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Femtosecond relaxation of photoexcited states
in nanosized semiconductor particles of iron oxides
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Relaxation of photoexcited states in nanosized semiconductor particles of iron oxides was
studied by femtosecond laser photolysis techniques: (1) in an aqueous colloidal solution of
a-Fe,05; (2) in Fe,05 particles in the Nafion® cation-exchange polymeric membrane; (3) in
an aqueous colloid of y-Fe,05; and (4) in nanocrystals of ferrihydrite 5Fe,05+9H,0, which are
contained in the protein shell of ferritine. The photoinduced excited states relax at the
femtosecond and picosecond time scale. The spectra of photoinduced absorption of photoexcited
states and the relaxation dynamics in the studied iron oxides weakly depend on the structure

and surface environment of a nanoparticle.
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Nanosized particles of iron oxide/hydroxides are used
as pigments,! semiconductor photocatalysts, and mag-
netic materials.!=13 Colloidal solutions of iron oxides play
an important role in biological and biogeochemical
systems.14-17

The aim of this work is to study the dynamics of
photoexcited states for different forms of iron oxide:
nanosized particles of a-Fe, 05 in the form of an aqueous
colloidal solution; nanosized particles of a mixture of two
oxide forms o- and y-Fe,O5 in the Nafion® cation-ex-
change polymeric matrix; nanosized particles of an aque-
ous colloidal solution of y-Fe,O5; and nanosized crystals
of ferrihydrite hydroxide 5Fe,053-9H,0, which are con-
tained in the protein shell of ferritine, viz., protein playing
a fundamental role in iron metabolism in living organ-
isms.16:17 Ferritine exhibits photochemical activity, which
is associated with the presence of ferrihydrite.18:19 The
listed forms of Fe,O5 differ in structure of the crystalline
lattice, magnetic properties, and surface environment. The
authors2? recently reported the dynamics of photoexcited
states in colloids of a- and y-Fe,O5 upon excitation with a
light pulse with a wavelength of 390 nm and probing with
a light of 720 nm. In this work, both the data on the
absorption spectra of photoexcited states in semiconduct-
ing particles of iron oxide and more complete date on the

kinetics of their relaxation are presented for the first time.
Iron oxides are presented in more various forms than
those in the previous work.20 The data on photoexcited
states of nanoparticles of iron oxides will allow more com-
plete understanding of the nature of their photocatalytic
and photoelectrochemical properties.

Experimental

Preparation of samples. Colloidal solutions. Colloidal solu-
tions of a-Fe,03; were prepared according to a previously
published procedure.?3 The initial solution of FeCls-6H,0
(0.050 mol L) was added dropwise to a 20-fold volume of boil-
ing distilled water. The solution that formed had an intense red
color without opalescence. According to the published data,?3
the particle size ranged from 2 to 25 nm.

Solutions of y-Fe,O3 were prepared by the dropwise addi-
tion of a solution of FeCl;+6H,0 and FeCl,+4H,0 (Fluka) to a
1 M solution of NaOH followed by acidification to pH 3.5 with
hydrochloric acid. At the final stage of preparation, air was
bubbled through the solution, and the latter was centrifuged.
The average particle size was 10 nm.20

Polymeric membrane Nafion®. The Nafion® film (Aldrich)
was purified by heating in a 10% solution of H,0, with an
additive of 10% sulfuric acid.

Nanosized Fe,0; particles in Nafion® were obtained as fol-
lows. The film was first stored in a 1 M solution of FeCl;-6H,0
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for 3 h, washed with distilled water, and then placed ina 0.5 M
solution of NaOH for 1 h. The formation of Fe,O; was moni-
tored by UV-Vis, IR, and Mdssbauer spectroscopies and mea-
suring magnetic susceptibility. The main phase is a-Fe,O5 with
an admixture of the ferromagnetic phase, which was assigned to
y-Fe,05. We failed to determine quantitatively the ratio of two
phases.

