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Transition metal oxides are a class of materials that are vitally important for developing new materials with
functionality and smartness. The unique properties of these materials are related to the presence of elements
with mixed valences. The measurement of cation valence states can be performed using X-ray photoelectron
spectroscopy and other chemical techniques, but these techniques are suitable only for a large quantity of
specimens and the measured results are an average over all of the surface layer or the entire volume. For
today’s research in the nanoera, it is important to determine the valence states from a region as small as a
nanoparticle. In this Letter, we report the success of using electron energy-loss spectroscopy, attached to a
transmission electron microscope, to measure the valence states intiaa Mn-0 systems at a spatial
resolution of 26-70 nm. The reliability and sensitivity of the technique are demonstrated in reference to the

composition curves and the electron diffraction data recorded in-situ during the reductionsQaf abal
MnO, and during the phase transformation in a solid solution gDg@nd MnO3 as well.

Transition and rare earth metal oxides are the fundamental considered to play a key role in the novel electric and magnetic
ingredients for many advanced and functional materials with properties of the materidl. The valence states of metal cations
potential applications such as sensors, actuators, and transdudn such materials can certainly be chemically determined using
ers! The unique properties of these materials are often relatedthe redox titration, but it is extremely hard to be performed on
to the presence of mixed valence cations and oxygen vac&ncies.nanophase or nanostructured materials such as thin film materi-
La;-xCaMnOs-y, a material that has been found to exhibit the als. The wet chemistry approaches usually do not provide any
colossal magnetoresistance effect, is a typical example. In thisspatial resolution. X-ray photoelectron spectroscopy (XPS) can
compound, the local residual charge induced by partially provide information on the average distribution of cation
substituting trivalent La cation with divalent Ca cation is valences for nanostructured materials with certain spatial
balanced largely by the valence state conversion of Mn from resolution, but the spatial resolution is nowhere near the desired
3+ to 4+ and/or by the creation of oxygen vacancies. The nanometer scale in nanophase-material studies.

. o .

presence of mixed Mt and Mrf™ in the compound is Electron energy-loss spectroscopy (EELS), a powerful tech-
* To whom correspondence should be addressed. E-mail: zhong.wang@r.“que for materlal.s CharaCterlzatlon a.t nanqmeter Spa.tlal resolu-

mse.gatech.edu. tion, has been widely used in chemical microanalysis and the
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Sr.5C00, 25 has been quantitatively determined in reference to
the valence information of Co obtained by EELS studfé<.

In this paper, EELS is applied to determine in-situ the valence
state conversion in transition metal oxides. The sensitivity and
500 G reliability of the technique are demonstrated. It is shown that
EELS is a powerful technique for the quantitative analysis of
mixed valences in transition metal oxides at a high spatial
400 °C resolution.

The EELS experiments were performed at 200 kV using a
Hitachi HF-2000 transmission electron microscope equipped

104 200°C with a Gatan 666 parallel-detection electron energy-loss spec-
2400 trometer. A Gatan TEM specimen heating stage was employed

500 600 700 800 900 1000 to carry out the in-situ EELS experiments, and the specimen
Energy Loss (eV) ' temperature could be increased continuously from room tem-

b - = '1_4 perature to 1000C. The column pressure was kept atx3
, f .

