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Iron(III)-oxo Centers on TiO2 for Visible-Light Photocatalysis
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Isolated iron(III)-oxo clusters were synthesized onto TiO2 using atomic layer deposition. The
FexOy/TiO2 nanocomposites have unique properties that enable not only absorption of visible light,
but efficient photocatalysis as demonstrated by methylene blue degradation. The localization of
photogenerated electrons in core TiO2 nanocrystallites upon visible light excitation demonstrates
coupling of conduction bands of mixed oxides. The redox properties of photogenerated charges in
nanocomposites were studied using in situ electron paramagnetic resonance spectroscopy.

Introduction

The design and development of TiO2 photocatalysts that
are able to utilize not only UV but also visible or solar light
irradiation has been pursued for decades.1 Chemical doping
of TiO2 with nitrogen (p-type doping) or transition metals
(n-type doping), although shifting the bandgap to lower
values, yields varying success in catalytic performance using
visible light.Namely, it has been shown that the states intro-
duced by nitrogen doping lie closely above the valence band
edge of TiO2 promoting absorption in visible.2,3 However,
two types of nitrogen states are created, interstitial sites that
favor carrier recombination, and the substitutional sites
that promote visible-light photocatalysis, the relative abun-
dance of the two nitrogen-doping species depends on the
preparation conditions.4 On the other hand, chemical dop-
ing with transition metals creates almost exclusively impur-
ity energy levels that decrease photocatalytic efficiency dra-
matically even under UV irradiation because of the quick
recombination of the photogenerated charges. The im-
provement in visible light photocatalysiswasobtainedwhen
TiO2 was bombarded with hig-energy transition metal ions
such as V, Cr, Mn, Fe, and Ni resulting in the modification
of the electronic properties of bulk TiO2 photocatalysts
because of the creation of transition metal substitutional
sites in titania lattice.1 Creating transitionmetal oxo-centers
on the surface of TiO2 can provide alternative approach for
the synthesis of titania-based nanocomposites that utilize

visible-light photocatalysis.Namely, thework ofFrei5,6 and
Anpo7 on the isolated metal-oxo species in zeolite and
MCM-41 cages shows that such species can act both as
light-harvesting and catalytic centers.
In this paper, we are reporting on the photocatalytic

properties of FexOy centers created on the surface of TiO2

(Degussa P25) using Atomic Layer Deposition (ALD).
ALD is a thin film growth technique uniquely capable of
depositing both highly conformal metal oxide layers on
nanostructured materials, as well as highly dispersed and
uniform submonolayer deposits on porous substrates for
catalytic applications.8-10Wehave chosen ferric oxide type
centers because: (i) iron is abundant and cheap, (ii) Fe3þ

centers greatly enhance catalytic activity of oxide sub-
strates,11 and (iii) the nonstochiometric FexOy clusters, if
isolated on titania surface, are expected to promote cou-
pling of band edges of mixed composite, and thus charge
separation.12 Ferric oxide (R-Fe2O3, or hematite) by itself
absorbs a large part of the solar spectrum; however, its use
in photocatalysis is limitedmainly because of the short hole
diffusion length,13 and different strategies are applied to
minimize the distance photogenerated holes have to diffuse
to reach the Fe2O3/electrolyte interface while still allow-
ing for efficient light absorption.14,15 Additionally, the
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position of conduction band edge of 0.28 V makes
hematite a relatively inefficient reducing agent.

Experimental Section

Materials Synthesis. The FexOy ALD was performed using a

viscous flow reactor as described previously.10,16 Approxi-

mately 100 mg of Degussa P25 Aeroxide was placed in a thin

layer in a stainless steel tray. A gas permeable cover was used to

secure the contents of the tray inside theALD reactor during the

deposition. The ALD reactor temperature was 200 �C. Iron
Tris(2,2,6,6-tetramethyl-3,5-heptanedionate), Fe(thd)3, was de-

livered by passing the carrier gas through a vessel containing the

reactant maintained at 135 �C. Reactants were introduced into

the reactor using continuously flowing ultrahigh purity

(99.999%) nitrogen as the carrier gas at a flow rate of 360 sccm

and a pressure of 1 Torr. Each ALD cycle consisted of (a) 300 s

exposure to Fe(thd)3, (b) 150 s purge, (c) 150 s ozone exposure,

and (d) 150 s purge. A total of four cycles were applied to the P25

powder. This treatment should produce an iron oxide coating

with an average thickness of∼0.5 Å.17 The long exposures were

necessary to ensure infiltration of the reactants to the high

surface area of the P25 powder. No additional thermal treat-

ments were performed.

