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Electronic structure of nanoscale iron oxide particles measured by scanning tunneling
and photoelectron spectroscopies
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We have investigated the electronic structure of nanosized iron oxide by scanning tunneling microscopy and
spectroscopy as well as by photoelectron spectroscopy. The nanoparticles were produced by the thermal
treatment of ferritin molecules containing a self-assembled core of iron oxide. Depending on the thermal
treatment we were able to prepare different phases of iron oxide nanoparticles resepibiyg, a-Fe,04,
and a phase which apparently contains bethe,O; and a-Fe,03. The changes to the electronic structure of
these materials were studied under reducing conditions. We show that the surface band gap of the electronic
excitation spectrum can differ from that of bulk material and is dominated by surface effects.
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I. INTRODUCTION Il. EXPERIMENTAL SECTION

Nanosized transition metal oxide particles can be ex- Monolayers of ferritin molecules were prepared by the
pected to show size-dependent optical, magnetic, and chenfi@ngmuir-Schaefer  techniqdé. A ferritin  solution
cal properties with possible applications in catalysis and0-15 mg/ml horse spleen ferritin from Sigma 10 mM

magnetic and optical devices. It has already been shown th2Cl with a pH of 5.5 was filled in a commercially available
. : Langmuir Trough(Nima Technology. A few micrograms of

trimethyloctadecylammonium bromidé€-luka) were dis-
solved in chloroform to form a concentration of 1 mg/ml
and was then spread over the ferritin solution subphase. After

: ) . compression to a surface pressure of 30 mN/m and an ad-
catalytic properties, compared to the bulk matefiahe size orption time of a few minutes the monolayer was trans-

dependence of the catalytic properties can be associated wif fred to a freshly cleaved surface of a highly oriented pyro-

an influence of size on the electronic structure of the mateytic graphite (HOPG substrate by the horizontal lifting
rial. This influence can be due to the surface tension of th€ethod. Further details of the preparation of two-
particle, resulting in an effective pressure or to changes ijimensional(2D) arrays are described elsewhé?d3
the stoichiometryand resulting changes of the state of oXi-  prjor to the introduction into the ultrahigh vacuHV)
dation of Fe of such particles, driven by the large surface-chamber all samples were annealed in air at different tem-
to-volume ratio. peratures and for different time intervals'575 K for 1 h,
Here we investigate the electronic structure of nanosized-675 K for 1 h, or~675 K for 5 h to eliminate the protein
iron oxide by scanning tunneling microscopy and spectrosshell and to further oxidize the iron core. After introduction
copy as well as by photoelectron spectroscopy and opticahto the chamber the samples were anneéesitu under a
spectroscopy. To address the question of stoichiometry antix 10 mbar oxygen atmosphere at the respective tempera-
oxidation state the effect of the oxidizing and reducing atmo+ture for a few minutes. Utilizing this process we produced
sphere on the electronic structure of the nanoparticles is alsgense arrays of iron oxide nanoparticles. To vary the oxida-
investigated. To produce nanosized iron oxide particles weion state of the respective nanoparticles, we reduced the
utilized the ability of ferritin to self-assemble and construct asample within the UHV system by exposure to 1
core of iron oxide. ferritin is the major cellular iron-storage x 107 mbar of a H/Ar atmospherg25% H,, 75% An at
protein, and it consists of a spherical hollow shell composed-675K for 2 h.
of 24 polypeptide subunits. It is able to store iron as hydrated Spectroscopic measurements were carried out in an Omi-
iron oxide in the internal cavity:” The inner and outer di- cron UHV system, equipped with a DAR400 x-ray radiation
ameters of the protein shell are about 8 and 12.5 nm, respeseurce(Al K o 1486.6 eV and an ARG65 electron analyzer
tively. The iron core shows a structure similar to that of thefor x-ray photoelectron spectroscop¥PS). Scanning tun-
mineral ferrihydrite(5F,0;- 9H,0). Hydrophilic and hydro-  neling microscopy(STM) and spectroscop(STS measure-
phobic channels penetrate the protein shell and provide theents were performed using a variable temperature scanning
means by which iron and other atoms can be accumulateprobe microscop€VT-SPM) within the same UHV system.
within or removed from the molecules. In previous work, All STM images were recorded in the constant current mode,
ferritin was used to prepare several kinds of nanoparticlesising a tungsten tip at a sample bias of —=1.5 V and a current
and nanocomposité$. Furthermore, ferritin molecules in- of 0.1 nA. The topographic images represent the height
herently show photocatalytic activit{. z(x,y) of the tunneling tip above the sample after a plane and

