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Pure ground tungsten trioxide W@nd (1-x)WO;_,-xReO, mixtures were studied by x-ray
absorption spectroscopy, x-ray powder diffraction and Raman spectroscopy in comparison with
hydrogen bronzes fVO; and hydrogenated calcium tungstate Ca)\HD It was found that a
grinding of pure WQ leads to a decrease of the crystallites size and a development of the bluish
coloration. The color change was found to be reversible under moderate heat treatment or after
storage in oxidizing atmosphere and is attributed to the reducedidis, located at the surface of
freshly ground powder. The (Ix)WO;_,-xRe0O, mixtures were found to be composed of
monoclinic/orthorhombic W@and orthorhombic ReOphases with a grain boundary containing
reduced W'* ions which are mainly responsible for the compound color at low rhenium ion
concentrations. In both cases, thd®WP* (0<z=<1) color centers are responsible for strong
optical absorption resulting in the dramatic decrease of the total Raman intensity. The structural
models of free surface in pure ground W@nd bulk WQ/ReG; intragrain boundary in
(1—x)WO3_,-xReQ, mixtures are proposed and discussed. 1@98 American Institute of
Physics[S0021-8978)07322-9

I. INTRODUCTION the tungsten in the valence staté By the presence of other
oxides, as for example in the (X)WO;_,-xReG,
Tungsten trioxide W@ is an important technological system'?
material widely known for its electrochrontiand catalytié Depending on the reduction method, thé& Wolor cen-
properties. These are determined by the ability of tungstefers can be found in the bulk or at the surface of crystalline
ions to change their valence state upon reduction/oxidatiograins. Moreover, depending on the concentration of such
processes both in the bulk and at the surface of crystallingenters, the additionaldselectron can be localizetsmall
grains. In stoichiometric W¢) the tungsten ions have the polaron or delocalized on few(large polaroh or infinite
valence state & with the 5d shell being empty. The crys- (conductive electronnumber of tungsten ionsMost works
talline structure of tungsten trioxide is of distorted Reé¢pe  up to now were devoted to the study of bulk color centers
and is composed ¢WOs] octahedra joined by corners with with localized (as in amorphous thin films or glasesr
tungsten ions being off-center due to the second-order Jahgtelocalized(as in bronzes5d electrons-** However, re-
Teller effect’ cent applications of the scanning tunneling microscopy
The defect-free W@single crystals are transparent with (STM)'>16 allowed to probe the free surfaces of JNaWO;
a band gap about 2.9 eV at room temperati®€), whereas  and WGQ, crystals and to study their reconstruction upon an-
commercial WQ powder has yellow or yellow-greenish nealing in ultrahigh vacuum at the atomic scale. In both
color and appears to be-type semiconductor due to the cases, one deals with a W®urface layer with half a mono-
presence of bulk defecfsvhen the valence state of tungsten |ayer of oxygen ions, and electrical neutrality is maintained
ions is reduced, the oxide turns to be blue coldr&tie color by the tungsten ions reduced from®o W2 with a local-
centers are generally attributed to defects consisting of eleGzed 54 electron configuratioh®®
tron charge excess, localized at the octahedra basic units Thus, the presence of reduced tungsten ions in a com-
[W°"O¢].® The blue coloration can be induced by different pound is one of the main responsible for its physical proper-
methods such as electrochemical insertion of small caffns, ties such as optical absorption, catalytic activity and electron
UV irradiation;~*® annealing in vacuuft and ion beam conductivity. Therefore the study of such centers is of great
bombardment? Besides, we have found recently that freshlyinterest from both fundamental and applied points of view.
ground WQ powder also has bluish color whose intensity |, the past, the W centers were mainly probed by electron
depends on the grinding tintélt is also possible to stabilize spin resonancéESR) technique, optical absorption and x-ray
photoelectron spectroscogXPS).! All three methods pro-
dElectronic mail: xas@latnet.lv vide mainly information on the electronic structure of the
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W5* centers, whereas their direct structural investigatibns |CDD 20-483. Upon hydrogen loss, they transformed first
are usually difficult due to small concentration of the reducednto orthorhombic RWO; phase, withk= 0.1 (JCPDF-ICDD
sites compared to the total number of tungsten ions in #-210, and later turned into monoclini¢) WOs;.

compound. Therefore, one can expect to elucidate more by A series of (:-x)WO;_,-xReQ, mixtures was pre-
using a combination of different direct and indirect structuralpared from variable amounts of W@nd ReQ starting pow-
techniques applied to the same samples. ders. In the chemical formula, the indexdenotes the rela-

