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The oxidation state and local geometry of the metal centers in amorphous thin films of Fe,05 (Fe3+
oxidation state), CoFe,04 (Co®*/Fe* oxidation states), and Cr,05 (Cr** oxidation state) are deter-
mined using K edge X-ray absorption near-edge structure (XANES) spectroscopy and extended X-ray
absorption fine structure (EXAFS) spectroscopy. The metal oxide thin films were prepared by the solid-
state photochemical decomposition of the relevant metal 2-ethylhexanoates, spin cast as thin films. No
peaks are observed in the X-ray diffraction patterns, indicating the metal oxides are X-ray amorphous.
The oxidation state of the metals is determined from the edge position of the K absorption edges, and in
the case of iron-containing samples, an analysis of the pre-edge peaks. In all cases, the EXAFS analysis
indicates the first coordination shell consists of oxygen atoms in an octahedral geometry, with a second
shell consisting of metals. No higher shells are observed beyond 3.5 A for all samples, indicating the
metal oxides are truly amorphous, consistent with X-ray diffraction results.
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1. Introduction

Metal oxide nanocrystals and thin films are of current interest
due to their magnetic properties [1-3], catalytic properties [4],
sensing capabilities [5-7], and their use as magnetic resonance
imaging contrast agents [2,8], water photooxidation [9-11], and
in energy conversion and storage [12,13], to name but a few
target applications. In many instances, the properties of the
surface are believed to influence the properties of the underlying
material, in particular magnetic properties [2,14-17], in light of
the high surface-to-volume ratio of finely divided materials at the
nanoscale. However, this surface is rarely well characterized [18].
It is nonetheless widely stated that structural disorder and
reduced coordination due to defects, or the proximity of the
surface, are important [17,18].

An example of a highly defective and disordered material is an
amorphous material, which is often believed to be present at the
surface of nanocrystals. However, non-crystalline materials can
take various structural configurations (for reviews discussing
amorphous iron oxide, see Zboril et al. [19] and Machala et al.
[20]), a phenomenon referred to as “poly-amorphism” [21], where
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not all amorphous instances of a material necessarily have the
same properties. Hence, model compounds of the various types
of amorphous materials, or non-crystalline polymorphs, are
required in order to better understand nanocrystalline and thin-
film materials, where surface defects are important.

In this contribution, we report on the speciation and determi-
nation of the local environment of the metal centers in amor-
phous metal oxides prepared from the photochemically induced
decomposition of metal 2-ethylhexanoate (metal = Cr, Fe, Co)
thin films using K edge X-ray absorption fine structure spectro-
scopy, or XAFS. Metal 2-ethylhexanoates are used as precursors to
metal oxides [22], and are converted using methods such as
thermal decomposition [23-25], exposure to light [26-33], or
exposure to high-energy electron [34-36] or ion [31] beams. Our
previous efforts have focused on the latter two methods, as they
are conducive to the direct patterning of metal oxide [26,28-30]
and nanocomposite [27,37] thin films onto a substrate. Since no
thermal treatment is applied, the resulting material is amorphous.

The proposed photochemical metalorganic deposition (PMOD)
mechanism involves the photoreduction of the metal centers
[29,37-44], followed by oxidation due to the presence of ambient
oxygen. As such, the oxidation state of the produced metal oxide
is decoupled from the oxidation state of the parent precursor. The
composition of thin films prepared by PMOD has previously been
studied using Auger electron spectroscopy and/or energy dispersive
X-ray spectroscopy [27,28,38,44]. Auger electron spectroscopy only


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2011.03.015
mailto:trudels@ucalgary.ca
dx.doi.org/10.1016/j.jssc.2011.03.015

1026 S. Trudel et al. / Journal of Solid State Chemistry 184 (2011) 1025-1035

gives the composition of the surface of the sample. McIntyre and
Zetaruk [45] showed that sputtering an iron oxide sample with
argon ions, to clean its surface and access the underlying material,
can modify the oxidation state of the sample’s surface. This is a
difficulty we have encountered as well [46]. For a thin film, energy
dispersive X-ray spectroscopy probes the bulk of the sample.
However, as is the case for Auger electron spectroscopy, this method
lacks in chemically significant information, such as the oxidation
state and the local geometry of the metals in the material.

XAFS, comprised of both the near-edge structure (XANES) and
extended fine structure (EXAFS), is sensitive to the local physical and
electronic structure about a target atom-species in a material. As a
local probe, XAFS does not require long-range ordering in a material
and, as such, is well-suited to the study of amorphous systems
[47,48], a realm where diffraction methods are ineffectual. In the
study of amorphous metal oxides, it has been applied to such
systems as ZrO, [49], CrO, [50], MoOs [51], WOs [51,52], CeO,
[53], and to multimetallic glasses such as BaTiO3 [54], PbO-Bi,03.-
Ga,05 [55], and Zr,Ti; _ 40, [56]. Here we examine amorphous metal
oxides of iron, chromium and mixed cobalt/iron (1:2 ratio) and
compare to related crystalline species in order to set a foundation
for the structure-property relationships in these oxides.

2. Experimental
2.1. Chemicals

Iron(Ill) 2-ethylhexanaote (52% by weight in mineral spirits,
Strem) and cobalt(Il) 2-ethylhexanaote (Chemat), spin-coating
solvents, and reference compounds were obtained from commer-
cial suppliers and used without further purification. Silicon(1 0 0)
wafers with 100 mm diameter were obtained from Wafernet. The
wafers were cut in-house into 2 x 2 cm? chips. The chips were
successively washed with acetone, ethanol, and methanol, and
then blown dry under a stream of nitrogen. Elemental analyses
(C, H, N) were performed at Simon Fraser University using a
computer controlled Carlo Erba (Model 1106) CHN analyzer by
Mr. M. K. Yang.

2.2. Synthesis of chromium(Ill) 2-ethylhexanoate precursor

The synthesis of chromium(III) 2-ethylhexanoate was taken from
Andronic [57]. A 250 mL round bottom flask was charged with
100 mL methanol and a spin bar. Potassium hydroxide (KOH,
0.7300 g, 13 mmol) was added and dissolved by stirring. Chromium
chloride hexahydrate (CrCls - 6H,0, 1.0678 g, 4 mmol) was added
and dissolved, yielding a green solution. The flask was put under a
nitrogen atmosphere, and 2-ethylhexanoic acid (1.8 mL, 11.2 mmol)
was stirred in. The reaction was heated for 3 h at a temperature of
75 °C, and the final reaction mixture was a dark green color.