The synthesis and characterization of 6.5 nm R-Fe2O3 colloi-

dal particles was according to published procedure.18 The

mixture of 0.5% Fe2O3 with TiO2 (Fe2O3/TiO2) was prepared

by combining a colloidal solution of iron oxide with TiO2 (P25)

and further heating it at 150 �C for 18 h.

Techniques. The samples were characterized by transmission

electron microscopy (TEM, JEOL 100CX) energy-dispersive

X-ray spectroscopy (EDS), andUV/vis reflectance spectroscopy

(Beckman DU 640 spectrometer).

Electron paramagnetic resonance (EPR) spectra were col-

lected on a Bruker Elexys E580 spectrometer equipped with a

helium cryostat. For the characterization of photogenerated

charges, samples dispersed in Milli-Q water were purged with

argon, and illuminated within the cavity while spectra were

acquired. The EPR spectra were recorded both at cryogenic

and room temperatures. For reaction of photogenerated

chargeswith spin trapTEMPO free radical (2,2,6,6-tetramethyl-

piperidine 1-oxyl), the measurements were obtained at room

temperature in an aerated aqueous solution containing 20 μM
TEMPO. A 300 W xenon lamp (ILC Inc.) was used as the light

source for EPR studies. The g tensor values were calibrated for

homogeneity and accuracy by comparing to a coal standard

(g = 2.00285 ( 0.00005).

The photodegradation of methylene blue (MB) was carried

out in a 50 mL glass reactor, with continuous stirring, using a

300 W Xe lamp as a light source. The water filter was used as a

cut off for IR light. The photocatalysts were dispersed in

aqueous solution in a concentration of 2 mg/mL, the MB

concentration was 10 mM. At time intervals of illumination,

200 μL aliquots were centrifuged at 10 krpm and absorption

spectra of supernatant weremeasured using Shimatzu 1601UV/

vis spectrometer.

In this work, we used 420 nm cutoff filter in various experi-

ments to prevent excitation of rutile phase of Degussa P25, and

refer in text to wavelengths λ > 420 nm as “visible light”.

Results and Discussion

Characterization of Nanocomposites. The ALD of iron
oxide onto surface of TiO2 did not affect the primary
morphology or aggregation state of nanocrystals to any
appreciable extent. Figure 1a shows the typical TEM
image of the ALD FexOy/TiO2. The aggregates are
characteristic of TiO2 Degussa P25, and no difference in
size or morphology can be observed for samples before
and afterALD.The elemental analysis carried out in EDS
experiments, Figure 1b, has confirmed the presence of Fe
on the surface of TiO2, the estimated value being (0.5 (
0.1)% by atom. The existence and identity of iron species
in the synthesized nanocomposites was further investi-
gated with more sensitive techniques, including UV-
visible and EPR spectroscopies.
The diffuse reflectance spectrum of FexOy/TiO2 nano-

composites is presented in Figure 2. The complexity of the
spectrum arises from the presence of different Fe(III)
species, from isolated to clustered. Deconvulation of
spectrum (dashed line) into subbands indicates various
ligand-to-metal charge transfer (CT) transitions, the t1f
t2 and t1 f e being characteristic of a Fe3þ ions.19 For
isolated Fe(III), CT transitions give rise to bands below
300 nm, whereas CT bands between 300 and 400 nm are

Figure 1. (a) Transmission electron microscopy and (b) energy-dispersive X-ray spectra of FexOy/TiO2.
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generally assigned to octahedral Fe(III) in small oligo-
meric FexOy clusters,

20 and those above 450 nm to larger
Fe2O3 particles.

21

The value for bandgap (Eg) was extrapolated assuming
indirect transition (Figure 2, inset), as both TiO2 and
ferric oxides are indirect semiconductors.22 The presence
of iron-oxo centers on the surface of TiO2 shifts the
bandgap from 3.0 eV for TiO2 P25 to 2.1 eV, the value
very close to the bandgap of Fe2O3 (Eg = 2.0-2.2 eV).23