In this work, we present a complex structural study bytive molar fraction of rhenium ions, and the indgxeflects
x-ray diffraction (XRD), extended x-ray absorption fine the nonstoichiometry of the final product. Note that the use
structure(EXAFS), and Raman spectroscopy of free surfaceof this notation does not imply the formation of a new phase
in pure ground W@ and bulk intragrain boundaries in (1 of a mixed crystal or a solid solution, however, we cannot
—X)WOj,_,-xReQ, mixtures in comparison with hydrogen exclude from our data a possibility for partidss than 1%
bronzes WO, and hydrogenated CaW@. We propose incorporation of Re or W ions into tungsten or rhenium rich
two structural modeléfree surface model and bulk intragrain phase, respectively. The starting oxide materials were finely
boundary modglwhich take into account modifications of ground in air by manual grinding for some minutes, and then
both atomic and electronic structures around tungsten ionssealed under vacuum in quartz ampoules, which underwent

The article is organized as follows: in Sec. Il, the detailssuccessive heating for 17 h at 450 °C and then for 73 h at
of different samples preparation and experimental technique800 °C. After the thermal treatments, the powders were
as EXAFS, XRD and Raman spectroscopy are described; iggain reground manually in air. Following this procedure
Sec. lll, main results and correlations between them foungeven different samples were obtained with a composition in
by different techniques are discussed, and two structurdhe range 8<x<1. Their color was varied from grayish-blue
models, free surface model for ground Wend bulk intra-  to black. Since rhenium trioxide decomposes in vacuum into
grain boundary model for (2x)WOj;_,-xReQ, mixtures, solid ReQ and gaseous R®, at about 400 °C, the true
are proposed; in Sec. IV, the summary of the work and mairimolar composition X) and the phase content of the (1
conclusions are presented. —X)WO;_,-xReQ, mixtures was different from the molar
ratio of starting oxides. The value was determined by x-ray
absorption spectroscopXAS) from the ration of the W and
Rel; edge jumpgsee Sec. Il ¢ it was equal to 0.05, 0.11,

A. Sample preparation 0.17, 0.21, 0.24, 0.51 and 0.81. XRD was used to determine

The starting compounds used in the present work werd® Phase compositiofsee Sec. Il B the presence of two
commercial WQ (yellow), ReQ; (dark-red and Cawq PhasesWOs; and Re@) was found.
(white) powders with a nominal purity of 99 to 99.99%.  Finally, hydrogenated CaW{H samples were prepared
From these powders different sets of samples have been oHSiNg the same procedure as fofWiO; bronzes, i.e., the

tained and studied separately. The “as-purchased” IOOWde,lgydrogen insertion has been performed ia 1hN solution of
will be called in the following as “virgin” powders. sulfuric acid in the presence of metallic indium as catalyst.

It was found by our XRD and Raman measureménts The fresh CaW@H were deep-blue _colored. No change in
that commercial W@powder, which underwent a mild mill-  the phase of CaWgpupon hydrogen insertion was detected
ing procedure consisting of a manual compression in a mor?Y 0Ur XRD measurements. The hydrogen doped CaWO
tar of agate for a few minutes, structurally differs from the Sémples were unstable and turned back to Ca\tf@r sev-

virgin WO, powder. This kind of powder will be labeled as €ral hours of exposure to air.
“treated powder.”
A set of samples was produced from the virgin WO B. XRD measurements

powder by mechanical grinding using a Retschmuele ball X-ray powder diffraction patterns of ground W@ow-
milling machine. Three balls of agate having diameters beyq,g [Fig. 1@] and (1-X)WO;_,-xReO, mixtures [Fig
. —y .

tween 0.5 and 1 cm and weight between 0.17 and 1.09 g} were recorded using a Bragg-Brentano-type diffracto-
were used. The working frequency was of the order of 1 Hzyoter(talStructures with a graphite monochromator in the
(50-70 cycles per mmu)eand the grinding time was in th.e diffracted beam for elimination of sample fluorescence. Con-
range from a few minutes up to 21 h. The samples obtaineggantional tube with copper anod€u Ka radiation was
by means of this treatment will be referred as “ground pow- oy as x-ray source. The measureméatdd scans were
ders.” It is important to note thatreshly ground powders performed at room temperatuf&T) in the angle range @
were bluish colored with the color density being stronger for_ »q_g5e and a step (26)=0.05°. The samples for XRD
longer time of grinding. _ _ were prepareda) by mounting a powder in the standard
Hydrogenated samples with a general cOMPpOSItionyample holder made of copper ) by deposition of the