The reaction was cooled back to room temperature and the flask
opened to air. The methanol was removed by rotary evaporation.
The crude product was dissolved in hexane, and washed three times
with water in a separatory funnel. The organic phase containing
chromium(Ill) 2-ethylhexanoate was collected, and the solvent
removed by rotary evaporation. Elemental analysis yielded 59.55%
C, 9.44% H, no N (calculated: 59.85% C, 9.42% H, 0.00% N). Electronic
spectrum in hexane: Amax, in nm (&, in Lmol~!cm~1!): <268 nm
(> 550); 421 (29.7); 580 (39.9).

2.3. Samples
For X-ray absorption in transmission mode, finely ground pow-

ders of reference compounds were spread on a low-background
Kapton adhesive tape. The tape was folded several times to improve

the signal by increasing the effective sample thickness and reducing
the pinhole effect [58]. A thin film of a-Fe,Os was prepared as
follows. A precursor solution was prepared by mixing 0.9442 g of
52% iron(Ill) 2-ethylhexanoate in mineral spirits in 2.3469 g of
methyl iso-butyl ketone (MIBK). This yielded a 3.2981 g solution,
with a 15% wfw concentration of iron(Ill) 2-ethylhexanoate. The
surface of a clean 2 x 2 cm? chip of [100] oriented silicon was
saturated with the precursor solution, and spun at a speed of
~ 4000 rpm for 60 s. This produced a precursor thin film of iron(III)
2-ethylhexanoate of optical quality. The precursor thin film was
placed under a low-pressure mercury lamp (UVP, model UVG-54)
for several hours, which is enough to completely convert the
precursor into a-Fe,03 [46]. Spectroscopic ellipsometry of a-Fe,03
films prepared under similar conditions indicate a final film thick-
ness of approximately 50 nm. We assume similar thicknesses for the
a-Fe,05 films presented here. The precursor solution for the PMOD
of a-CoFe,04 was prepared by mixing 0.1930 g of cobalt(II) 2-ethyl-
hexanoate in 3.6597 g of MIBK. To this solution was added 1.0369 g
of iron(Ill) 2-ethylhexanoate in mineral spirits. This yielded a 15%
precursor solution, with a 2:1 molar ratio of iron(Ill) 2-ethylhex-
anoate and cobalt(Il) 2-ethylhexanoate [59]. The precursor solution
for the PMOD of a-Cr,0s was prepared by mixing 0.1318 g of
chromium(Ill) 2-ethylhexanoate in n-butylacetate, to make a
0.8845 g solution. This yields a 15% precursor solution. These
solutions were spin-coated and exposed to UV light as described
above. Similar thicknesses of ca. 50 nm are expected for the
a-CoFe,04 and a-Cr,0s.

2.4. X-ray diffraction

X-ray diffraction experiments were carried out using a
Rigaku Rapid-S diffractometer. A copper tube source (Cu Ky,
J.=1.540598 A) was used. Detection of X-rays was done using an
image plate. Thin-film samples were mounted on an aluminum
stub, which was attached to the goniometer head. Measurements
were carried out in reflection mode, with the sample positioned at
a grazing incidence of ~3°-5° The samples were typically
exposed for 45 min. The collected images were integrated using
the AreaMax 1.0 software to build I as a function of 20 graphs. The
area of the image selected to carry out the data integration was
chosen to avoid Bragg peaks arising from the single-crystal silicon
substrate.

2.5. XAS spectra acquisition

Spectra were acquired on the bending magnet beamline, sector
20 at the PNC/XSD facilities [60], at the Advanced Photon Source
of Argonne National Laboratory, IL. The storage ring was operated
at 7.0 GeV and ring current was ~ 100 mA. A monochromatic
beam was obtained with a Si(1 1 1) double crystal monochroma-
tor. The intensity of the beam before (I,) and after the sample (I;),
and after the reference foil (I.f) were measured using ionization
gas chambers. The reference foil was placed after the I, chamber.
The intensity of the fluorescence (Im,,) was measured using a
Canberra 13-element Ge solid-state multichannel analyzer detec-
tor placed at 90° from the incident X-ray beam. For fluorescence
spectra, a dead-time corrected intensity was used. Thin film
samples were mounted on a motorized stage, and the fluores-
cence spectra collected. The spectra of the reference compounds
were collected in fluorescence as well as transmission modes. The
presented data for reference compounds were calculated from
transmission measurements. K edge absorption spectra were
acquired. The energy of each spectrum was calibrated using metal
foils measured in transmission mode, and reference values. The
Fe, Co and Cr K edges were calibrated using 7.5 pm thick Fe, Co,
and 16% Cr in Austen steel foils, respectively. The energy scale
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was calibrated by using the measured edge position in the foils
and the absolute energy list of Kraft et al. [61].

2.6. Spectrum analysis

Spectra were analyzed using the WINXAS software [62].
XANES spectra were background-corrected using linear back-
grounds fit to the data before and after the edge. The back-
ground-corrected spectra were normalized to unit step height
[63]. The ATOMS software was used to generate crystallographic
input files [64] for the model compounds o-Fe,03, CoFe,04, and
o-Cr,03, based on published crystal structures [65-67]. Ab initio
calculations of the effective scattering factors were performed on
clusters centered around the absorbing atom using the FEFF
7.0 code [68,69]. Clusters with a 12 A radius were used, corre-
sponding to clusters containing 727, 663, and 745 atoms for
«-Fe,03, CoFe,04, and «-Cr,03, respectively. The EXAFS spectra
were obtained by subtracting a “background function” using the
AUTOBK software [70]. All other EXAFS data analysis was carried
out using WINXAS. In almost all cases the Fourier transform of the
k-weighed y(k) spectrum was obtained using a 20% Gaussian
window function. The exception is for the CoFe,0, reference
compound, with which we encountered fitting difficulties due to
correlations between parameters, and for which the Fourier
transform was done with a 10% Gaussian window. Refinements
of the fit to the spectra were carried out in R-space. EXAFS spectra
were fit simultaneously using k- and k*-weighted data to reduce
coupling between correlated parameters [71]. The values quoted
are the solution common to both weighting schemes. The para-
meter that is minimized is the y? value. The tabulated error bars
were evaluated by modifying the given parameter until the >
value doubled. The difference between the tabulated value and
the value for which y? is doubled is given as the error.