450 °C

300 °C

Photodiode Counts x 1000

8 2 | 10‘? Torr or lower during in-situ.analy.sis. Thus, the oxygen
.._-'.[1_..’.,:. r partial pressure near the specimen in TEM was very low,
| > 1L L2 resulting in little oxidation during the experiments. The EELS
441 ‘l" o] | "]’ T T ! spectra were acquired in the image mode at a magnification of
| b2 40—-100 K, and therefore the spatial resolution was controlled
at 20-70 nm depending on the size of the spectrometer entrance
aperture and the image magnification. Polycrystalline powder
specimens were dispersed on holey carbon grids for TEM
. ; observation. A low-loss valence spectrum and the correspond-
[CoLyty r o [ " ing core-shell ionization edge EELS spectrum were acquired
1/aCoR 4 2960 1 | Sl consecutively from the same specimen region. The low energy-
82 .I{J T g d T A T 4 1 0.9 loss spectrum was used to remove the multiple-inelastic-
T T 1 * scattering effect in the core-loss region using the Fourier ratio
L 8 oot o, technique. Consequently, the data presented here are the results
100 200 300 400 500 of the single scattering of electrons.
In-situ temperature (°C) EELS analysis of the valence state is carried out in reference
to the spectra acquired from standard specimens with known
Figure 1. (a) Series of EELS spectra acquired in-situ from@o cation valence statés!* Since the intensity ratio of dlois
showing the evolution in ©K fine structure and the Gel,3 white sensitive to the valence state of the corresponding element, if a
line intensities due to the reduction of the specimen. (b) Overlapped series of EELS spectra are acquired from several standard
plot of the white line intensity ratio of CodlL, and the corresponding  specimens with known valence states, an empirical plot of these
chemical composition afo/nc, as a function of the in-situ temperature  qata serves as the reference for determining the valence state
of the CqO, specimen, showing the abrupt change in valence state ot \q glement present in a new compound. This method has
and oxygen composmqn at 40C. The error bar; are determined from been successfully demonstrated for o k8 <C00s and
the errors introduced in background subtraction and data fluctuation y - 0.50. 25 )
among spectra. Lag 67Cap 3MnO3-y, and the detailed experimental method is
reported elsewher€:16 To establish the numerical relationship
transition of an electron from a 2p state to 3d levels leads to Petween the intensity ratio of white lines with the number of

the formation of white lines. The atomic state changes from unoccupied d states, the white lines are isolated from the
2pP3d™ to 2pP3d™HD) after the excitation of a 2p electron, where  continuous background using the empirical method introduced

40 7

°u/Pu uonisodwon

36 7

Intensity ratio of Co La/Ly

e

(=]

\

m stands for the number of occupied 3d states. Tharld Lo by Pearson et &. This background subtraction procedures are
lines are the transitions of 2Bto 3c¥23cP2 and 2p2to 3B, followed consistently for all of the acquired spectra.
respectively, and their intensities are related to the unoccupied ) )

states in the 3d bands. In-Situ Reduction of Coz04 and MnO»

Numerous EELS experiments have shown that a change in  For testing the sensitivity and reliability of using white line
valence states of cations introduces a dramatic change in theintensity to determine the valence states in mixed valence
ratio of the white lines, leading to the possibility of identifying  compounds, the in-situ reduction behavior o&Ogpis examined
the occupation number of 3d orbitals using EELS. Morrison first. Figure la shows a comparison of as-acquired EELS
et al!? has applied this technique to study the valence modula- spectra of CgO, as a function of temperature. Three striking
tion in the FeGey— alloy as a function of Ge doping. The 3d features are observed. First, the fine edge structure-¢f &
and 4d occupations of transition and rare earth elements havedramatically changed when the specimen temperature is higher

been studied systematically by Pearson ét°allhe reliability than 400°C. The change of near edge structure indicates a
of this measurement has been examined for the-Mrsystem change in the density of states in the valence band, i.e., solid
in comparison to the molecular orbital calculatif8nThe crystal state effect, which indicates a possible structural evolution.

structure of a new compound MgBrsO10 has been refined in ~ Second, since the integrated intensity of the ionization edge is
reference to the measured Mn valenteand the oxidation proportional to the atomic concentration of the corresponding
states of Ce and Pr have been determined in an orthophosphatelement, a decrease in—<K intensity as the temperature
material, in which the constituents of Ce and Pr are on the orderincreases indicates a reduction in oxygen content. Finally, the
of 100 ppm. Recently, oxygen vacancies in k&a 3MnOs_s relative intensity of Ce-L, to Co—L3 decreases as the specimen
have been determined to be less than 2.2 at. % on the basis ofemperature increases, characterizing a change in valence state.
the measured Mn valenéeand the crystal structure of bg A quantitative representation of these changes is displayed in
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Figure 2. Series of electron diffraction patterns of thesOpspecimen recorded in-situ, showing the transformation in crystal structure above 475

°C.