H,WO; were prepared by H insertion to the virgin W@ o vder on a Millipore filter from an aqueous suspension
powder place.dn .1 N aqueous solution of sulfuric acid in the yiyen by a vacuum pump.

presence of indium as catalyst. The hydrogen content was

estimated by comparison of x-ray powder diffraction patterns
for our samples with that available in the literature. The as-C' EXAFS measurements
prepared samples had deep-blue color and the composition X-ray absorption spectréFig. 2) of the W and Rel;

x=0.23 corresponding to the tetragonal pHAsdCPDF- edge in (- X)WO;_ - xReQ, mixtures and pure Wowere

Il. EXPERIMENT
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FIG. 1. (a) XRD patterns of ground WQpowder as a function of the
milling time from 2 min to 21 h. Note that virgin WQpowder is in the  FIG. 3. Experimental EXAFS(k)k? spectra of the W and Rie; edge in
monoclinic (I) phase whereas the one ground for 2 min is in the triclinic (1-Xx)WO;_,-xRe0, mixtures. The data for pure WJx=0) and Re@
phase. A strong broadening of XRD patterns occurs at longer milling timecrystals are shown for comparison.
due to a decrease of the grains sige. XRD spectra of (:x)WO,_,
-XReO, mixtures for various compositions. The XRD pattern ¥er0 cor-

. >0. .

o1 he ReG phase.are visiie, additonally o those of wahicn wans, €COrded at the LURE DCI storage ring on the EXAFS-3

forms to the orthorhombic-type phase. beamline located at the bending magnet. The storage ring
DCI operated at the energy 1.85 GeV, at a maximum stored
current 316 mA. A standard transmission scheme with a
Si(311) double-crystal monochromator and two ion cham-
bers containing argon gas was used. The measurements were
done at room temperature. The EXARBig. 3), located
above the edge, was extracted using the EDA software

7 ———— ——— ———— packagé® following the standard procedut®.The ratio of
Lya=W the W to Rel ; edge jumpA u(L3—W)/Au(L;—Re) was
6 1 used to determine the true content of the-()WO;_,

-XReO, compounds.

D. Raman measurements

The Raman measurements were performed in back-
scattering geometry using a microprobe setup, consisting of
an Olympus microscopémodel BHSM-L-2, mounting an
objective 80< with a numerical aperture NAO.75 and
coupled to a 1 m focal length double monochromator Jobin-
Yvon (Ramanor, model HG29Sequipped with holographic
gratings(2000 grooves/mm The spectral resolution was of
the order of 3 cm®. The scattered radiation was detected by

Absorption (arb. units)

10100 10400 10700 11000 a cooled (35 °C) photomultiplier tube(RCA, model
C31034A-02, operated in photon counting mode. The signal
Energy E (eV) was stored into a multichannel analyzer and then sent to a

FIG. 2. Experimental x-ray absorption spectra of the W and_-Redge in microcomputer for the _anaIySIS' The spectra shown in Figs.
(1-X)WO;,_,-xReQ, mixtures. Only few signals are shown for clarity. The A.r, 5@ and 9 were excited by the 530.9 r(rYEHOV\{'gre'e')
spectra of pure WQand ReQ are shown for comparison. line of a Krypton laser. The spectra presented in Fidp) 5
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FIG. 4. (a) Raman spectra\,=530.9 nm) of ground W@powder as a Raman shift (cm")

function of the milling time. A decrease of the Raman intensity and an

increase of the Raman bands broadening occur with increasing time of thEIG. 5. (a) Variation of the Raman band at 950 cmi® in ground WQ

milling. (b) Raman spectrdexciting wavelength was 530.9 nnof (1 powders relative to the stretching mode at 800 tras a function of the

—X)WO;_,-xReQ, mixtures for various compositions. The intensity of ~ milling time. While the total intensity of the Raman signal decreases with

the upper spectrum, corresponding to the treated; \M@vder k=0) was increasing time of the millindsee Fig. 4a)], the relative intensity of the

reduced ten times. band at ~950cn® increases. (b)) Raman spectra of 0.95W0,
-0.05ReQ@ mixture excited with different wavelength lasers. The Raman
intensity was normalized to the band at 800 ¢mThe resonance effect is
visible for the band at-970 cn'®: its intensity is higher for the excitation