A representative fitting procedure is explained below for the
amorphous iron oxide sample. The first shell of the o«-Fe;05
reference compound was first fit to determine the E, value for
the Fe-0 scattering path and the overall amplitude factor S2. The
coordination number for this shell was verified to be in agree-
ment with the crystallographic value. This was asserted by
individually fixing either S? or N, and verifying this did not result
in any significant deviation in the fit. The subsidiary shells
(consisting of Fe-Fe scattering paths) were fit while maintaining
EFe=9 and S2 to the previously determined value, as well as by
fixing the coordination numbers N to the known values from
crystallographic data [65]. This allows determining the E{Fe-Fe)
value. The three determined parameters ESe®, Efe-F®) and S?
were then transferred to the amorphous sample. The FT of the
amorphous sample was then fit to determine the N, R, and g2
parameters for a-Fe,03, which are reported and tabulated.

3. Results
3.1. X-ray diffraction

X-ray diffraction experiments were carried out for the pre-
pared thin films, and the results are presented in Fig. 1(a) for the
iron oxide thin film. No peaks arising from the presence of
crystalline iron or any of its oxides could be observed. The broad,
low intensity bumps marked with an asterisk arise from the
single-crystal silicon substrate Bragg peaks that were not com-
pletely removed during the integration process. As such, the
samples can be described as X-ray amorphous, as was previously
observed for iron oxide prepared by PMOD [72]. It must be noted
that when an aluminum sample was examined under similar
conditions, sharp peaks associated with the crystalline aluminum
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Fig. 1. X-ray diffractograms collected for thin films of iron oxide (a), cobalt
ferrite (b), and chromium oxide (c). Features marked by an asterisk arise from the
single-crystal silicon substrates.
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Fig. 2. XANES metal K edge spectra of amorphous metal oxides. (a) Iron oxide;
(b) cobalt ferrite, Fe edge; (c) cobalt ferrite, Co edge; (d) chromium oxide. Spectra
are referenced to parent metals and calibrated to absolute energies listed by Kraft
et al. [61].

were easily observed. The same general features are observed for
the cobalt ferrite (Fig. 1(b)) and the chromium oxide (Fig. 1(c))
thin films. As such, all three samples are amorphous as seen by
X-ray diffraction.

3.2. XANES

The obtained absorption spectra were background corrected
and normalized. The normalized XANES spectra for the amor-
phous metal oxide thin films are shown in Fig. 2. The energy scale
of these spectra are referenced to the edge energy E, of the parent
metallic element [61]. All the XANES spectra presented in this
figure contain a pre-edge peak in addition to the main edge
features, which in general include the absorption edge, a main
peak, and subsequent modulation of the signal.

3.2.1. Amorphous iron oxide

Wilke et al. have shown that for iron-containing compounds
and minerals, the position of the pre-edge peak is characteristic of
the content of Fe'' and Fe'! [73]. Their approach is applied to
amorphous iron oxide to determine the oxidation state of the iron
center. The normalized pre-edge spectrum of the iron oxide was
obtained by subtracting a baseline created using a spline function
[73,74]. The position of the normalized pre-edge peak has been
shown to be diagnostic of the oxidation state in compounds and
minerals containing Fe [73,74]. Whereas a pre-edge peak shift of
1.02 eV has been seen in Fe' containing compounds, a pre-edge
peak shift of 2.42 eV is seen for Fe' compounds. Compounds
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having varying relative amounts of Fe"' and Fe™"

edge peak energies in between these values [73].

The normalized pre-edge peak for a-FeO, is shown in Fig. 3.
The pre-edge peak consists of a single, gaussian shaped peak
centered at 7113.2 eV, shifted by 2.45 eV with respect to the iron
edge. The position of the pre-edge peak observed in amorphous
iron oxide suggests only Fe'' being present in the sample, as per
Wilke et al. [73]. As will be discussed below, the Fe K pre-edge
spectrum for the amorphous CoFe,04 was superimposable with
the spectrum shown in Fig. 3, and as such the analysis presented
above is also applicable to that material.

The position of the absorption edge for each amorphous metal
oxide was determined by inspecting the first derivative of its
spectrum, and finding the position of the first main peak (Table 1).
Like the pre-edge feature, the position of the edge is also
characteristic of the oxidation state of a transition metal. In
general, the higher the oxidation state, the higher the chemical
shift of the absorption edge with respect to the metallic instance
of the metal [75,76]. Such trends are seen for compounds
containing the metals of interest here, iron [73,74,77], cobalt
[78,79], and chromium [78,80-83]. Comparison with spectra
measured for known standards allows one to determine the
oxidation state of the amorphous samples.

Fig. 4(a-1) compares the amorphous iron oxide with the Fe K
XANES spectra of Fe(POy4)-nH,0 (a-II), Fey(SOy4); - 7H,0 (a-IIl),
o-Fe, 03 (a-1V), y-Fe,03 (a-V), Fes04 (a-VI), and CoFe,04 (a-VII).
The oxidation state, coordination shells and edge positions of
these reference compounds are summarized in Table 2. The Fe K
edge positions for the amorphous iron oxide and amorphous

will have pre-
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Fig. 3. Normalized pre-edge peaks for amorphous iron oxide. The top solid line is
the normalized XANES absorption (—), the dotted line is the spline baseline (- - -),
and the dot-dashed line is the normalized pre-edge peak absorption (- -). The two
vertical dashed lines show the expected positions for Fe'' and Fe' [73]. Data were
taken with a step size of 0.15 eV through the near edge region.

Table 1
Measured absorption edge position for amorphous metal oxide thin films.