Figure 1b, in which the Co 4L, ratio and the relative
composition ofnp/ne, are plotted as a function of the specimen

particles at different temperatures. The starting material is cubic
Co304 with a spinel structure and a lattice constant 8.083

temperature. The specimen composition was determined fromA (Figure 2a). The crystal structure, Co valence states, and

the integrated intensities of the-&X and Co-L, 3 ionization

oxygen composition are preserved up to 490. In the

edges with the use of ionization cross sections calculated usingtemperature range of 46@75°C, the reduction process occurs

the SIGMAK and SIGMAL program$. The Lg/L, ratios
corresponding to Cd, determined from the EELS spectra of
CoSQ and CoCQ at room temperature, and corresponding to
Co*87 obtained from CgO, are marked by shadowed bands,
the widths of which represent experimental error and the
variation among different compounés.The Co Ly/L , ratio and
the composition,no/nc, simultaneously experience a sharp
change af' = 400°C. The chemical composition changes from
0:Co= 1.33+ 0.5 to O:Co= 0.95+ 0.5, accompanying the
change of the average valence state of Co from-2.6Y 2+
when the temperature is above 4TD.

To trace the evolution of crystal structure, electron diffraction
patterns were recorded from the same aggregate @Of£o

and the Co valence is modified although the crystal structure
still preserves the spinel type (Figure-2&). Soon after the
temperature reaches 50Q, the crystal structure converts to
CoO of the NaCl-typeg = 4.2667 A) (Figure 2f), which is
certainly consistent with a composition of 0:600.95+ 0.5
and the Co valence of+2 (Figure 1b).

The second experiment is on the reduction of Mn®igure
3a shows a series of EELS spectra recorded from a single
crystalline MnQ as the specimen temperature was increased
from 24 to 500°C. The features seen from the spectra are
similar to those described above for £0a: the reduction of
the material is accompanied by a change in the valence state of
Mn. A plot of composition,no/nun, and white line intensity,
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Figure 3. (a) Series of EELS spectra acquired in-sitt from MnO  Figure 4. Single-scattering EELS spectra of (a) Madand (b) Fe-
showing the evolution in ©K fine structure and the MaL,3 white L,z ionization edges, recorded in-situ from the solid solution ofze

line intensities due to the reduction of the specimen. (b) Overlapped and MnOs, showing a temperature-driven structural evolution.
plot of the white line intensity ratio of Mn 4L, and the corresponding
chemical composition afio/nu, as a function of the in-situ temperature

45—
of the MnG; specimen based on EELS spectra, showing a continuous @ 2 Chs
change in Mn valence state and oxygen composition. 404 . 0 K 8
oy 0¥
}’ I
Mn Lg/L; is given in Figure 3b; the shadowed bands indicate T 35 ¥ 5
the white line ratios for M&", Mn3*, and Mrf* as determined ?5 &
from the standard specimens of MnO, ¥hx, and MnQ, g 30
respectively’:1> The reduction of Mn@occurs at 300C, lower 2 Q
than the one for GD,. As the specimen temperature increases, § %° Te! i
the O/Mn ratio drops and thesll, ratio increases, which £ .- rf},:fx‘? :nﬁ-
indicates the valence state conversion of Mn fromté lower ' - '
valence states. Af = 400°C, the specimen contains the mixed 1o E—
valences of Mfit, Mn3t, and Mr#*. As the temperature reaches 0 100 200 800 400
450°C, the specimen is dominated by Rrand the composition In-situ temperature (°C)
has O/Mn= 1.3+ 0.5, slightly higher than that in MnO, which ()
is consistent with the mixed valence of Mn cations and implies 104 ML}‘} { { {
the uncompleted r tion of M
e uncompleted reduction of MO g ‘} } {
In-Situ Solid State Reaction in a FeO3—Mn 03 Solid %;o.e - %
i a
Solution e } %
EELS studies of the above two specimens have clearly 3 02
illustrated the sensitivity and reliability of using the white line « i % % % %
intensity ratio to determine the valence states of transition metal HH% } %
elements. To demonstrate the extensive application of this 0.2 r . .

