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Abstract Niobium oxide (Nb,Os) films and powders
have been obtained via the sol-gel route from an NbCls
precursor. XRD spectra revealed that films with pseu-
dohexagonal (TT-phase) and orthorhombic (T-phase)
structure were formed at 500 °C and 800 °C, respec-
tively, while at 300 °C films were amorphous. Infrared
(IR) and Raman spectra of powders and films of Nb,Os5
in different polymorphic forms were detected, and vi-
brational band assignments were made. Electrochromic
properties of amorphous films and films with the TT-
phase were established from in situ ultraviolet visible
(UV-Vis) spectroelectrochemical measurements and
correlated with ex situ IR transmission spectra of
charged films. Ex situ IR spectra revealed that charging
of amorphous films is accompanied by variations of the
Nb-O stretching mode intensity, while, for films with the
TT- and T-phase, splitting of the Nb;-O stretching
modes and the appearance of polaron absorption were
noted with Li" ion insertion. Ex situ X-ray diffraction
(XRD) spectra of charged films with the TT-phase
showed changes of the unit cell dimensions with charg-
ing. The influence of the polaron absorption on the ex
situ near-grazing incidence angle (NGIA) IR reflection-
absorption spectra of charged/discharged films is
discussed in detail.
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Introduction

Niobium oxide (Nb,Os) is a promising electrochromic
(EC) material for “smart” window applications [1].
Nb,0Os5 is known to have various polymorphic forms [2,
3] among which the H-phase [3] obtained at tempera-
tures above 1000 °C is the most thermodynamically
stable. The H-phase exhibits a complex structure [4]
originating from the existence of superstructures com-
prising 3 x 5 and 3 x 4 ReOj3 type blocks [5] of NbOg
octahedra sharing corners and edges. Alternatively, T-
[6] and TT- [7, 8, 9] phases, which are stable at 650—
800 °C and 300-550 °C, respectively, do not consist of
ReO; blocks and are characterized by three-dimension-
ally linked structures formed from corner- and edge-
sharing octahedra and pentagonal bipyramids.

Nb,Os5 exhibits a wide variety of properties depend-
ing on its crystalline modification. The H-phase exhibits
a high dielectric constant (~100) [10], whereas the T-
phase attracted interest because of its remarkably high
electrochemical stability and excellent cycling behavior
[11]. Accordingly, it was tested as a negative electrode in
rechargeable rocking-chair batteries [12] using V,Os as
an anode.

The TT-phase is of particular interest for electro-
chromism [1]. Recently, Avellaneda et al. [13-15]
showed that Nb,Os with the TT-phase could be ranked
among the best cathodic electrochromic films, exhibiting
similar electrochromic effects to the more extensively
investigated WO5 [16]. Insertion of Li " ions changed the
transmittance of the films from 78% to 24%
(A = 600 nm), and coloring/bleaching kinetics was up
to 10 s [13]. The Nb,Os films exhibit a high transparency
in the bleached state, and their color in the charged state
is neutral, contrasting with the deep blue cathodic col-
oration of WOj;. Recently, we have improved the
bleaching kinetics of Nb,Oj5 films with the TT-phase by
making lithiated (Liop4NbOs, and Liy,Nby,Os ;) films
using the sol-gel route and NbCls precursors [17, 18].
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Amorphous films obtained by heat treatment at
300 °C [17, 18] are also electrochromic, but they exhibit
smaller coloring/bleaching changes in the near-IR spec-
tral range (7colored- T bleached = 39% at A = 634 nm), and
the transparency of the films in the bleached state is less
(~75%) than that of films with the TT-phase [13, 17, 18].
For these reasons, and because their ion-storage capac-
ity is 20 mC/cm?, they have been proposed as a counter-
electrode for EC devices with anodic NiO,, films [19, 20].
Hydrated amorphous niobium oxide films (Nb,Os.
nH>0) [9, 17, 18], consisting of distorted pentahedra,
hexahedra and octahedra as structural units, are not
electrochromic but have found a use in catalytic appli-
cations [21].

Nb,Os films have been prepared by thermal oxidation
of the metal [22, 23], anodic deposition [24, 25], sput-
tering, [12, 26, 27], vacuum evaporation [28] and via the
sol-gel route [13-15, 17, 18, 29-31]. For large-area EC
device applications, however, sputtering and vacuum
evaporation depositions have certain advantages over
sol-gel and dip-coating deposition.

The structural changes which are caused by Li" in-
sertion were studied by XRD [11] and X-ray photo-
electron spectroscopy (ESCA) [11, 19, 20]. Shifts of the
Ols, Lils Nb3ds, and Nb3ds,, peaks of powders pos-
sessing the T-phase [11] revealed strong Li*...0% in-
teractions and confirmed the formation of the Nb**
species in Li-inserted films. Smaller shifts were found
for amorphous films prepared at 300 °C [19, 20]. The
XRD spectra of powders with the T-phase [11] showed
redistribution of the atomic arrangement in Li" ion-
inserted films which, contrary to expectations, did not
lead to any change in the unit cell dimensions. This
agrees the excellent cycling behavior of the T-phase of
Nb,Os [11].