quite different from bulk materials. An example are nano-
sized particles of the compound J&, which exhibit
superparamagnetistn® and, at the same time, enhanced
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FIG. 1. AFM image taken on a ferritin monolayer without 0 0 L L 20 =0
annealing.
FIG. 2. STM image of an oxidized ferritin monolayer, showing

slope subtraction was performed. The STS measurement@n oXide nanoparticles.
were carried out by placing the tunneling tip above a singl

nanoparticle and keeping the tip-sample separation fixe e images of the nanoparticles of all three phagest

shown look alike. The image shows densely packed clusters

while recording thel(U) characteristic. A Bruker Fourier- S ) .
transform infrared spectrometéFTIR) was used for optical of distinguishable nanopartlcles. After _the annealing process
the removal of the protein shell results in a lower coverage of

spectroscopy. The STM and STS measurements were dorie . .
) . ; e HOPG surface. The nanoparticle clusters consist of well

on monolayers of nanoparticles, while the XPS and optical, . . ) .
. defined particles of a size of approximately 7—8 nm. Such a
spectroscopy measurements were done on thicker samplesin ; ) o
) . . . Size is expected for the iron oxide core of ferritin. Clusters
order to improve the signal-to-noise ratio. Such samples

were prepared from a small dried drop of ferritin solution are found predominantly at steps present on the HOPG sub-

= . strate surface.
(1 mg/m annealed in air at the respective temperatures. To obtain information concerning the iron oxidation state

we performed XPS on the nanoparticles. Figure 3 displays
the Fe D XPS spectra characteristic of the oxidized nano-
Images of monolayers of ferritin molecules under(gig. ~ Particle phases and, for comparison, the spectra gdfand
1) were taken by tapping mode atomic force microscopyFeO, taken from bulklike materid?:'6 The latter two spectra
[(TM-AFM), utilizing a Nanoscope llla from Digital Instru- correspond to an Péand an F&' state, respectively. We did
mentd. The layer of ferritin molecules is not completely not observe any charging effects of the nanoparticles within
closed. The difference in height between the ferritin layerthe instrumental width of about 0.2 eV. With respect to the
and the subjacent HOPG substrate of about 10 nm corre-
sponds to the thickness of a single ferritin monolayer. Also
the diameter of the spheres observed is approximately
10 nm, which is characteristic of ferritin molecules with a
dehydrated protein shell caused by drying under air.
Depending on the oxidation parameters, we obtain nano-
particles of different iron oxide phases. X-ray diffraction
(XRD) performed on a thick layer of ferritin annealed at
~675 K under air for 1 Hprocedure Lreveals rather broad
reflections characteristic of-Fe,05 with some contributions
of a-Fe,05. In the following we will refer to this mixed
phase asy-Fe,05. Further annealing for 5 ljprocedure 2
resulted in the narrow reflections characteristic of
a-Fe,03. These results are consistent with transmission elec-
tron microscopy(TEM) studies, which will be described L _ _ . .

Ill. RESULTS

]

nits

Intensity [arb. u

elsewheré? Annealing ferritin molecules at+575 K in air 730 705 720 ' 715 ' 710 705
(procedure Bresults iny-F&,05; nanoparticles, as confirmed Binding energy [eV]
by TEM.

A STM image of an nanoparticle monolayer after anneal- FIG. 3. XPS spectra of oxidized ferritin molecul@s,05 nano-
ing in air (procedure Lis shown in Fig. 2. Here we note that particles and reference data of bulklike samples.
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FIG. 4. STS spectra o#-Fe,03 nanoparticles compared to the FIG. 5. STS spectra of-Fe,0; nanoparticles.