Element Sample Edge position (eV) Shift (eV)

Fe Fe 7110.75° 0
a-Fe,03 7121.9 11.2
a-CoFe,04 7121.9 11.2

Co Co 7708.78° 0
a-CoFe;04 7718.5 9.7

Cr Cr 5989.00° 0
a-Cr,03 6002.1 13.1

¢ Calibrated to absolute energies listed by Kraft et al. [61].
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Fig. 4. (a) Fe K edge XANES spectra of amorphous iron oxide (I), Fe(PO4) - nH,0 (II),
Fey(S04)3 - 7H,0  (I), o-Fe,03 (IV), y-Fe;03 (v), Fes04 (VI), CoFepO4(VII).
E,=7110.75 eV. Inset shows the pre-edge region. Order is same as in main panel.
(b) Co K edge XANES spectra of amorphous cobalt ferrite (I), CoTiO3 (II), CoO (III),
CoFe,04 (IV). E,=7708.78 eV. (c) Cr K edge XANES spectra of amorphous chro-
mium oxide (I), Cr(NO3)-6H,0 (II), and «-Cr,03 (IlI). E,=5989.00 eV. In each
panel, the solid vertical line corresponds to the metallic instance. Spectra are offset
for clarity.

Table 2
Comparison of iron-containing reference compounds.
Compound Spectrum  Oxidation Coordination® Edge Shift
label® state position (eV)
(eV)
Fe(PO4) -nH,O0  a-Il +3 On 71233 12.6
Fe;(S04)3 - 7H,0  a-lll +3 Oy 71233 12.6
o-Fe, 04 a-lv +3 On 7122.0 113
y-Fe,03 a-Vv +3 Ta,0n 7121.2 10.5
Fes04 a-Vl +2, +3 T4,0n 71194 8.7
CoFe,04 a-VII +3 Oy 71211 104
2 See Fig. 4.

b 0,,=octahedral, Ty=tetrahedral.

cobalt ferrite (11.2 eV above Fe?) are found to coincide with the
edge measured for «-Fe;03 (11.3 eV), and to be within a range of
other iron(Ill) compounds, such as hydrous iron(Ill) phosphate,
hydrous iron(IIl) sulfate (both at 12.6 eV) and y-Fe,03 (10.5) and
CoFe,04 (10.4). As such, iron is in the Fe state in both amor-
phous iron oxide and cobalt ferrite. This is also in agreement with
the pre-edge analysis presented above.

3.2.2. Amorphous cobalt ferrite

A comparison of the Fe K edge spectra for the iron oxide
and the cobalt ferrite is shown in Fig. 5. The two spectra are
indistinguishable when superimposed, and as such the oxidation
and local geometry of the iron atoms in both samples can be
considered to be the same. As such, all the discussion of the
XANES with respect to iron atoms presented above is applicable
to the Fe K edge of amorphous cobalt ferrite. Thus, Fe'" is also the

species present in the amorphous cobalt ferrite sample.



S. Trudel et al. / Journal of Solid State Chemistry 184 (2011) 1025-1035 1029

14 +
1.2 +
1.0 -
0.8 t+
06 t+
04
0.2

Normalized absorption / A. U.

(VR ===== I I I I I I I
-10 0 10 20 30 40 50 60 70
E-E eV

Fig. 5. Fe K edge XANES spectra of amorphous iron oxide (—) and amorphous
cobalt ferrite (- - -) thin films. E,=7110.75 eV.

In Fig. 4(b), the Co K edge XANES spectra for amorphous cobalt
ferrite (b-I) and CoTiO3 (b-II), CoO (b-III), and CoFe,04 (b-1V) are
shown. In all these reference compounds, the cobalt atoms are
Co" in an octahedral coordination. The Co K edge in amorphous
cobalt ferrite (9.7 eV above Co®) is within the energy range of Co"
compounds, such as CoO and CoTiOs, at 7.4 and 10.1 eV vs. Co®,
respectively.

3.2.3. Amorphous chromium oxide

In Fig. 4(c), the Cr K edge XANES spectra for amorphous
chromium oxide (c-I) and Cr(NOs); - 6H,0 (c-II), and o-Cr,03
(c-II) are shown. In these two reference compounds, the chro-
mium atoms are Cr'! in a distorted octahedral coordination. The
XANES in a-Cr, 03 is too complicated to make a comparison of the
first peaks in the derivative spectrum meaningful. In a case such
as this, it is more practical to examine the full derivative spectrum
around the edge feature. The center of the first derivative
spectrum (between 4 and 20 eV above Cr°) for «-Cr,05 is coin-
cident with the Cr'' reference compound Cr(NOs); -6H,0. As
such, chromium is assigned as being in the Cr'' oxidation state
in amorphous chromium oxide. Given the oxidation states deter-
mined by XANES and previous Auger electron studies [46,57], the
amorphous metal oxide thin films are determined to consist of
Fel'0s, Co"Fel'0,, and CrY'0,, respectively.

3.2.4. Local geometry

The XAFS process is dominated by a dipole transition (absorp-
tion) between ground and intermediate state, and subsequent
emission dipole transition (fluorescence and Auger emission both
possible) between intermediate and final states. In the EXAFS
region, well above the edge energy, the intermediate states are in
the continuum, but in the near-edge region, and particularly in
the close pre-edge, the intermediate states are bound and the
process is more complicated [84]. For 3d elements, features in the
pre-edge can arise from electronic quadrupole transitions
between 1s and mostly 3d character but, depending on symmetry,
can possess some mixed d-p character [85,86]; the strength of the
features being dependent on the extent of non-centrosymmetric
character present in the absorber environment. Regardless of the
understanding of their origins, these features are sensitive finger-
prints to the local structure and the electronic configuration of the
absorbing atom [73,87,88].

When the relative intensity of the pre-edge feature is com-
pared between compounds with metals in tetrahedral and octa-
hedral coordination shells, the intensity observed in a tetrahedral
species is significantly larger than in an octahedral species
[52,89,90], and can even be comparable to the absorption edge
[78]. Such comparisons can be made between the octahedral

chromium oxides [Cry']°O; and [Cr'V]°'O, and the tetrahedral
[Cr''1*'0, [80,82,90], as well as between 4- and 6-coordinate
iron(Ill) compounds and minerals [73]. In compounds where both
octahedral and tetrahedral sites are present, such as a spinel, the
intensity of the pre-edge peak will be larger than in a purely
octahedral compound [73]. As an example, the pre-edge peak is
~ 50% more intense in the spinel ferrites than in purely octahe-
dral reference compounds (such as hydrous iron phosphate and
sulfate, and o-Fe,03). The pre-edge peaks of these compounds can
be seen in the inset of Fig. 4(a).