IR and Raman spectroscopy have long been recog-
nized as powerful techniques for the detection of struc-
tural changes accompanying Li" ion insertion/
extraction processes [32]. In our laboratory we have
performed extensive IR spectroscopic investigations of
various anodic (Ni hydroxide [33], Ni(Si) oxide [34],
Co304 [35], Co(Al, Si) oxide [36], y-Fe,O5 [37]) and
cathodic (PWA, TiO») [38, 39]) films. Recently, we have
reported ex situ IR spectra of sol-gel-derived Nb,Os
films performed on dip-coated films deposited on
SnO,:F-coated electrodes [17, 18]. Results of near-nor-
mal (6 °) reflection/absorption spectra of charged films
enabled us to establish Li "-O>"-Nb*" interactions, and
films having the TT-phase also showed the possible ap-
pearance of polaron absorption [17]. NGIA IR ex situ
spectra of films in charged/dicharged states, although
corroborating the presence of a strong polaron mode in
spectra of charged films, also revealed the unusual and
still poorly explained effect that charging of films is ac-
companied by decrease of the intensity of the reflection/
absorption bands observed in NGIA IR spectra.

Extensive Raman spectra investigations of various
Nb,Os5 phases [40] and niobium oxide reference
compounds exhibiting slightly (KNbO3;, NaNbO; and

LiNbO;) and strongly [(KgNbgO;9, AINbO, and
Nb(HC,0,)s] distorted corner- and edge-sharing NbOg
octahedral structural units have been reported by Jehng
et al. [41]. The influence of mechanical and thermal
treatment on the IR spectra of H-Nb,Os have been
studied by Ikeya et al. [9], and vibrational bands char-
acterizing TT- and T-phases of treated and untreated
powders have also been established. However, no IR
transmission spectra of Nb,Os films in different poly-
morphic forms (i.e., TT-, T- and amorphous phases)
have been reported so far.

Thus, the main objective of this paper was to obtain
IR transmission spectra of xerogel, amorphous and
crystalline films with the TT- and T-phases deposited on
Si wafers. Also, for films exhibiting the electrochromic
effect, we aim to correlate their structure with the IR
spectra of films in the colored and bleached states. We
focused attention on transmission spectra of films be-
cause the transverse optical (TO) vibrational mode fre-
quencies, corresponding to maxima of the imaginary
part of dielectric function (&) (i.e. Im(&) = 2nk [42]) are
free of the interfering polarization effects, which are
typical of spectra of powders [37, 43]. In addition, near-
normal (6 °) reflection spectra of pressed powders were
also measured with the aim of gaining knowledge about
refractive index (n) and absorption coefficient (k) ob-
tained from a Kramers-Kronig analysis. From the re-
sults of Kramers-Kronig analysis frequencies of
longitudinal optical (LO) modes corresponding to
the maxima of Im(—1/&){Im(—1/&) = 2nk/[(n> — k)
+4n’k*]} and TO modes were obtained [42]. This en-
abled us to establish LO-TO mode splitting and compare
the calculated LO frequencies with experimentally
obtained values using NGIA IR spectroscopy. LO-TO
splitting gave information about the ionicity of Nb,Os
crystalline and amorphous films, allowing us to cor-
relate the present polaron mode with the observed
coloring/bleaching changes detected from in situ UV-
Vis measurements. Simple model calculations of LO
spectra were also performed in order to envisage the
behavior of the LO modes during charging/discharging
of films.

Experimental

The films and powders of studied compounds were prepared as
reported in references [17, 18].

The Fourier transform infrared (FT-IR) and FT-Raman (ex-
citation wavelength 1064 nm) spectroscopic measurements were
performed using a Perkin-Elmer System 2000 Spectrometer (at
resolutions 4 cm™' and 8 cm™'). Transverse optical (TO) modes
were obtained from IR transmission spectra of films deposited on
infrared transmitting Si wafers (electrical resistivity 200 Q cm). For
detection of longitudinal optical (LO) modes of the films, the
spectroscopic cell with near-grazing incidence angle (NGIA) (80 °)
geometry and p-polarized light were used. In this case, films were
deposited on IR-reflecting fluorine-doped tin-oxide-coated glass
substrates (SnO,:F, K-glass, Pilkington). Reflection spectra of
powders pressed into pellets were measured at near-normal inci-



dence angle (6 °), and the refractive index (n) and absorption co-
efficient (k) were calculated using the Kramers-Kronig analysis
available on the PE2000 System. Thickness measurements were
done on a Surface Profiler Alfa Step 200 with resolution 5 nm.
XRD measurements were made using a Philips PW 1710 auto-
mated X-ray diffractometer.

Cyclic voltammetric (CV) and chronocoulometric (CPC) ex-
periments were performed using an EG & G PAR model 273
computer-controlled potentiostat-galvanostat, driven by the 270
Electrochemical Analysis software. A three-electrode system was
employed. The working (test) electrode consisted of a 3-cm? glass
slide covered with an SnO,:F coating onto which niobium oxide
was deposited. The slide was in physical contact with an electrolyte
solution of 1 M LiClOy4 in propylene carbonate (PC). A Pt rod
served as a counter electrode and Ag/AgCl/1 M LiCl in methanol
as the reference electrode. During cyclic voltammetry, a potential
scan rate of 10 mV/s was used.