HOPG substrate.
tion parameters for the different measurements. The gap en-

. . . . .
Fe&* spectrum, the F spectrum is shifted to a higher bind- ergy of A=2.0 eV corresponds to that measured on a bulk

ing energy by 1.5 eV, and it shows a characteristic satellite _ 7 ; ;
structure at a binding enerd,=719 eV. The F& spectrum a-F&0; sample(A=2.2 eV.” Figure 5 displays tunneling

shows a satellite structure B=716 eV. An Fe Py, peak at spectra taken off-Fe,05 nanopatrticles. Here, spectra taken

) ; from different locations of a single nanoparticle show two
711.7 eV and a satellite structure at about 719 eV in thedifferent values of the gap energies;=1.3 eV (+0.2 eV)

spectrum taken from the iron oxide nanoparticles is charac- _
teristic for an F&" state, although the presence of a inghtandAZ_z0 eV (20.2 eV). We note that the gap energy of a

weight of Fé* cannot be ruled out. Further oxidation of the bulk sl_ample Of”'FeZES S?OWS Fa %ap k?f 2.0 e‘?/.FinaI'IyI,

particles within the UHV system at an oxygen partial pres-u;]nne 'n% spzjectra t"’]} 162 rorg-zez 3'2 asg narr:_Oﬁa(;tlc es

sure of 1X 10°® mbar and a temperature 6f675 K does not show a band gap ot 1. e{&' 2 eV) (Fig. 6, w Ich does
jnot change for different locations on one nanoparticle. A gap

result in changes of the intensity of the characteristic sate
lite, nor did it shift the spectrum to higher binding energies.V&lue of 1.3 eV does not correspond to the gap energy of any
bulk iron oxide phasé.

We, therefore, conclude that eith@) the Fe atoms of the A ; . ) »
Keeping in mind that STS is a highly surface-sensitive

nanoparticles are already in the highest oxidation state

(F&,0s), or (ii) the Fe atoms are not in the highest oxidation€chnique, we carried out optical spectroscopy on nanopar-

state, but further oxidation of the nanoparticles is not pos-tICIes of tth—Fe293 phase in .ord:ar .to obtain mformatlon.
sible under the chosen conditions. corresponding to “bulk properties.” Figure 7 shows the opti-

To investigate the electronic excitation spectrum of singleCal transmission data taken from a thick layer of such par-

nanoparticles in the vicinity of the Fermi ener@y, STS ti_cles. The spectrum displays a strong decrease of transmis-
measurements were performed on the three different phasé n at around 2.0 eV, anq a less pronoqnced decre"?‘se at
identified by XRD and TEM(a-Fe,0s,y-F&0s,x-F&,0,). about 1.3 eV. These energies agree well with the two differ-
It is well known, that tunneling spectra obtained from ent gap energies inferred from STS measurements on such
nanocrystals may depend on the tunneling parameters and
tunneling configuration due to, e.g., chargiig® rendering
the determined gap width unreliable. Therefore we adjustec
the tunneling parameters to perform the measurements at
large tunneling tip-nanoparticle distance. The distance was 001 1
increased until a constant gap value was observed and char
ing effects did not occur.

A typical tunneling spectrum taken from a single < 0.00 Ph et gy
a-Fe,05 nanoparticlgNP) is plotted in Fig. 4. For compari- =
son, a spectrum taken from the HOPG substrate is alsc
shown. Thel(U) curves taken from the nanoparticle clearly
are characteristic for a gap energy®£2.0 eV. The varia-
tion in the gap energy for spectra taken from the same nano
particle was within the error of the measurement. Spectra
were taken from a few tens of different nanoparticles, and 0927 : P : o ' » : >
the gap energy was found to vary between 1.8 and 2.2 eV U
This variation might reflect differences in particle size, sur-
face conditions, and small variations of the tunneling junc-

0.02 . ; . . ;

~13eV

-001 | b

FIG. 6. STS spectra of-Fe,03; nanoparticles.
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FIG. 7. Optical transmission gf-Fe,0O3 nanoparticles.
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particles. In a straightforward interpretation we assign the

feature at 2 eV to the bulk gap and the feature at 1.3 eVtoa FIG. 9. STMimage of the reducegtFe,0; nanoparticles.
surface gap. This interpretation will be discussed in more
detail below.