were excited by the 488.(blue) and 514.5(green lines of  in the red spectral range g=647.1 nm).
an Argon laser and 568(¥ellow) and 647.1 nrired) line of
a Krypton laser. The spectra shown in Fig. 6 were excited by
(@) the 530.9 nm andb) 568.0 nm lines of a Krypton laser. sult is consistent with the fact that no amorphization can be
The lasers were operated so that the power entering in thachieved in tungsten trioxide using mechanical grinding as
microscope was maintained below 10 mW for the 488.0 andvas observed in Ref. 21
514.5 nm lines, 20 mW for the 530.9 nm line and 60 mW for ~ One can also note that at initial stages of grindirge
568.1 and 647.1 nm lines. patterns of virgin and 2 min ground Wan Fig. 1(a)], the
phase transformation from monoclinic to triclinic phase rap-
idly occurs at ambient temperatufieThis transition can be
1. RESULTS AND DISCUSSION easily followed by looking the evolution of low frequency
bands(up to 100 cm?) in the Raman spectf&ig. 4a)]. The
A. Ground WO 5 low fre band ttributed to the external mod
guency bands are attributed to the external modes.
X-ray powder diffraction patterns of ground W@ow-  They are noticeably affected by the transitions between the
ders are shown in Fig.(&). Significant broadening of the low symmetry phases of WQwhich involve mainly collec-
Bragg peaks occurring upon increasing of the grinding timetive rotations of the basifWOg] octahedral unité>?* The
is observed and is attributed to a decrease of the crystallinarger sensitivity of the Raman spectra for the monoclinic-
grain size. Our estimate, using the conventional Scherreto-triclinic transition compared to XRD is related to the fact
method?® suggests that the relative size was reduced abouhat the XRD patterns are mainly sensitive to the tungsten
five times during the first two hours and no further reductionatoms positions, which negligibly change during the transi-
of crystallites dimensions has occurred in our experimentalion. The Raman spectra show different features in the
conditions for longer times of grindingFig. 7(@)]. This re-  monoclinic and triclinic phases:in particular, the relative
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FIG. 6. Raman spectra of hydrogenatepH,WO; and(b) CaWQ,:H com-  FIG. 7. Variation of(a) the relative grain size anth) Raman intensity in
pounds. Note that upon hydrogen loss, the total intensity of the Ramapyre ground WQ as a function of the grinding time. The solid lines are
signals increases in both cases. BesidgaV@; powder transforms from  guides for the eye. Note that Raman spectra were taken from freshly ground
tetragonal Ig,3WOs; to orthorhombic | WO; and, finally, to monoclinic  powders. The correlation between two phenomena show)iand (b) is

(1) WO, phase whereas the phase of tungstate does not change, being alwayglained by the damping of the Raman intensity at the color centéfs W
tetragonal as of pure CaW@see Ref. 2 created by the grinding process and located at the fresh surfaces of grains.

In Fig. 8, we show the XRD patterns for two arbitrary
intensity of the 34 cm? peak (typical of monoclinic phase samples which were measured on freshly ground powders
decreases and that of the 41 chpeak (typical of triclinic  and after their treatment in air at moderate temperalure
phasg increase$Fig. 4a)]. =90 °C for 8 h. One can see that no difference is observed

Upon the increase of the grinding time to many hours, an the XRD patterns for fresh and thermally treated grounded
further variation of the Raman spectra occurs and is mainlpowders. This means that the average grain size remains un-
related to a broadening of the bands and a decrease of tlwhanged. However, the color of both samples was different,
total Raman intensity. Both effects are well visible in Fig.i.e., bluish before and yellow after heat treatment. Such
4(a). We should point out that all spectra were recorded orchange of color was observed for all powders being ground
freshly ground powders having bluish color of different in- for different time and heat treated after that, as well as for
tensity. As has been mentioned in Sec. Il A, the powderground powders stored at RT in air for a long time. In con-
experiencing longer grinding time were deeper colored.  trast to the XRD results, the Raman spectra of fresh and

The variation of the Raman intensity for freshly ground thermally treated ground powders were found to be different
powders as a function of the grinding time is shown in Fig.(dashed and dotted curves in Fig. 9, respectivéioreover,

7(b). It can be observed that Raman intensity decreases rafi-was observed that upon heat treatment the intensity of the
idly during first two hours of the treatment and remains un-Raman signal increases and the spectrum becomes close to
changed for longer times. By comparing Fig&)7and 1b),  that of starting treated Wpowder(solid curve in Fig. 9.