Ferritine. Commercial ferritine isolated from horse spleen
(Sigma, 108 mg mL~!, 800 Fe atoms per protein molecule in a
0.15 M solution of NaCl) and ferritine (Fluka, 108 mg mL~!,
2000 Fe atoms per protein molecule in H,O) were used. Be-
fore measurements, samples were diluted with distilled water.
Apoferritine (iron-free ferritine) (Sigma) was diluted to the con-
centration corresponding to the protein concentration in the
experimental ferritine samples.

Femtosecond photolysis. The dynamics of excitons and elec-
tron-hole pairs in nanosized iron oxide particles was studied
using a femtosecond laser kinetic spectrometer.24 Pulses with a
duration of 60 fs and an energy of 0.1 nJ at a wavelength of
610—620 nm were generated by a CPM dye laser with a repeti-
tion frequency of 108 Hz. The sequence of pulses with a duration
of 50 fs, an energy of 300 pJ, and a repetition frequency of 25 Hz
was achieved at the outlet after a two-cascade laser amplifier
pumped by radiation pulses of the second harmonic of an
Nd:YAG laser (energy 40 mJ, duration 8 ns, A = 532 nm, pulse
recurrence frequency 25 Hz) and a compressor.

Measurements were performed by the pump probe tech-
nique: the second harmonic pulse (308 nm) was used for excita-
tion, and the energy was varied from 3 to 20 pJ. The probe pulse
was a pulse of supercontinuum, which was generated by focus-
ing of a femtosecond pulse in a quartz cell with a thickness of
4 mm filled with a D,O : H,O (1 : 1) mixture. The procedure of
measuring spectra and the absorption kinetics using white
supercontinuum has been described earlier.25 The value of ab-
sorption A4, (f) = A, (f) — A,(0) was measured, where A, (?) is the
absorption of the sample in the moment ¢ after a laser pulse, and
A,(0) is the absorption before excitation.

Colloidal solutions of iron oxides were pumped through a
cell 1 mm thick. The sample was immobile in experiments with
the Nafion® films. This did not change the findings because the
results of measurements were completely reproduced at repeated
scans of the immovable sample. The densities of pump and
probe power were selected in such a way that the maximum
signal-to-noise ratio was achieved and undesirable signals from
nonlinear optical processes were avoided. Experiments were con-
ducted in air at 293 K.

Results and Discussion

The studied forms of iron oxide (a-Fe,03, y-Fe,03,
Fe,0; in Nafion® and in ferrihydrite in the protein shell
of ferritine) exhibit a broad-band (from 400 to 1000 nm)
short-lived photoinduced absorption, which is character-
ized by a considerable resemblance of both the curve of
absorption decay and transient absorption spectra for all
four forms of oxides. The most substantial experimental
facts concerning photoinduced absorption and its relax-
ation can be summarized as follows.
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Fig. 1. Photoinduced absorption of ferrihydrite Fe,0;-9H,0
formed in the protein shell of ferritine: 7, ferrihydrite
Fe,03-9H,0 in ferritine (solid line is the result of approxima-
tion of the decay by the function A,exp(—t/1;) + A,exp(—t/1,));
2, apoferritine (ferritine without ferrihydrite); and 3, time point
spread function in experiment.

1. Absorption in all four samples is caused by iron
oxide particles only. This can be exemplified by the pho-
toinduced absorption curve for ferritine with iron hydrox-
ide and the curve observed for the excitation of apo-
ferritine, viz., protein shell of ferritine containing no
ferrihydrite (Fig. 1). As can be seen, under the experi-
mental conditions, we can neglect the absorption signal
related to the excitation of tryptophan and tyrosine amino
acids in the protein, and in the case of aqueous colloids
and Nafion®, the signals due to the interaction of femto-
second light pulses with water and the film can also be
neglected.