EPR Spectroscopy of Photogenerated Charges in Na-

nocomposites. The presence of isolated Fe(III)-oxo clus-
ters in nanocomposites was confirmed by EPR spectro-
scopy. The X-band spectra of FexOy/TiO2 measured at
4.5 and 293 K are presented in Figure 3. The spectrum
measured at 4.5 K revealed a strong signal with g-tensor
value geff ≈ 4.3 indicating presence of isolated Fe3þ ions
predominantly situated in rhombically distorted octahe-
dral or tetrahedral oxygen environments.24-26 The dom-
inance of isolated iron(III)-oxo centers (FexOy) in
nanocomposites is further confirmed by the absence of
signal at g≈ 2.0 at 4.5Kwhich arises from superexchange
interaction between the iron ions in close proximity, i.e.,
in large Fe2O3 clusters, resulting in so-called superpara-
magnetic resonance.25 The very weak and broad signal
appears only when temperature is raised to 293 K. In
general, EPR spectra of Fe3þ ions chemically deposited in
oxide glasses and on solids are characterized by the
appearance of both resonance absorptions g ≈ 4.3 and
g ≈ 2.0 at a low temperature of 4 K. The relative inten-
sities of two signals strongly depend on the composition,

the intensity of a signal associated with large clusters
increases with the concentration of ferric oxide/hydro-
xide. Furthermore, the shape of signal associated with
isolated Fe(III)-oxo centers is almost temperature inde-
pendent, whereas the superparamagnetic resonance sig-
nal increases in intensity and narrows as temperature
increases.25 Thus, the absence of a signal at g ≈ 2.0 at
4.5 K and its large broadening at 293 K suggests very
low concentration of large clusters (Fe2O3) in the ALD
FexOy/TiO2 nanocomposites.
Low-temperature EPR was further employed to exam-

ine the initial separation of photogenerated charges upon
illumination with visible light. Illuminating FexOy/TiO2

nanocomposites by visible light (λexc> 420 nm) results in
the slight decay of a signal associated with isolated Fe-
(III)-oxo centers (FexOy), indicating that they, probably
together with larger clusters, participate in light-induced
charge formation (Figure 3, inset). The decrease in the
intensity of Fe3þ signal upon illumination is a result of
localization of photogenerated electrons on iron and sub-
sequent formation of Fe2þ nonparamagnetic ions; how-
ever, the decrease is much smaller than for a physical
mixture of Fe2O3/TiO2 or hematite alone. Consequently,
the EPRhas revealed localization of photogenerated elec-
trons into the bulk of core material (TiO2). The signals
from both lattice trapped electrons in rutile (g^=1.975)27

and anatase (g^=1.990)28 crystallites were observed upon
visible light excitation at 4.5 K, Figure 4, red line. For
comparison, the EPR spectra of bare TiO2 P25 under UV
(black line), and visible light (blue line) illumination are
also presented in Figure 4. When bare titania nanoparti-
cles are excited with λ > 420 nm, there is not enough
energy to excite electrons from the valence to the conduc-
tion band, thus no signal from photogenerated charges
can be observed. At the same time, no EPR signals

Figure 2. Diffuse reflectance spectra of core TiO2 and FexOy/TiO2

nanocomposite. The y-axis is expressed in Kubelka-Munk units (R =
reflectance). Inset shows the band gap of TiO2 and FexOy/TiO2 obtained
from the intercept of [η(λ)hv]1/2 vs hv for indirect transition. The green line
corresponds to physical mixture Fe2O3/TiO2.

Figure 3. EPRspectra ofFexOy/TiO2 nanocompositesmeasuredat 4.5K
and at room temperature. Inset: low-field EPR spectrameasured at 4.5 K
in dark, black line, and under visible-light illumination (Xe-lamp, cut off
filter 420 nm), red line.
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associated with electrons in TiO2 were observed upon
illumination of amixture of Fe2O3/TiO2with visible light.
Although light energy is sufficient for photoexcitation of
Fe2O3, the photogenerated electrons can not transfer
from iron oxide to titania because the potential of con-
duction band edge of Fe2O3 (0.28 V) is >500 mV more
positive than that of TiO2 (-0.3 V). Therefore, nonsto-
chiometric isolated FexOy clusters prepared byALDonto
titania surface promote the coupling of conduction band
edges of mixed oxide, allowing transfer of photogener-
ated electrons from iron oxide to core titania. The nano-
composites thus exhibit novel photoelectrochemical
properties: shift of absorption edge toward visible light
as compared to TiO2, and increased reducing power of
photogenerated electrons as compared to Fe2O3.
The oxidation power of photogenerated holes in nano-

composites was investigated by following the formation
of OH radicals. The formation of OH radicals upon UV
excitation of aqueous TiO2 is well established, and under-
goes reaction of photogenerated holes with water
molecules.29-31 The reaction is thermodynamically fa-
vored because the potential of valence band holes of TiO2