one might expect that the two phenomena, i.e., decrease &fnally, we conclude that the changes in the XRD patterns
the grain size and Raman intensity, are strongly correlatedare mainly due to a decrease of grains size that is not revers-
However, this conclusion is misleading and can be ruled outble at moderate temperature treatments. On the contrary, the
by the following experiment. changes in the Raman spectra intensity are determined
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WO, B. Hydrogenated H ,WO;,
- 001 — farfet):? heatin The tungsten trioxide powder transforms upon hydrogen
- - g . L
‘= 500 | insertion into deep-blue colored hydrogen bronzgM®,
=] ! Time of which has the tetragonal phase for the hydrogen content
a 400 grinding 0.15<x<0.502* However, this tungsten bronze is unstable
— [ )i 4 against oxidizing atmosphere so that the powder returns back
I 300 P i - :
b i ” /,r-\ - } 4h to yellow monoclinic (I) WO; phase, passing through the
;‘ 200 F* s PN St orthorhombic HWO; (0.1<x<0.15), during exposition in
@ ak ! air for a long enough timé& In our case, the initial hydrogen
[ 100 = i 25h content was estimated from XRD data to be about 0.23 and
c 0 k! Wit e A e the evolution of the Raman spectra in the high-frequency
20 25 30 35 40 45 50 55 60 65 region upon hydrogen loss is shown in Figa)s
. Because of the fast de-hydrogenation process occurring
26 (°) during the Raman measurements, no quantitative estimation

.. of the hydrogen content was possible for intermediate com-
FIG. 8. XRD patterns of ground W{powders: solid lines—freshly ground it H the ti fth tra in Fi
(bluish coloy, dashed line—after heating in airrf@ h at 90 °C(yellow positions. FHowever, the ime sequence o e spec rq 'n 1g.
color). Note that no change in the grain size occurs after moderate hedd(&) corresponds to a decreasexofrom 0.23 to 0. To mini-
treatment, while the color of the powder changes from bluish to yellow.  mize systematic errors, the spectra were collected very rap-
idly, losing somewhat in the signal-to-noise ratio. Besides,
the data acquisition for all spectra was started from the

mainly by the bluish coloration of the powder, which is re- higher frequency side to avoid a bias in the intensity ratio of
versible against heat treatment in oxidizing atmosphere. Thé10—816 cm* bands which depresses the lower frequency
effect of the grains size on the total Raman intensity appear@ode upon de-hydrogenation process. In fact, the 710'cm
as a small decrease due to bands broadening and is weakepde decreases strongly with respect to the 816'amode

compared to the effect of coloration. upon hydrogen insertion, and disappeldtig). 6(a)] for pro-
It is interesting to note that upon extensive grinding aton concentrations lower than the maximum attainable (
new Raman band is growing at about 940 &fFig. 5a@)]: it =0.23). The above mentioned experimental procedure in-

can be observed already after 15 min of grinding. The bandures that the effect is true.

increases its relative intensity with increasing time of grind-  The observed variation in the number of Raman bands
ing in spite of the total Raman intensity decreases and baipon hydrogen loss is consistent with the structural transfor-
comes very well visible in the Raman spectrum of themation from tetragonal to orthorhombic and finally mono-
sample ground for 21 h. This band remains nearly unchangeglinic phas€®* Note that the 816 cm' stretching mode re-
upon moderate heat treatments, which result in the reconnains observable even for the highest proton content,
struction of the total Raman intensity. Therefore we attributq;orresponding to the tetragonal HHWO; phase.

the presence of the 940 crhband to surface tungsten— Besides the modifications of the Raman spectra related
oxygen bonds whose relative number increases with a dgy the phase transition, strong changes were observed in the
crease of grains size. total intensity of the Raman signal for hydrogenated samples.
This effect is attributed to the optical absorption effect
caused by the blue color centers, appearing with the proton
insertion and associated with reduced tungsten ions in the
(6—x)+ valence state. The injected electrons occupy tthe 5
states of tungsten ions and have delocalized character being
responsible for metallic conductivity of tungsten bronZes.

An interesting aspect of the Raman spectra evolution in
H,WO; is a dependence of the highest stretching mode fre-
qguency on hydrogen contenfFig. 6@]: upon de-
hydrogenation, its frequency decreases from 814cin
Ho.2aWO; to 806 cmit in monoclinic (I) WO;. Such a be-
havior is not expected from the variation of the W—O bond
length, since the latter becomes longer in bronze with higher

Raman shift (cm™) proton content and, therefore, one would think about a de-
FIG. 9. Raman spectra of the same sample of \80lid line (intensity was crease of the W-O _StretChmg frequency. HOW?VGI‘, this pic-
decreased two timgs-starting treated powdéyellow colop, dashed line—  ture does not take into account the change in the valence
after 1 h of milling (bluish coloy, dotted line—after storing fo8 hinairat  state of tungsten ions, which works in the opposite direction,