2. The photoinduced absorption decay in a-Fe,03,
y-Fe,04, Fe,05in Nafion®, and ferrihydrite is determined
by a polyexponential time law. This is confirmed by the
kinetic curve of absorption decay for ferrihydrite (see
Fig. 1) and an analogous curve for a colloidal solution of
a-Fe,05 (Fig. 2). These curves are typical of all studied
samples: the leading edge of the absorption curve is deter-
mined by the pulse duration. This behavior of absorption
curve is characteristic of all samples in the whole spectral
range studied (400—1000 nm). The time law of absorp-
tion decay is the same for different wavelengths of the
same sample within an experimental error. The decay
curve in time windows of 0—6 ps was approximated by the
equation Aexp(—t/t;) + A,exp(—t/t,). The parameters
Aj, Ay and 11, 1, obtained from the experimental curve are
presented in Table 1. For the samples of a colloidal solu-
tion of a-Fe,03, we achieved a higher signal-to-noise
ratio and quantitatively expand the decay curve in the
time window to 50 ps by the three-exponential law
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Fig. 2. Photoinduced absorption of a-Fe,O5 (solid line is
the result of approximation of the decay by the function
Ajexp(—t/ty) + Ayexp(—t/ty) + Azexp(—1/13)).

Aexp(—t/t;) + Aexp(—t/t1,) + Asexp(—t/13). The inverse
time (t;~!) for the slow component is (2.6£0.6) - 107 fs~1.

3. No change in the time law of the photoinduced
absorption decay was found with changing the density of
the excitation power of samples, i.e., the initial concen-
tration of excited states has no effect on the profile of the
curve.

4. The transient absorption spectra presented for all
studied forms of iron oxides in Fig. 3 are qualitatively
similar: these are broad-band spectra with rather intense
absorption in the short-wave spectral region and a weaker
band in the long-wave region.

The characteristic relaxation times for two fastest com-
ponents of the curve of absorption decay in a-Fe,O5 and
v-Fe,05 upon excitation (310 nm, 3.77 eV, this work) are
close to the relaxation times of the components in a.-Fe,04
and y-Fe, 05 upon excitation with A = 390 nm (3 eV, see
Ref. 20). This fact indicates that the excess energy of
photogenerated carriers relaxes rapidly within the resolu-
tion time of the laser (75 fs).

Based on the published data on the spectral properties
of the iron oxides?!-22 and absorption spectra of electrons
in the valence band injected by pulse radiolysis, we can
draw certain conclusions about the nature of carriers,
which cause femtosecond photoinduced absorption. The
absorption of the iron oxide in the visible range of 2.2 eV
(565 nm) is due to the d—d transitions of iron, whereas
the resolved transition from the 2p orbitals of the valence
band of 02~ to the conductivity band?3—30 should be ob-
served in a region of 3—4.7 ¢V (257—413 nm). Formation
of free charge carriers should be expected for excitation
with the light with 4 = 310 nm. It is commonly accepted
that the recombination of electron-holes pairs, capture of
electrons by oxygen-deficient centers of iron, and a low
mobility of holes are determining factors for the low con-
ductivity of iron oxides and poor efficiency of iron oxides
as photoelectrodes.27:31.32

Electrons captured by particles of a a-Fe,O5 col-
loid during pulse radiolysis exhibit a broad (at least
500—900 nm) absorption spectrum,3? which is resulted
from electrons captured by oxygen-deficient centers of
Fe3*. No evidence of absorption of free electrons in the
conductivity band were found in radiolysis experiments.32
In this work, we established the absorption in an interval
of A values of 400— 1000 nm. The same kinetics of absorp-
tion relaxation in the whole spectral range indicates the
predominant relaxation of one type of carriers, which can
be electrons captured oxygen-deficient centers of Fe3+.32
The relaxation of such carriers can probably be due to the
recombination of electron-hole pairs and relaxation to
holes with a low absorption cross section. Unlike a-Fe, O3,
TiO, exhibits a broad absorption spectrum of electrons in
the conductivity band and, after relaxation, a much nar-
rower absorption band inherent in electrons captured by
traps.32 The shift of the absorption band followed by its
narrowing is a substantial property of the relaxation of
photoinjected "hot" electrons in the conductivity band
followed by capturing in traps.2?-32 The absence of this
characteristic feature for the oxide/hydroxides suggests
that the thermalization of electrons photoinjected in the