An interesting question concerns the possibility of ma-
nipulating the electronic properties of the nanoparticles. To We first address the question of the valence of the iron
this end we exposeg-Fe,0; nanoparticlesn situ at a tem-  ions in the nanoparticles. From the Fel@inding energy and
perature of~675 K to a reducing k/Ar atmosphere of the position and intensity of the corresponding satellite struc-
1x 1076 mbar(25% H,, 75% A for 2 h. Figure 8 compares ture as measured by XPS we conclude that the iron valence
the Fe D spectrum of the nanoparticles before and afterstate of the oxidized samples is3eThis is in agreement
reduction. As is C|ear|y seen, the spectrum of the reduceWith expectations, since it is well known that ferrihydrites
sample is shifted to lower binding energies by about 1.2 eransform intoa- or y-Fe,0; at 573723 K under airFur-

compared to the spectrum before reduction. In addition, ather evidence for an Fé s}ate_after annealing under air
Fe?* satellite structure develops, marked by an arrow in Figcomes from XRD and TEM? which show the nanoparticles

8. to consist of different phases of J&,, depending on the
STM imaging showsFig. 9) that the shape and size of the OXidation procedure. Bulk ;8; is an insulator with a gap of
nanoparticles are not changed by the reduction process. Frof=2.0 eV for they-phase andi=2.2 eV for thea-phase.

the STS measurements we infer, within the margins of error’he gap energy obtained for thephase nanoparticles by

the same gap of 1.3 e‘(f_l-oz e\/) as before the reduction STS is consistent with that for the bulk material. The
v-F&05-phase nanoparticles show a band gap of 1.3 eV or

IV. DISCUSSION

(Fig. 10. ; ; At
2.0 eV, depending on the location of the tunneling tip on the
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FIG. 8. XPS spectra of oxidized and reduced iron oxide nano- FIG. 10. STS spectra of oxidized and reduced iron oxide
particles compared to FeO reference data. nanoparticles.
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same particle. This suggests two different types of phasesbtained as a metastable phase at room temperature by rapid
within one nanoparticle. The fact that bulcFe,O; has  quenching. Although we cannot expect a stable FeO bulk
a band gap of 2.0 eMRef. 7) suggests that it is one of phase from the applied annealing procedure under ambient
these phases. From single crystal studies it is known thatonditions, we cannot exclude that the FeO phase is stabi-
v-Fe,03 crystallizes in an iron-deficient structure similar to lized under UHV due to its nanocrystalline form. This con-
the inverse spinel structure of f&&, (A[BA]O,,A=F¢&", clusion is supported by former studies on epitaxial films
B=F¢&?"), but in y-Fe,05 there are randomly distributed cat- showing that the stabilization of an FeO phase depends on
ion vacancies on thé site. Such a defect-rich structure film thickness!®20.21
might be subject to reconstruction effects, especially at the Interestingly, a change of the iron oxidation state under
surface of a nanoparticle or by impurity atoms such as, e.greducing conditions, as reflected in the XPS measurements,
carbon introduced by the original organic shell of the par-does not affect the energy gap of the nanoparticles as mea-
ticle. Such a reconstructed phase can yield a different gagured by STS. Taking into account the probing depth of XPS
than the bulk. The XPS and FTIR measurements might bt the Fe P binding energy we conclude that about 40% of
affected by such surface effects in a much lesser degree bthe volume of a particle contributes to the XPS spectrum,
cause of their lower surface sensitivity. This will be dis- while contributions to the STS measurements originate from
cussed in more detail below. a surface layer of the particle, which amounts to only 10% of
The FTIR spectrum taken from theFe,0; phase sheds its volume. Obviously, for nanoparticles XPS is far more
further light on the origin of the 1.3 eV gap. Two significant bulk sensitive than STS. Therefore, we attribute the indepen-
features were identified in this spectrum, one of which coin-dence of the gap value upon iron reduction to the fact that
cides with the gap of 1.3 eV found by STS. From the factthe gap value measured by STS is dominated by the surface
that the slope of the absorption coefficient is much smaller agtructure of the nanoparticle. This surface structure appears
1.3 than at 2 eV, but that the surface sensitive STS measur& be unaffected by reduction. This finding is consistent with
ments detect only one gap at 1.3 eV, we conclude that theur conclusion above that the 1.3 eV band gap-¢f6,0; is
1.3 eV gap is a property of the surface of the nanoparticlegue to surface effects.
most likely due to a surface reconstruction. The bulk of the In conclusion, only nanoparticles of the thermodynami-
nanoparticle then exhibits the gap expected from the hulk cally stablea-Fe,O; phase show a band gap compatible to
or a-Fe,0;. It is striking that a surface reconstruction would the bulk material in surface-sensitive STS measurements.
only occur in they-Fe,0; and y-Fe,0; nanoparticles. The The STS measurements on all other nanoparticle phases in-
reason for this could be attributed to the defect-rich nature ofestigated y-Fe,0s, x-F&,03, and FeQ demonstrate the ex-
these phases. istence of a surface band gap of 1.3 eV, although volume-
The interpretation of the 1.3 eV gap as a surface effect isensitive measurements reveal a band gap compatible with
further corroborated by our reduction experiments. There arthe bulk material. We therefore conclude that the band gap
several studies concerning the reduction of iron oxides. Fodoes not depend on the size of the nanoparticles for
example,a-Fe,0; can be reduced to metallic iron via a se- diameters above 8 nm, but that properties, such as, e.g., the
ries of intermediate oxides, like K@, and FeO'® As shown  photocatalytic activity of such particles, are due to the for-
above we achieved a significant reduction of th&e,0;  mation of a surface band gap different from that of the vol-
nanoparticles by annealing in and\r atmosphere, as evi- ume. The existence of such a surface band gap appears to be
denced by XPS measurements. The resulting XPS spectrutfiggered by defects within the nanoparticle.
is compatible to an FeO reference spectrum taken from a
macroscopic sample. However, a stable cation-deficient
phase of FeO exists at ambient pressure only at temperatures This work was supported by the Deutsche Forschungsge-
above 840 K. This nonstoichiometric form of FeO can bemeinschaft through SFB 484.