90 °C(yellow color. Note that the color of the ground powder returns upon o that for more reduced state one expects stronger bonding
oxidation to those of starting treated powder. Also the Raman intensity o

the ground powder increases upon oxidation but remains weaker than that tween tungsten a_md oxygen Il.gands. The mterple}y of these
starting treated powder due to the difference in the grain size. two effects results in the behavior observed experimentally.
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C. (1-x)WO3_,- xReO, mixtures the spectra of pure WQmeasured at temperatures well

X-ray diffraction was used to study the long range order@bove the ambient one. The addition of rhenium oxide does
in the mixture of compounds with the aim to check for the not induce any remarkable change in the spectral shape, like
formation of either solid solution or multiphase systEfig. 1€ appearance of new bands, except a weak band at
1(b)]. The powder diffraction patterns of (Ax)WO;_ ~970 cm - discussed later. This fact suggests that no
-xReO, can be interpreted by assuming the presence éf wwg§hemical reaction or formation of solid solution occur in the
phases(1) tungsten trioxide W@with monoclinic symme- bulk of the crystal grains, and the rhenium-rich Rethase

try at x=0.05 and monoclinic/orthorhombic symmetryat ?S nqt Raman active. T_his _is not surpris?ng sinc_e rhenium
>0.05 and(2) rhenium dioxide Re@with orthorhombic ions in ReQ are located in highly symmetrical environments

symmetry which corresponds to the high-temperature rutile@nd the oxide has metallic conductivity: both facts reduce

. strongly the Raman activity.
type structure(JCPDF-ICDD 9-274 The evidence for the S .
orthorhombic-type phase of WO which exists at about The most stricking effect observed in Raman spectra of

330 °C in pure oxidé? is strongly supported by the doubling 'Er}e_ Qz;/rvngz_iyr.\t):e Ei% '3 rsaaﬁiirteoa;?: storfo rt]r?eq;(;?bc:tlgr?t of
of the relative intensity of the first diffraction peak ab 2 y up 9

" amo : . o .~ [see the difference in the intensity of spectra ¥er0 and
=23°. Thus, the mixture of two oxides stabilizes them 'nt0x>0_05 in Fig. 4b)]. The presence of only 5% of RgO

the phases_ occurring in pure state at h'gh temperatures. No ecreases drastically the total Raman intensity by a factor of
also that diffraction peaks from the mixture are very narrow.

ith widths bei ble to th ¢ ten trioxid 20. Further increase of the Rg®©@ontent in the range from
with widihs being comparable 1o the pure tungsten oxidg, _q o5 19x—0.21 additionally lowers the intensity by a fac-
[Fig. 1(b)]: this suggests the large grain size for each o

h a4 th he | | ¢ th i of th : tor of 2, and, finally, in the sample with=0.81 no appre-
p asef and, thus, the Srge value of the ratio of the volumegj pie Raman signal is observed. Note that the dramatic in-
to-surface atoms number. tensity decrease versuscannot be justified by the decrease
However, since the sizes and electron structures of tungss the tungsten oxide content.