The intensities of the pre-edge peaks measured for the amor-
phous metal oxides studied here are all very low when compared
with the intensity of the absorption edge (see Fig. 4), and are
comparable to purely octahedral compounds. In all the samples
presented here, the intensity of the pre-edge peak is consistent
with slightly distorted octahedral coordination shells.

By comparing the number, energy position, and width of
features observed in the XANES spectra of amorphous metal
oxide and reference compounds, it is possible to identify refer-
ence compounds indicative of the geometry of the metal center.
For example, the comparison of the XANES spectrum of a-Cr,03 to
Cr(NOs3); - 6H,0 (see Fig. 4(c)) shows both have a main peak of
comparable amplitude, a second broad peak which is unresolved
~33 eV past the edge, and a wide dip just under 50eV. In
comparison, the «-Cr,03 XANES spectrum shows sharp features,
a split main peak, and a clear peak at 36 eV. Consequently
chromium nitrate is considered to be a more appropriate refer-
ence compound for the XANES of a-Cr,0s. In a similar type of
comparison, the closest related reference compounds for the iron
(whether in the pure iron oxide or the mixed metal cobalt ferrite)
and cobalt centers were Fe(PO4) - nH,0 and CoTiOs, respectively.

The geometry around the metal centers in all these reference
compounds is distorted octahedral [91-93]. As such, for all
amorphous metal oxides presented here, the coordination geo-
metry appears to be a distorted octahedron.

3.3. EXAFS

3.3.1. Amorphous iron oxide

The Fourier transform (FT) of the k-weighted K edge EXAFS
interference function of a-Fe,03 consists of a first peak, as well as
much less intense, secondary peaks (see Fig. 6(d)). The first peak
arises due to the first coordination shell, and the subsequent
peaks are attributed to second and third coordination shells. In
comparison, the Fourier transform of the EXAFS of «-Fe,03; and
Fe''(PO,) - 2H,0 (Fig. 6(b)) also contain a peak for the first
coordination shell which is coincident with a-Fe,Os, both in
terms of intensity and position. The «-Fe,03; FT also contains
intense, higher-order coordination shells, while the Fe"(PO,)-
2H,0 FT does not exhibit well-defined coordination shells beyond
the nearest neighbors shell.

In both a-Fe,05 and Fe"(PO,) - 2H,0 (see Table 3), the iron is
six-coordinate surrounded by oxygens in a quasi-octahedral
fashion [65,91]. The first coordination shell is essentially the
same in both compounds, and this is reflected in the position
and intensity of the first peak in the FT. However, the extended
solid-state structures are very different beyond this first oxygen
shell. In particular, the closest Fe-Fe distance in Fe'(PO,) - 2H,0
is 4.964 A [91], while in a-Fe,0; this distance is 2.895 A [65].
Fe—Fe scattering paths are important to model the EXAFS data, as
they are responsible for the second coordination shell in iron
oxide [88].

Given that the FT for the a-Fe,03 displays higher order coordi-
nation shells at comparable distances to Fe-Fe in «-Fe, 03, this iron
oxide was chosen as an appropriate model compound to carry out
a quantitative EXAFS analysis. It is worth noting that other iron
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oxides, namely Fe;0,4 and y-Fe;0s3, could also have been chosen as
model compounds. However, both Fe;O, and y-Fe,03; contain
octahedral and tetrahedral sites, as well as multiple crystallogra-
phically distinct iron sites. On the other hand, «-Fe,03 contains a
single crystallographically unique octahedral site. As such, a-Fe; 05
was chosen as a model compound for sake of simplicity. The
similarity between near-edge structures of the amorphous sample
and the phosphate hydrate serves as a reminder that the local
coordination of the iron may be six-fold, but more distorted than
for a-Fe;03. The limited k-space range, though, may not justify
fitting to any such splitting.

The oscillations in the {c—weighted EXAFS interference function
in a-Fe;05; end at ~8 A , while oscillations can be seen in the
spectrum for o-Fe,05 up to about 14 A~ . This rapid attenuation of
the EXAFS oscillations can be attributed to the presence of
structural disorder, which is consistent with an amorphous mate-
rial. The first coordination shell peak in the Fourier transforms is

a04'|'|'|'|'|I b3---|"'|III
02} ] =
RTINS |
< 00 N e T
S W 2
\Q -02 = 17 |
x N | :
-0.4 1 [FE
-0.67' Loy ] SR S
4 6 8 10 12 14 0 2 4 6
kiA R/A
004........... d,
4 <o |
02+ [\ =)
< oo AN S
S V z
= -0.2] =
x i L
-0.4 12
-0.67' I NI B N
4 6 8 10 12 14
kiIA' R/A
Fig. 6. Raw and unfiltered experimental (—) and calculated (- - -) k-weighted Fe K

edge EXAFS and associated Fourier transform for «-Fe,0s3 (a,b, Fourier transform
range k=2.5-14.0 A~') and a-Fe,0; (c,d, Fourier transform range k=2.5-11.0A~1).
No Fourier filtering applied.

Table 3
EXAFS curve fitting results for «-Fe,03 and a-Fe,0s.

well defined, but subsequent shells are suppressed, although not
completely.

The Fe K edge EXAFS interference function of «-Fe,03 was fit,
and the results are shown in Fig. 6(a,b). In this fit, the coordination
numbers N were fixed to values obtained from a previously
published analysis of the structure [65,88]. All the other parameters
(interatomic distances R, mean square relative displacement o2,
relative inner potential corrections E,, and overall amplitude term
52) were allowed to float during the fit as described in the spectrum
analysis section [94]. The results are presented in Table 3. The
interatomic distances determined by EXAFS are in good agreement
with those determined by X-ray diffraction [65].