ACKNOWLEDGMENT

1A. E. Berkowitz, W. J. Schuele, and P. F. Flanders, J. Appl. Phys. Weinheim, 199%

39, 1261(1968. 8K. K. W. Wong and S. Mann, Adv. MatefWeinheim, Ge). 8,
2C. Janzen, J. Knipping, B. Rellinghaus, and P. Roth, J. Nanopart. 928(1996.

Res. 5, 589(2003. 9H. A. Hosein, D. R. Strongin, M. Allen, and T. Douglas, Lang-
3T. P. Raming, A. J. A. Winnubst, C. M. van Kats, and A. P.  muir 20, 10 283(2004.

Philipse, J. Colloid Interface Sck49 346 (2002. 10], Kim, H. A. Hosein, D. R. Strongin, and T. Douglas, Chem.
4P. Li, D. E. Miser, S. Rabiei, R. T. Yadav, and M. R. Hajaligol, Mater. 14, 4874(2002.

Appl. Catal., B 43, 151(2003. 11G. G. Roberts,Langmuir-Blodgett Films(Plenum, New York,
5S. Mann, J. Webb, and R. J. P. WilliamBjomineralization 1990.

(VCH, Weinheim, 198% 12C. A. Johnson, Y. Yuan, and A. M. Lenhoff, J. Colloid Interface
6W. H. Massover, Micron24, 389 (1993. Sci. 233 261(2000.

’R. M. Cornell and U. Schwertmanhe Iron Oxides(VCH, 13T, Furuno, H. Sasabe, and K. M. Ulmer, Thin Solid Filrh80, 23

165409-5



PREISINGERet al. PHYSICAL REVIEW B 71, 165409(2005

(1989. 18D, Katz, O. Millo, S. Kan, and U. Banin, Appl. Phys. Leff9,
14K, Bremser, Diploma thesis, University of Augsburg, 2004. 117 (2007).
15\, Weiss and W. Ranke, Prog. Surf. S@0, 1 (2002. 19M. Rau, D. Rieck, and J. W. Evans, Metall. Trans. 18, 257
M. Oku, K. Wagatsuma, and T. Konishi, J. Electron Spectrosc. (1987.

Relat. Phenom98-99 277 (1999. 20A. N. Koveshnikov, R. H. Madjoe, J. Karunamuni, R. L. Stock-
E. P. A. M. Bakkers and D. Vanmaekelbergh, Phys. Rev6B bauer, and R. L. Kurtz, J. Appl. Phy87, 5929(2000.

R7743(2000. 21G. Ketteler and W. Ranke, J. Phys. Chem1B7, 4320(2003.

165409-6