sten and rhenium ions are close, it remains unclear from  gjnce 51 mixtures are colored from grayish-blue for low
XRD data if some substitution of tungsten by rhenium ory \51yes to black for high values, and the color was found
vice versa is present W|th|p each of phase. To answer thig, pe stable against oxidizing atmosphere, we suggest that
question, the x-ray absorption spectroscopy was used. e decrease of the Raman intensity is related to the forma-
The experimental x-ray absorption spectra of the W andjon, of associated color centers, similar to the case of ground
Rel ; edges are shown in Fig. 2. The variation of the ratio ofWO3 powders(see beforg with the reduced tungsten ions
the absorption jumps at two edges is well visible as a funcigcated at the tungsten oxide grain surfaces betweer, WO
tion of the composition. The small separati@bout 320 €Y ang ReQ phases. These color centers are supposed to be
between two edges and the partial overlap between the EXesponsible for a quenching of the Raman intensity and their
AFS located above the tungsten edge with that above thgodel will be discussed in Sec. Il E.
rhenium edge do not allow to perform accurate analysis, Additional proof for the existence of such color centers
however qualitative conclusions can be drawn from compariin (1-x)WO;_,-xReQ, is provided by the appearance in
son with reference materia(8VO; and ReQ). the Raman spectra of a new band-~a970 cm ! [indicated
The extracted EXAFS signals are shown in Fig. 3. Onepy arrow in Fig. %b)]. The relative intensity of the band
can see that the noise in experimental data increases withshows dependence on the wavelenatl of the exciting
decrease of the iofW or Re content. A comparison of the light and increases with increasing, being the largest for
EXAFS signals for the same edge shows their great similarthe excitation with the red light\,=647.1 nm). It is well
ity and allows to conclude that the average local structur&nown' that reduced tungsten centers give an origin for the
around both tungsten and rhenium ions remains unchangesptical absorption band in the range from 0.5 to 3.0 eV with
for different compositions. Further, it should be pointed outthe maximum at~1.2—-1.4 eV. Therefore, the increase of
that the EXAFS signals of the mixtures at the W and Rethe band intensity at-970 cni® can be directly related to
edges are very similar to whose of pure Weénd ReQG, the resonance Raman effect, and, thus, its origin can be at-
respectively, suggesting closeness of their local structures.tributed to the W—-0O stretching modes at the reduced tung-
Finally, the results obtained by the direct structural tech-sten sites.
nigues as XRD and EXAFS suggest that{2)WO;_,
-XReO, mixtures consist of two separate phases J\0nd
ReO, The interaction between the phases at grain bound®: Hydrogenated Cawo ,:H
aries stabilizes each other in orthorhombic symmetry exist- The Raman spectra for CaW® powder as a function
ing in pure oxides at high temperatufe 330 °C for WG,  of de-hydrogenation process are shown in Figh).6They
and >300 °C for Re@). As we will show below, this con- were normalized to the intensity of the high-frequency band
clusion is also supported by the Raman spectroscopy. at 911 cm* corresponding to the W—0 stretching mde.
The Raman spectra of the {IX)WO;_,-xRe0; series The total Raman intensity for the deep-blue colored
are shown in Fig. é). All the observed vibrational modes in powder[lower curve in Fig. &)] was very low, that is well
the frequency region from 20 to 900 ¢ for all mixtures, visible from the small signal-to-noise ratio in the experimen-
can be assigned to tungsten oxide dynamics. The Ramaal spectrum. During de-hydrogenation process, the color of
spectra in the mixtures with higharseem rather similar to the powder becomes lighter and the intensity of the Raman
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signal increasedmiddle curve in Fig. &)]. Finally, the
powder took white color as those of pure Cay@nd the
Raman spectrum turned to be very intefigpper curve in
Fig. &(b)].

It is important to note that all Raman bands at any stage
of the de-hydrogenation process agree well with whose of
pure CaWQ,?® and no additional bands were observed. To-
gether with our XRD findings, this confirms that no change
of phase occurs in CaWQupon hydrogenation. However,
the presence of hydrogen modifies the color of the powder
from white to deep-blue and decreases strongly the total in-
tensity of the Raman signal. It is known that the blue colora-
tion of CawQ is related to the presence piv°*O,] an-
ions with reduced tungsten ions having localized'5
electron configuratioR’

E. Structural models

The results obtained for ground WO(1-x)WO;_,, ;
-XReQ, mixtures, hydrogen bronzes,WO; and hydroge- c o* |
nated CawWQ@ can be summarized as follows: In all com- IL? ;
pounds, the appearance of bluish coloration leads to the (100}
strong decrease Of_ the Raman mtenSIty_ and is attributed tQIG. 10. Structural model of the color centers creation at the free grains
reduced tungsten ions. However, only in tungsten bronzesgyrface in pure W@ upon milling. Left panel—idealized Wgstructure
the presence of reduced tungsten ions results in the changewih the (100 fracture plane shown. Right panel—two possible states of the
the crystalline phase well visible in XRD and Raman Signals.freSh grains surfage, formgd upo_n milling: in both c::_lses the_ formation of the
In other cases, the additional electrons have localized ngtqrggggﬁit_“gg’itss d':r\‘;;’]v; f)?:e'rc‘ig dbé:]g%gf;éfﬂgyl?gdgzns'ug;:sg
and do not influence the crystal structure of the host. This ig, give an origin of the Raman band at 950 ¢fFig. 5a)] in ground WQ.
well supported by unchanged shapes of XRD, EXAFS and
Raman data. It should be noted that the change of XRD
patterns and broadening of Raman bands in ground; WO vations suggest the shortening of the termin&"WO~ bond
attributed to the decrease of its grain size. to the value about 1.6 A that is close to the value of the

The interesting result observed in Raman spectra of¥V=O bonds in tungsten hydrates: this confirms the origin
ground WQ and (1-x)WO;_,-xReQ, mixtures is related and the position of the band at950 cmtin ground WQ
to the appearance of the new band at 950 and 970cm as suggested above. In the second situation, all tungsten at-
respectivel\{Figs. 5a) and §b)]. The frequency of the band oms at the surface change their valence statetto &nd the
corresponds well to that observed in crystalline tungsten hysurface is represented by a®\D, terminal layer. In both
drates and attributed to the short double termina=@  cases, the surface W sites play the role of color centers
bonds?® However, opposite to the case of hydrates, theand, being active, react with the oxidizing atmospher
present band is broad and has low intensity. ain leading presumably to a formation of the ®W-OH