The first peak in the Fourier transform is due to the six oxygen
atoms forming the first coordination shell. While two distinct
bond distances could be used in the model for the octahedral
shell, which is consistent with a slightly distorted octahedral
geometry, only one Fe-O scattering path was used during further
modeling. The second, split peak in the Fourier transform arises
from scattering from three successive shells of neighboring iron
atoms, located at distances ranging from 3.0 to 3.7 A. The
interatomic distances and coordination numbers for the first
and second nearest Fe neighbors were found to be in agreement
with the previously published EXAFS refinements for o-Fe,05
[88]. It is worth noting that as was the case for Manceau et al.
[88], we have not observed the Fe-Fe bond of 2.895 A [65]. The
limited k-space range of y(k) prevents EXAFS resolving the
separate 2.895 and 2.969 A distances.

The fit Fourier transform for a-Fe,03 is shown in Fig. 6(d). The
calculated k- y(k) reproduces well the experimental result
(Fig. 6(c)). Only two shells were used in the fitting (see Table 3).
The first coordination shell contains six oxygen atoms located
1.961 A from the iron center. This bond distance is somewhat in
between the values observed for o-Fe,03, which contains (from
X-ray diffraction [65]) Fe—O distances of 1.9433 and 2.115 A. This
bond distance is characteristic of an Fe'" in an octahedral environ-
ment. As a comparison, Fe-O tetrahedral distances in maghemite [95]
(1.8469 and 1.8955 A) and magnetite [96] (1.7457 A) are consider-
ably shorter. The mean square relative displacement in the Fe-O bond
distance in a-Fe,03 is however higher in the amorphous instance.

Both the coordination number and the bond distances
observed are consistent with an iron absorber in an octahedral
environment, consistent with our analysis of the XANES spectra.

The second peak was attributed to the nearest iron atoms,
located at 3.07 A.

The error bars quoted in Table 3 and following tables were
determined as described earlier in the methodology of spectrum
analysis in the Experimental section. In each table %R is the residual

Path Rxrp® (A) Rexars (A) N° a? (Az) Eo (eV) Sz
a-Fe;03 (53R =7.9)¢
Fe-O 1.943, 2.115 1.97 +0.03 6 0.010 + 0.003 —-7.7+43 0.89+0.11
Fe-Fe 2.895 - - - -
Fe-Fe 2.969 2.967 +0.016 4 0.0042 +0.0012 —2+2
Fe-Fe 3.362 3.397 +0.019 3 0.003 + 0.002 —2+2
Fe-Fe 3.702 3.70 +0.03 6 0.008 + 0.003 —2+2
a-Fe,053 (%R=5.1)¢
Fe-O - 1.961 +£0.013 6.2+0.5 0.0114 +0.0013 -77+15 0.89 +0.07
Fe-Fe - 3.07 £ 0.03 2.0+0.5 0.010 + 0.003 —-2+3

@ See Sawada [65].
b Jtalicized values are fixed.
€114<R<3.70 A,
9114<R<297A.
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as calculated by WINXAS [62] and the R-space ranges over which
the data were fit are included in the tables as footnotes.

3.3.2. Amorphous cobalt ferrite
The k-weighted Fe K edge EXAFS interference function and
associated FT for a-Fe,O3 and a-CoFe,0, are superimposable
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Fig. 7. Raw and unfiltered experimental (—) and calculated (- - -) k-weighted Co K

edge EXAFS (a) and associated Fourier transform (b, Fourier transform range
k=2.7-11.0A") for CoFe,0,, Co K edge EXAFS (c) and associated Fourier
transform (d, Fourier transform range k=2.5-11.0 A’l) for a-CoFe,04, and Fe K
edge EXAFS (e) and associated Fourier transform (f, Fourier transform range
k=2.4-11.0 A=) for a-CoFe,0,.

Table 4
EXAFS curve fitting results for a-CoFe;0,.

(within the noise level of the spectra). As such, the same model
compound («-Fe,03) was used to model the Fe environment in
both a-Fe,03 and a-CoFe,0,. After comparing the Co K edge k - y(k)
and its Fourier transform with those for the reference compounds
CoO, CoFe,04, and CoTiO3, CoFe,04 was used as a model for the Co
environment in a-CoFe,0,4. The fit Fourier transform and calculated
EXAFS interference function for CoFe,0, are shown in Fig. 7(a,b). The
determined Co-O distance of 1.98 A is intermediate between the
Co-O distances expected for a partially inverted spinel (with
distances of 1.89-1.92 and 2.06-2.07 A for tetrahedral and octahe-
dral sites, respectively) [97,98]. The Co-metal second-neighbor shell
distance of 2.96 A is in good agreement with the 2.95 A reported by
Carta and coworkers [97].

The fit Fourier transform and calculated EXAFS interference
function for a-CoFe,0, are shown in Fig. 7, accompanying the
experimental results. Panels (c) and (d) show the Co K edge, while
panels (e) and (f) show the Fe K edge. The parameters used are
presented in Table 4.

For both metals, the Fourier transform was fit by using a first shell
consisting of (within error) six oxygen atoms. The Fe center in
a-CoFe,0,4 is essentially in the same local environment as in the
a-Fe;05. The Co-0 and Fe-0 bond distances determined by EXAFS
analysis are consistent with bond distances reported for Co and Fe
coordinated in an octahedral fashion in CoFe,04 [66] and «-Fe;04
[65]. As was the case for a-Fe,03, a shell of metal centers can be seen
3.06 A away from both metal centers. It is however not possible to
establish the identity or relative occupancy of this second shell based
on EXAFS, as the scattering factors for Fe and Co are too similar to be
distinguished. Difficulties were encountered while fitting the second
shell around the Co absorber, due to a strong correlation between N
and ¢ (R was however stable during fitting trials). To treat this
problem, the a2 of the Co-metal scattering path was constrained to
be the same as for the Fe-metal path in the same material.

3.3.3. Amorphous chromium oxide

The Cr K edge EXAFS interference function for a-Cr,0Os; and
associated model compounds were compared. For the same
reasons o-Fe,03 was chosen as a model compound for a-Fe,0s,
«-Cr,03 was chosen as a model compound for a-Cr,03. The
experimental and calculated EXAFS y(k) and their Fourier trans-
forms are shown for o-Cr,03 and a-Cr,0s in Fig. 8. The parameters
used to generate the calculated curves are presented in Table 5.
Clear oscillations can be seen in the k-weighted y(k) of the
amorphous chromium oxide, with significant amplitude up to a
wave number of 11 A~ . The Fourier transform of y(k) is also well
structured, and shows three coordination shells.

