators in dye-
sensitized solar cells.24,25 While CoI compounds with appro-
priate energetics for regeneration by iodide may one day be
exploited in practical dye-sensitized solar cells, these findings

Figure 3. (A)The structure of CoII(deegH)2(Py)2 determined by X-ray diffraction at 110 K. The inset depicts absorption difference spectra
recorded for Co(deegH)2(Py)2/TiO2 as the compound was reduced from CoII to CoI. (B) Absorption difference spectra measured at the
indicated delay times after pulsed 532 nm laser excitation of a CoI(deegH)2/TiO2 thin film immersed in CH3CN. Overlaid in blue is a scaled
version of the expected difference spectrum from the spectroelectrochemical data shown in the inset.
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mayalso restrict their application as semiconductor-anchored
catalysts for solar fuel generation because excited-state injec-
tionmay compete with hydrogen evolution or carbon dioxide
reduction.

AUTHOR INFORMATION

Corresponding Author:
*To whom correspondence should be addressed. E-mail: meyer@
jhu.edu.

ACKNOWLEDGMENT We acknowledge support by a grant from
the Division of Chemical Sciences, Office of Basic Energy Sciences,
Office of Energy Research, U.S. Department of Energy (DE-FG02-
96ER14662). S.A. acknowledges a Johns Hopkins University Greer
graduate student fellowship.

REFERENCES

(1) O'Regan, B.; Gr€atzel, M. A Low-Cost, High-Efficiency Solar
Cell Based on Dye-Sensitized Colloidal Titanium Dioxide
Films. Nature 1991, 353, 737–740.

(2) Mora-Sero, I.; Bisquert, J. Breakthroughs in the Development
of Semiconductor-Sensitized Solar Cells. J. Phys. Chem. Lett.
2010, 1, 3046–3052.

(3) Ferrere, S.; Gregg, B. A. Photosensitization of TiO2 by
[FeII(2,20-bipyridine-4,40-dicarboxylic acid)2(CN)2]: Band Se-
lective Electron Injection from Ultra-Short-Lived Excited
States. J. Am. Chem. Soc. 1998, 120, 843–844.

(4) Xia, H.-L.; Ardo, S.; Narducci Sarjeant, A. A.; Huang, S.;Meyer,
G. J. Photodriven Spin Change of Fe(II) Benzimidazole Com-
pounds Anchored to Nanocrystalline TiO2 Thin Films. Lang-
muir 2009, 25, 13641–13652.

(5) Heimer, T. A.; D'Arcangelis, S. T.; Farzad, F.; Stipkala, J. M.;
Meyer, G. J. An Acetylacetonate-Based Semiconductor-Sensi-
tizer Linkage. Inorg. Chem. 1996, 35, 5319–5324.

(6) Lindsey, C. P.; Patterson, G. D. Detailed Comparison of the
Williams-Watts and Cole-Davidson Functions. J. Chem.
Phys. 1980, 73, 3348–3357.

(7) Nelson, J. Continuous-Time Random-Walk Model of Electron
Transport in Nanocrystalline TiO2 Electrodes. Phys. Rev. B
1999, 59, 15374–15380.

(8) Haque, S. A.; Tachibana, Y.; Klug, D. R.; Durrant, J. R. Charge
Recombination Kinetics in Dye-Sensitized Nanocrystalline
Titanium Dioxide Films under Externally Applied Bias. J. Phys.
Chem. B 1998, 102, 1745–1749.

(9) Fabregat-Santiago, F.; Mora-Sero, I.; Garcia-Belmonte, G.;
Bisquert, J. Cyclic Voltammetry Studies of Nanoporous Semi-
conductors. Capacitive and Reactive Properties of Nanocrys-
talline TiO2 Electrodes in Aqueous Electrolyte. J. Phys. Chem. B
2003, 107, 758–768.

(10) Leng,W. H.; Barnes, P. R. F.; Juozapavicius,M.; O'Regan, B. C.;
Durrant, J. R. Electron Diffusion Length in Mesoporous
Nanocrystalline TiO2 Photoelectrodes during Water Oxida-
tion. J. Phys. Chem. Lett. 2010, 1, 967–972.

(11) Kuciauskas, D.; Freund,M. S.; Gray, H. B.;Winkler, J. R.; Lewis,
N. S. Electron Transfer Dynamics in Nanocrystalline Titanium
Dioxide Solar Cells Sensitized with Ruthenium or Osmium
Polypyridyl Complexes. J. Phys. Chem. B. 2001, 105, 392–403.