In ground WQ, the intensity of the band at950 cmi?  bonds. The latter are responsible for the bane 860 cm 't
increases with time of grinding and is nearly unchanged within ground uncolored powders.
respect to the moderate heat treatments. This fact together In the case of (+ x)WO;_,-xReQ, mixtures, the color
with the nearly unchanged shape of other Raman béads centers are stable against the oxidizing atmosphere. That al-
cluding the effect of their broadening due to the decrease dbws to assume their location in the bulk; since the crystal
the grain sizgallows to attribute the high-frequency band to structure of the W@and ReQ regions remains the same at
a vibration of the W—0O bonds at the free surface of crackeany rhenium content, one can think about the presence of the
grains. By taking into account, the bluish coloration of thecolor centers at the bulk intragrain boundaries. Such model is
freshly ground WQ powder, one can propose the following presented in Fig. 11. Note that the crystal structure of the
model of the free surfacé-ig. 10. WO; phase is a distorted RgQ@ype and that of the ReQO

We will consider a crack along thé€l00) crystallo- phase is a rutile type. According to the electrical neutrality
graphic plane as an example. Due to the electrical neutralitgondition, the charge of the tungsten ions located at the
condition, two situations can be present at the surface. In theoundaries between two phases should be lowered to
first, half of tungsten atoms remain in the valence state 6 5.7+, which transforms such sites into color centers. More-
and are connected to the terminal oxygen ions giving one ofver, the oxygen ion connecting two phases is bound to three
their electron to the nearest tungsten ion which transformgns—one tungsten ion &/ and two rhenium ions R&. It
into the WP™ state. This situation occurs at the free surfacess knowr? that in the rutile-type Re@structure, the two rhe-
of Ngy a2WO3 and WQ, single crystals and was directly ob- nium ions are directly bound vid(t,,) orbitals allowing for
served by an STM techniquie!®Moreover, the STM obser- metallic conductivity along the chain made [deQ;] octa-
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posed of reduced tungsten ions which are mainly responsible
for the coloration of the mixture at low rhenium concentra-
tions. It should also be noted that contrary to the ground
WO,, the color of the mixture is stable against oxidizing
atmosphere at temperatures well above the ambient one.

It was observed that in both cases the presence of re-
duced tungsten ions influences strongly the optical properties
of the material and decreases the total intensity of the Raman
signal. A similar effect was found in hydrogen bronzes
H,WO; and hydrogenated CaWO Besides the intensity
variation, it is concluded that in the case of small numbers of
reduced tungsten sites with localized™selectron, no appre-
ciable change of the crystal structure occurs with ground
WO;, (1-x)WO;_,-xReQ, mixtures and hydrogenated
CaWQ, whereas the presence of delocalizett ®lectrons
leads to phase transformations as is found in bronzes
H,WOs.

Additionally, new bands located at about 950 and
970 cm* were found in ground W@ and (I-x)WO3_,

FIG. 11. Structural model of the color centers creation in-(@QWO;_, -XReO, mixtures, respectively; the first was attributed to the
-XReQ, mixtures at the grains boundary between Re@d WG, phases.  tungsten—oxygen bonds at the free grains surface and the
The neutrality condition requires that the tungsten ions located close to thgecond one to crystal phase boundaries. The difference be-
boundary becomes reduced toW. . .

tween the two cases is that in ground pure yV@e bonds
are related to the W -0~ or W8 —OH groups whereas in

hedra joined by the edges. Therefore, one can expect that tﬁé;X)WOS*y'XReOZ mixtures, they are related to the

oxygen ion is bound more strongly to % than to R&". W '”_—O bqnds. Th_e unusually high frequency o_f the_ band is
Also the intense color of the mixtures suggests that eIectron%Xpla'ned’ m_the first case, by the fac_:t that_wbratlons are
located at Vi7* ions are highly localized, which also sup- strongly localized at the surface of grains v;/hlle, in the sec-
! B +
ports the strong bonding between oxygen an&™Wions. ONd case, the tungsten—oxygen bonds i "W-0-2Ré

Thus, these W'*—O bonds are expected to produce thedroup are expected to be stronger compared to the ones in

6+ + ; ; i
970 cm ! band. Such interpretation is also supported by theV —O—W* chains. One should point out that the position

resonance Raman effect observed for the 970'chand as of the new bands is close to that observed in tungsten hy-
shown in Fig. §b). drates with double terminal YO bonds?®

grain
boundary
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