The first coordination shell is slightly lower than was deter-
mined for o-Cr,03, but is indicative of a Cr atom in an octahedral
environment. The second shell consists of Cr atoms, located at
3.04 A from the nearest chromium center.

Path Rexars (A) N a2 (A?) E, (eV) s2

Co K edge (%R = 10.8)?
Co-0 2.07 +0.03 6.1+1.0 0.016 + 0.003 -2+4 0.89 +0.14
Co-metal® 3.12 + 0.06 20+038 0.011 + 0.007¢ +4+5

Fe K edge (%R = 10.3)¢
Fe-O 1.964 + 0.015 6.7+0.7 0.0115 £ 0.0015 -77+14 0.89 +0.09
Fe-metal® 3.06 +0.03 2.7+08 0.011 + 0.004 —-2+3

21.25<R<293A.

b The scatterer cannot be clearly identified, and can be either Fe, Co, or a mixed occupancy of both.

¢ Fixed to be the same as the ¢? for the Fe-metal.
9116 <R<293A.
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4. Discussion
4.1. The first coordination shell

By inspection of the XANES spectra, iron(Ill), cobalt(Il), and
chromium(Ill) were determined to be the species present in the
amorphous metal oxides. This suggests that in these instances, the
product obtained by PMOD (whose proposed formation mechan-
ism involves photoreduction of the metal center [29,38,44]) forms
the most widely encountered and generally considered thermo-
dynamically stable oxidation state [99].

Beyond the oxidation state, this study presents the first deter-
mination of the local structure of a metal oxide produced by
PMOD. In all the cases, the most likely geometry around the metal
appears to be octahedral. This can be seen from the comparison of
the XANES of the samples to various compounds of known
geometry, as well as from the EXAFS analysis, where the coordina-
tion numbers N of the first shell around the metal centers are
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Fig. 8. Raw and unfiltered experimental (—) and calculated (- - -) k-weighted
Cr K edge EXAFS and associated Fourier transform for «-Cr,0s. (a,b Fourier
transform range k=2.5-13.0A"') and a-Cr,0; (c,d, Fourier transform range
k =26-11.0A"").

Table 5
EXAFS curve fitting results for «-Cr,03 and a-Cr,0s3.

determined to be ~ 6. The amplitude of the pre-edge peak in all
samples is also consistent with a quasi-octahedral species.

How far from an ideal octahedron are the first coordination
shells, if a pre-edge peak is observed? This can be partly addressed
by comparing the first coordination shell in the reference com-
pounds that had the most similar XANES spectra for each metal
center, namely Fe(POy,) - 2H,0, CoTiOs3, and Cr(NOs3); - 9H, 0, which
have point group symmetries of Cy, C3, and D, [91-93]. All of these
compounds exhibit at least one pre-edge peak (see Fig. 4). In a first
approximation, their geometry is octahedral. For Fe(PO4) - 2H,0
the deviation from a centrosymmetric point group is disrupted by
two ligands that are coordinated in a cis fashion, while in CoTiO3
many of the 0-Co-0 angles are far from the ideal value of 90° [92].
A pre-edge peak is observed in all of these reference compounds,
without a significant change in pre-edge peak intensity, thus the
local environment does not need to bear strong deviations from the
ideal O, symmetry for a pre-edge peak to be observed, albeit with a
small intensity.

While EXAFS analysis does not allow the determination of the
absolute geometry of the first coordination shell as X-ray diffraction
can for crystalline materials, the fairly high variances of the bond
distances (62 > 0.010 A”) observed in these amorphous samples are
indicative of structural disorder around the metal centers. It must be
noted that in «-Cr,03, the two distinct bond distances differing by
0.049 A refined from X-ray diffraction data [65] could not be resolved
with XAFS because of the finite k-space range of y(k) [100]. Rather, an
average bond distance value was found, as was also previously
reported in an earlier XAFS study [101]. The first coordination shell
in the amorphous metal oxides consists of oxygen atoms, as was
determined from the EXAFS analysis. This is also what is observed in
the parent crystalline metal oxides. A comparison of the EXAFS
spectra and their Fourier transforms (Figs. 6-8), as well as the
parameters obtained by fitting them (Tables 3-5), indicates that the
first coordination shell in the metal oxide are fairly similar to those
observed in the crystalline counterparts.

As such, the amorphous metal oxides consist of packed
octahedra. The relative position of these octahedra with respect
to adjacent octahedra will be discussed in the next section.

4.2. The second (and higher) coordination shells

The presence of a second coordination shell was seen in the
EXAFS spectra of all the amorphous metal oxides. However, by
comparison to the amplitude of the second coordination shell
peaks in the Fourier transform of the EXAFS for crystalline
reference compounds, they are greatly reduced (cf. Figs. 6-8).
This is a clear indication that the medium-range order in the

Path Rxrp? (A) Rexars (A) N° o? (Az) Eo (eV) S:
a-Cr,03 (%R =6.6)°
Cr-0 1.964, 2.013 1.979 £ 0.014 6.0+ 04 0.0035 + 0.0008 —41+1.5 0.86 + 0.04
Cr-Cr 2.651 2.66 +0.04 1.0+05 0.008 + 0.008 —24+17
Cr-Cr 2.888 2912 +0.011 3.0+03 0.0039 £ 0.0010 —-24+17
Cr-Cr 3.434 3.416 +0.012 3.0+038 0.004 + 0.003 -24 +1.7
Cr-Cr 3.650 3.662 +0.013 6.0+ 0.9 0.0065 + 0.0015 —24+17
a-Cr,05 (%R=8.5)¢
Cr-0 - 1.984 +0.012 5.0+0.5 0.0023 +0.0010 —-41+1.6 0.86 +0.08
Cr-Cr - 3.04 +0.04 2.8+0.9 0.010 + 0.004 —2+3

@ See Sawada [67].

b Jtalicized values are fixed.

€1.15<R<3.65A.
4120<R<280A.
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amorphous metal oxides is drastically reduced, with respect to
the crystalline materials. This is of course the expected trend
when comparing amorphous and crystalline materials [47,48].