0 -100 200 300 400

technique, EELS study of solid state reaction in anQze- In-situ temperature (°C)

Mn,0s solid solution has been conducted. The specimen was
prepared by the coprecipitation method. The agueous solutions 3 .

. . on the EELS spectra recorded from the solid solution alOgeand
of FeCh and_ MnC} were f|rsF mixed, ar_1d then co_ncentrated Mn.Os, showing a slow valence conversion process due to the solid
NaOH solution was added into the mixed solution to form giate reaction. (b) Calculated relative populations of Mand Mr?+

precipitation. The crystallographic structure of the as-synthe- hased on the white line intensity ratios, illustrating the valence
sized specimen was determined by X-ray and electron diffrac- conversion process in the reaction.

Figure 5. (a) Plot of the white line intensity ratio of Mn4lL,, based
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Figure 6. Series of electron diffraction patterns recorded from the solid solution @snd MnOs;, showing a sharp change in crystal structure

as the temperature increases from 320 to 3860

tion. The diffraction patterns showed it is a solid solution of
Fe0Os; and MnO3 with the ratio of Fe/Mn about 2. This result
is consistent with the RE®3;—Mn,03; phase diagram revealing
a favorable formation of a solid solution containing 3 from

15 to 75 mol %8 Fe,O3 has a corundum structure, and ¥
has arC-rare earth structure. The formation of My is rather

With the use of white line intensity, it is possible to determine
the ratio of M#t/Mn2* at different temperatures in reference
to the empirical curve measured experiment&ilyA plot of
the calculated relative population of ¥fhand Mr#* is given
in Figure 5b. The valence conversion from ¥rto Mn?t is
apparent as the temperature increases. The conversion starts

not a surprise since it is the favorable product when the aqueousat T ~ 90 °C and ends af ~ 310°C.

solution of MnC} is added with a strong base and becomes

To understand the nature of this slow evolution process,

very basic'® The specimen shows well-dispersed nanoparticles electron diffraction patterns were recorded in-situ from the same

with sizes of 5-10 nm. EELS spectra were acquired in-situ

aggregation of nanopatrticles, and the result is shown in Figure

from a cluster of particles, as shown in Figure 4. Itis apparent 6. There is no structural change for M and FeOs at

that the relative intensity of MnaL, with respect to Mr-L3
decreases as the temperature increases, indicating a change
Mn valence. However, thegll ; ratio of Fe shows little change,
indicating the stable valence state ofFewhich is reasonable
since F&" is a very unstable species. A plot of Mn/L; is
given in Figure 5a, which displays a slow variation in contrast
to the sharp variation observed in Figure 3b for Mn@ue to

the limitation of the technique, there could be some ambiguity
in distinguishing the valence state between3Wand Mrf+
since the difference indlL, ratios for M+ and Mrf is rather
small. In this case, the structural information provided by
electron diffraction can resolve the uncertainty in identifying
the valence state. The white line intensity/LL,, shows almost

no change at temperatures below 1@ It increases from
100 °C and becomes stabilized at 320, which implies that
the valence state of Mn transfers from30 2+ within this
temperature range.

temperatures lower than 34C. Although FeOs; and MnpO3
imave different crystal structure, the diffraction rings ob®e

are almost overlapped with those of M3 (the diffraction rings

with significant intensities for R8s aredp12)= 0.368 nmd104)

= 0.27 nm,d10) = 0.252 nm, analesy = 0.229 nm and for
Mn,O3 aI’Ed(zn): 0.384 nm,d(222)= 0.272 nm,d(321) =0.251

nm, anddgoeg) = 0.235 nmy¥° The reflection rings of MgO;

and FeOj3 are almost coincident, and the difference between
them is hardly distinguishable using either electron diffraction
or X-ray diffraction because of the line broadening in the spectra
induced by small crystal size. As the temperature approaches
360°C, the crystal structure is transformed into the spinel type
(Figure 6d), indicating the formation of Mng@., which is
supported by the chemical microanalysis. Since trivalent Fe
cations are present in both 83 and MnFeQy, this solid state
conversion process is also consistent with the slow increase of
the Lg/L, ratio (Figure 5) that represents a graduate transforma-
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