(12) Bergeron, B. V.; Kelly, C. A.; Meyer, G. J. Thin Film Actin-
ometers for Transient Absorption Spectroscopy: Applications
to Dye-Sensitized Solar Cells. Langmuir 2003, 19, 8389.

(13) Stillman, M. J.; Thomson, A. J. Assignment of the Charge-
Transfer Bands in Metal Phthalocyanines. Evidence for the

S = 1 State of Iron(II) Phthalocyanine in Solution. J. Chem.
Soc., Faraday Trans. 2 1974, 2, 790–804.

(14) Kobayashi, H.; Hara, T.; Kaizu, Y. Cobalt(I) Tetraphenylpor-
phyrin. Bull. Chem. Soc. Jpn. 1972, 45, 2148–2155.

(15) Hu, X.; Brunschwig, B. S.; Peters, J. C. Electrocatalytic Hydro-
gen Evolution at Low Overpotentials by Cobalt Macrocyclic
Glyoxime and TetraimineComplexes. J. Am. Chem. Soc. 2007,
129, 8988–8998.

(16) Du, P.; Knowles, K.; Eisenberg, R. A Homogeneous System
for the Photogeneration of Hydrogen fromWater Based on a
Platinum(II) Terpyridyl Acetylide Chromophore and a Molec-
ular Cobalt Catalyst. J. Am. Chem. Soc. 2008, 130, 12576–
12577.

(17) Day, P.; Scregg, G.; Williams, R. J. P. Low-Energy Excited
States of Metal Complexes. Biopolymers 1964, 1, 271–282.

(18) Prasittichai, C.; Hupp, J. T. Surface Modification of SnO2

Photoelectrodes in Dye-Sensitized Solar Cells: Significant
Improvements in Photovoltage via Al2O3 Atomic Layer De-
position. J. Phys. Chem. Lett. 2010, 1, 1611–1615.

(19) Antila, L. J.; Heikkila, M. J.; Aumanen, V.; Kemell, M.; Mylly-
perkio, P.; Leskela, M.; Korppi-Tommola, J. E. I. Suppression
of Forward Electron Injection from Ru(dcbpy)2(NCS)2 to
Nanocrystalline TiO2 Film As a Result of an Interfacial
Al2O3 Barrier Layer Prepared with Atomic Layer Deposition.
J. Phys. Chem. Lett. 2010, 1, 536–539.

(20) Abrahamsson, M.; Johansson, P. G.; Ardo, S.; Kopecky, A.;
Galoppini, E.; Meyer, G. J. Decreased Interfacial Charge
Recombination Rate Constants with N3-Type Sensitizers.
J. Phys. Chem. Lett. 2010, 1, 1725–1728.

(21) Islam, A.; Sugihara, H.; Hara, K.; Singh, L. P.; Katoh, R.;
Yanagida, M.; Takahashi, Y.; Murata, S.; Arakawa, H. New
Platinum(II) Polypyridyl Photosensitizers for TiO2 Solar Cells.
New J. Chem. 2000, 24, 343–345.

(22) Geary, E. A. M.; Yellowlees, L. J.; Jack, L. A.; Oswald, I. D. H.;
Parsons, S.; Hirata, N.; Durrant, J. R.; Robertson, N. Synthesis,
Structure, And Properties of [Pt(II)(diimine)(dithiolate)] Dyes
with 3,30-, 4,40-, and 5,50-Disubstituted Bipyridyl: Applica-
tions in Dye-Sensitized Solar Cells. Inorg. Chem. 2005, 44,
242–250.

(23) Dempsey, J. L.; Brunschwig, B. S.; Winkler, J. R.; Gray, H. B.
Hydrogen Evolution Catalyzed by Cobaloximes. Acc. Chem.
Res. 2009, 42, 1995–2004.

(24) Nusbaumer, H.; Moser, J. E.; Zakeeruddin, S. M.; Nazeerud-
din, M. K.; Gr€atzel, M. CoII(dbbip)2

2þ Complex Rivals Tri-
iodide/Iodide Redox Mediator in Dye-Sensitized Photovoltaic
Cells. J. Phys. Chem. B 2001, 105, 10461–10464.

(25) Sapp, S. A.; Elliott, C. M.; Contado, C.; Caramori, S.; Bignozzi,
C. A. Substituted Polypyridine Complexes of Cobalt(II/III) as
Efficient Electron-Transfer Mediators in Dye-Sensitized Solar
Cells. J. Am. Chem. Soc. 2002, 124, 11215–11222.