4.2.1. Amorphous iron(Ill) oxide

The fitting of the second coordination shells was less straight-
forward than the first M-0 shells, in particular in the a-Fe,O3
(and a-CoFe,04,). A single, broad interatomic distance of ~ 3.1 A is
observed. The EXAFS analysis identifies the scatterer is a metal
atom. Thus, this peak contains information about the arrange-
ment of adjacent octahedra.

In «-Fe,05, the three shortest Fe-Fe distances (2.895, 2.969
and 3.362 A) are due to face-sharing, edge-sharing, and corner-
sharing octahedra, respectively [65]. The Fe-Fe distance of 3.07 A
observed in a-Fe,03 is too long to be due to exclusively face or
edge sharing octahedra, but close enough to be corner sharing. For
example, given the Fe-0 and Fe-Fe distance presented in Table 3,
this data would be consistent with a Fe-O-Fe angle of ~ 104’
(compared with 119.8° in «-Fe;03). The octahedra edges would
be closer than in «-Fe,03, without being edge sharing. The
amorphous iron oxide can thus be thought of as a network of
corner-sharing FeOg octahedra, as is approximately shown in
Fig. 9. Each octahedron would coherently share its oxygen with
two neighboring FeOg units. Additional iron centers (a third is
added in Fig. 9) are also expected, but these are randomly
distributed (and may thus be corner, edge, or face-sharing) and
do not contribute to a “coherent” structural domain. These
domains would be approximately three octahedra on the side,
and the boundaries of these domains would be expected to show
a reduced coordination number, as was observed here. It is
expected the reduced number of neighboring iron centers leads
to a charge imbalance, which could possibly be compensated for
by hydroxide groups. These groups would likely form during
photolysis which is done under ambient conditions, and thus in
the presence of water vapor. We also stress these domains are not
free-standing entities (i.e. nanoparticles), but rather regions with
local short-range coherence within the continuous a-Fe,03 film.

4.2.2. Amorphous cobalt ferrite

It is apparent that the iron centers occupy the same local
environment in the a-Fe,03; and the a-CoFe,0,4, based on the
similarities between the XANES and EXAFS spectra presented here
for both compounds (Fig. 5). The EXAFS analysis also provides
consistently similar results between the two compounds. The

Fe-O

Fig. 9. Proposed local structure in a-Fe,03.

cobalt centers occupy a site that is very similar to the iron centers
(Table 4). We conclude the cobalt centers substitute for the iron
centers in this material.

In CoO, Co is also coordinated by six oxygen atoms, with a
Co-0 bond length of 2.13 A [102]. In the amorphous sample, the
bond length was determined to be 2.07(3) A, which is smaller
than that in bulk CoO. The reported Co-O distance is also
consistent with octahedrally coordinated Co that Henderson
et al. observed by EXAFS in CoFe,04 [98]. Furthermore, Nilsen
et al. [103] measured EXAFS on nanoparticulate CoFe,04 grown
hydrothermally and observed Co-O distances of 2.02(1) and
2.05(7) A in samples with particle sizes of 16 and 39 nm, respec-
tively. The difference between the Fe-0 and Co-0 distances in the
amorphous samples are representative of the difference in ionic
radii for the two elements [104], and comparable to the Fe-O and
Co-O distances determined by EXAFS for octahedral sites in
CoFe;04 [97]. Hence, it is not unreasonable to conclude that the
amorphous result is consistent with the inverse spinel structure.

4.2.3. Amorphous chromium(Ill) oxide

In the case of the a-Cr,03, the second, and even the hint of a
third coordination shells are present. The EXAFS analysis shows
that the structure of the amorphous chromium oxide is closely
related to its other amorphous counterparts. However, when one
considers the ratio of the amplitude of the first and second shells
for all the samples studied here, it is clear that the second, Cr-Cr
shell of the a-Cr,03 is much less reduced when compared to its
crystalline analog, unlike the results for the Fe and Co compounds.
This higher intensity suggests that a-Cr,03 is more closely related
to «-Cr,03 than a-Fe;03 is to a-Fe; 05, at least at short ranges.

4.3. Comparison of the structures of PMOD-prepared chromium(III)
and nanosized chromium(IILVI) oxides

The only other (to our knowledge) EXAFS study of amorphous
instances of the metal oxides presented here is the report of
nanosized, X-ray amorphous CrO, by Hwang and Choy [50]. This
section will succinctly compare these two amorphous chromium
oxides.

The first main difference is the oxidation state of the Cr in the
material obtained by Hwang and Choy, which is effectively Cr'V by
analysis of the edge position of the XANES spectrum. No structure
beyond the first coordination shell was clearly observed. This is in
contrast with the PMOD-prepared a-Cr,Os presented here, for
which higher coordination shells were observed (see Fig. 8 and
Table 5), even though no diffraction peaks were observed in the
X-ray diffraction measurements (Fig. 1) and electron diffraction
studies (not shown here). This suggests the “structural” unit in
PMOD-prepared a-Cr,03 is larger than in the material presented
by Hwang and Choy. Finally, Hwang and Choy report that the
Cr-O shell could only be fit appropriately by including both
tetrahedral and octahedral units. It was thus suggested that
chromium is actually not Cr", but rather a mixture of octahedral
Cr'" and tetrahedral Cr¥%. Their reported Cr'"-0 distance of 1.98 A
for the octahedral chromium centers is in good agreement with
the value of 1.984 A reported in this present work. Unfortunately,
no Cr-Cr distances were provided by Hwang and Choy. Never-
theless, this illustrates the usefulness of XAFS to characterize, and
allow the comparison of various amorphous oxides, both in terms
of oxidation state and local structure.

5. Conclusions

We have presented a speciation and structural investigation of
amorphous metal oxides, which can be used as model compounds
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for the surface of nanocrystalline or thin films materials. We have
used K edge XAFS to study thin films of amorphous iron oxide,
cobalt ferrite, and chromium oxide prepared by a photochemical
metalorganic deposition method. The metals are found to be
present as iron(Ill), cobalt(Il), and chromium(IIl), and to have an
octahedral geometry. The local order is found to extend only to
the second coordination shell, and this shell is generally not as
dense as in parent crystalline materials, as expected for an
amorphous material. No order is observed beyond 3.5 A. The
investigation of the magnetic properties of amorphous metal
oxides prepared by this method will be the subject of our
future work.
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