Table 1. Parameters A;, A, and 1y, 1, for curves of absorption relaxation determined using the
approximation of the experimental curves by the function A;exp(—#/1;) + Ayexp(—t/1,)

Sample (T1)71 . 1073 (‘52)71 . 1074 Al/(Al + A2) A2/(Al + Az)
fs~!
14 1° I 1°
a-Fe,04 4.7£2.0 2.8 1.2£0.2  0.24 0.66+0.12 0.34+0.12
y-Fe,03 3.5¢1.1 2.8 0.8£0.3  0.24 0.63+0.10 0.37+0.10
a-Fe,03, Nafion® 6.8+0.7 — 1.7+0.6 — 0.70+0.02 0.30+0.03
Fe,03, ferritine 4.620.8 — 0.7+0.3 — 0.61+0.04 0.39+0.04

4 The results of this work.
b Published data.16
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Fig. 3. Transient absorption spectra during the excitation by the femtosecond light pulse with A = 310 nm of the samples: a-Fe,03 (a),
y-Fe,03 (b), a-Fe,05 in Nafion® (c), and ferrihydrite Fe,O3+9H,0 in the protein shell of ferritine (d). Delay time/fs: 7, 100; 2, 500;
3, 6000; and 4, —150 fs. Time delays are indicated in figures for each spectrum.

conductivity band occurs in the iron oxides within
the time shorter than the resolution time (75 fs). This
assumption agrees with the results of the work,2? in
which the authors estimated this time as being shorter
then 150 fs.

The studied nanosized particles of the iron oxides and
ferrihydrite differ strongly in crystal structure.33 The unit
cell of the y-Fe, 05 crystal is cubic, and the iron ions are
octahedrally and tetrahedrally coordinated (defects of the
spinel structure). The unit cell of a-Fe,05 is hexagonal,
and all iron atoms are octahedrally coordinated (corun-
dum structure). The a-Fe,05 particles in Nafion®, unlike
the colloidal aqueous form of a-Fe,03, exist in aqueous-
ionic water clusters surrounded by the SO5 groups. The
size of these clusters is determined by the internal struc-
ture of the Nafion® membrane and close to 4 nm. The
iron hydroxide particles bound to the ferritine protein
represent one of the main forms in which iron is present
in living organisms. Differed in details, ferritines of all
types have a resembling molecular architecture: 24 pro-
tein subunits form a compact spherical shell ~12 nm in
diameter containing a nucleus, which consists of one or
several nanosized particles of hydrated iron oxide.16:17
The size of the particles is restricted by the size of the
internal cavity of ferritine, whose diameter is 8 nm. The
crystal structure of the iron particles forming the ferritine

nucleus of mammals is close to that of the natural mineral
ferrihydrite 9Fe,05+5H,0.34 Ferrihydrite has a hexago-
nal crystalline lattice in which the iron atoms are octahe-
drally coordinated and arranged between the layers of the
O atoms. However, some iron atoms (to 10%) in the
nanosized particles of the iron hydroxide in ferritine are
coordinated with five oxygen atoms and one phosphate
group. The chemical composition of the nanosized iron
hydroxide particles in ferritine is sometimes described as
[FeO(OH)]g[FeO(H,PO,)]. The most part of phosphate
groups are coordinated to the iron atoms on the crystal
surface and serve for binding the iron hydroxide nano-
crystals with the protein shell of ferritine.

Thus, we found a great resemblance of the spectra and
kinetics of absorption relaxation in all studied forms of
iron oxide/hydroxide (a-Fe,03, colloidal solutions in
water and nanosized particles in Nafion®; y-Fe,05 and
nanosized crystal of ferrihydrite SFe,05+ 9H,0 in the pro-
tein shell). This indicates an important specific feature of
the dynamics of relaxation of charge carriers in iron ox-
ides compared to other semiconductors: the absence of a
substantial influence of structural differences of the iron
oxides and distinctions in properties of the surface and
surface environment on the nature of electronic states
responsible for the dynamics of photogenerated charge
carriers.
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