(2.8 V) is almost 1 V more positive than that of OH
radicals (1.9 V). To examine possible formation of OH
radicals upon excitation of FexOy/TiO2, we have used a
TEMPO free radical as a spin probe. The paramagnetic
TEMPO nitroxide free radical undergoes reaction with
OH radicals resulting in nonparamagnetic species,32 and

thus the decrease in the intensity of its EPR spectrum
correlates to the formed OH radicals.
The EPR spectrum of TEMPO radical presents a three-

line signal characterized by g=2.006 and hyperfine splitt-
ing aN= 17.2 G, Figure 5 inset, and its photostability
under UV light was confirmed previously.31 The spec-
trum of TEMPOdoes not change in the presence of nano-
somposites, indicating no preferential adsorption of ra-
dicals at their surfaces. The changes in TEMPO concen-
tration over time were determined by measuring EPR
spectra at certain time intervals, while solutions were
under continuous UV/vis illumination. As can be seen
from Figure 5, the rate of the formation of OH radicals is
slower in the case of FexOy/TiO2 nanocomposites as
compared to bare titania, making nanocomposites less
powerful oxidants. The UV photoexciatation of FexOy/
TiO2 can proceed through the excitation of electrons from
the valence band of nanocomposite or from valence band
of core TiO2. Even if photoexcitation involves formation
of photogenerated holes in core TiO2, theywill localize on
the energetically preferential surface sites before reacting
with surrounding water. In the case of nanocomposites
these sites corresponds to Fe(III)-oxo centers on the
surface of TiO2. Thus Fe(III)-oxo centers on TiO2 either
change the valence band of nanocomposite material as a
whole, or act as trapping sites lowering overall oxidation
power under UV irradiation. Despite a smaller yield than
for TiO2, the formation of OH radicals from irradiated
nanocomposites implies efficient charge separation. On
the other hand, almost negligible formation of OH radi-
cals was observed upon illumination of bare R-Fe2O3.
Although this process is thermodynamically allowed
(valence band edge 2.3 V), the short diffusion length of
holes in ferric oxide restricts their reaction with adsorbed
water molecules, the net result being charge recombina-
tion.
Photocatalytic Degradation of Methylene Blue under

Visible Light. Finally, we have tested nanocomposites
toward photodegradation of methylene blue (MB) under

Figure 5. Relative changes of TEMPO free radical concentration upon
UV/vis illumination (intensity 100 mW/cm2). Inset: EPR spectrum of 20
μM TEMPO radical in the aqueous solution containing FexOy/TiO2

before illumination. Typically, the sweep time for accumulation of a
single spectrum was 42 s in all experiments.

Figure 4. EPR spectra of bare TiO2 and FexOy/TiO2 nanocomposites
measured at 4.5 K under visible light illumination (Xe-lamp, cut off filter
420 nm). For comparison, the spectrumofTiO2 illuminatedwithUV light
is also present.
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visible light in order to confirm their novel photoelec-
trochemical properties. The well-established photo-
bleaching of MB absorption involves both oxidative
and reductive degradation.33 The absorption of MB at
660 nm was monitored during the photodegradation
process. Figure 6a plots the relative concentration of

MB as a function of reaction time. Under the experi-
mental conditions used in this study, the noteworthy
degradation of MB was observed only for the ALD
FexOy/TiO2 nanocomposites, whereas both TiO2 and a
physical mixture of Fe2O3/TiO2 did not contribute toMB
decay to any significant extent under visible light. At the
same time, a decrease in photocatalytic activity compared
to bare P25 was observed under UV illumination,
Figure 6b, and is probably due to the decrease in the
overall oxidation power of nanocomposite, as was shown
for the formation of OH radicals (Figure 5). However,
the relative photocatalytic activity of FexOy/TiO2 under
UV light for formation of OH radicals is only ∼30%
of activity of bare P25, while for the degradation of
methylene blue is ∼50%. The oxidation potential of
MB, E0(MBþ/MB) = 1.08 V, is within the bang gap of
nanocomposite. These results confirm that FexOy/TiO2

nanocomposites can utilize both visible and UV light
photocatalysis because of efficient charge separation,
and unique redox properties of photogenerated charges.
However, any doping that creates bulk or surface sites
above the valence band edge of TiO2 results in decreased
UV-light photocatalytic activity compared to undoped
TiO2.

34

In conclusion we have demonstrated that ALD allows
the synthesis of small metal-oxide clusters, particularly
Fe(III)-oxo centers, on the surface of TiO2. The resulting
nanocomposites have novel photoelectrochemical prop-
erties different from the core materials (both TiO2 and
Fe2O3), providing for efficient visible-light charge separa-
tion and photocatalysis.
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Figure 6. Relative concentration of methylene blue upon (a) visible (cut
off filter 420 nm) and (b) UV (360 nm band-pass filter) light illumination
of solutions containing2mg/mLofphotocatalysts.The light intensitywas
10 mW/cm2.
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