In situ UV-Vis spectroelectrochemical measurements were
performed on an HP845X UV-Vis system diode array spectro-
photometer with an EG & G PAR model 273 computer-controlled
potentiostat-galvanostat. The spectra were recorded, taking as a
background the spectrum of a spectroelectrochemical cell filled
with the electrolyte (1 M LiClO4/PC). The coloring/bleaching
changes of the films were measured relative to this background.

Results

XRD spectra of powders and films
with the TT- and T-phase

Powders obtained after heating xerogels at 300 °C,
500 °C and 800 °C for 15 min were examined using
XRD analysis. A comparison between the XRD spectra
(Fig. 1) and the PDF files [44] revealed that the powders
heated at 500 °C correspond to the TT-Nb,Os phase,
possessing a pseudohexagonal structure (PDF 28-317
and PDF 7-61), while those heat treated at 800 °C cor-
respond to the T-Nb,Os phase, with an orthorhombic
structure (PDF 27-1003). Other than the slight shifts in
20 values of peaks, these phases could be easily differ-
entiated, the closely spaced peaks at 28.30 °, 28.86 ° and
36.52 °, 36.98 ° being characteristic of the T-phase,
while single peaks (2@ = 28.46 ° and 2@ = 36.66 °)
were formed in XRD spectra of the TT-phase. Accord-
ingly, at intermediate temperatures (~650 °C) both
phases appeared simultaneously. However, at extended
heating times (~2 h) at temperatures below 300 °C, the
TT-phase was not formed. This is an advantage of the
sol-gel route, which yields pure TT- and T-phases in a
relatively narrow temperature interval and with short
heat-treating times (15 min). This contrasts with the
preparation of Nb,Os layers by oxidizing metal at
500 °C, bringing about the T-phase [11] or one of the
existing Nb,Os phases [22]. In order to exclude the
possible formation of mixed phases during dip-coating
deposition, XRD spectra of films were obtained. Up to
nine successive dippings were needed to make sufficiently
thick films to obtain satisfactory XRD peaks (Fig. 2).
Films which were deposited either on glass or SnO,:F-
coated glass brought about almost identical XRD
spectra, the difference being the additional peaks at
20 = 37.9 °and 2@ = 51.7 ° belonging to SnO,:F.
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Spectroelectrochemical measurements of amorphous
films and films with the TT-phase

CV responses of films were measured at a scan speed
10 mV/s in the potential range +2.0 to —1.7 V vs Ag/
AgCl in order to avoid Li" ion insertion into the un-
derlying SnO,:F layers [45, 46]. The CV response of
amorphous as-deposited film differs considerably from
that of cycled films (Fig. 3). A less pronounced differ-
ence was noted between the CV responses of crystalline
films with the TT-phase (Fig. 4). Both kinds of films
required only a few cycles to attain a reversible current
response. A stable CV response is achieved for crystal-
line films after three cycles, while six cycles are necessary
to stabilize amorphous films.

Monochromatic transmittance measurements
(4 = 634 nm) with the accompanying CV responses are
depicted in Figs. 5 and 6. The results revealed that the
transmittance of amorphous films in the bleached state
decreases from 90% in as-deposited film to 75% in film
after cycling six times, while the transmittance of films in
the colored states did not change during the stabilization
period and remained at about 40%. Conversely, the
monochromatic transmittance of the crystalline films in
the colored and bleached states showed little change,
with cycling remaining at 20% and 90%, respectively.
It should be noted that the highest coloring of crystal-
line films is attained at the highest cathodic potentials.
This contrasts with the coloring of amorphous films,
where the highest coloring is reached at less negative
potentials, coinciding with zero current density values
(Figs. 5 and 6).

The coloring/bleaching kinetics of the films was es-
tablished from chronocoulometric (CPC) measurements
performed by charging/discharging of films at limiting
potentials (+2.0 V and —1.7 V) for 120 s. While the
coloring of both kinds of film takes place at the same
speed, amorphous films did not achieve their full
bleaching after 120 s, unlike the crystalline films, which
became fully bleached after being discharged for 120 s
(Fig. 7).

The spectra of amorphous and crystalline films in as-
deposited, bleached and colored states are shown in
Fig. 8. The most important feature of the spectra of
colored crystalline films is the low transmittance ex-
tending into the spectral range, while the near-IR
transmittance of the colored amorphous films increases
to higher values with increasing wavelengths. In this
respect, the crystalline films behave similarly to amor-
phous WOs films, exhibiting polaron absorption in the
Li " -ion-inserted state [1, 17, 18] (see below). The col-
oration efficiency (CE) (defined as the change of the
optical densities of films in colored and bleached states
divided by the inserted charge) of the crystalline films is
in the order of 25-31 cm?/C, outranging that of the
amorphous films, which is no higher than 18 cm?/C [17].
Spectroelectrochemical measurements of films possess-
ing the T-phase have not been done because the heat-
treatment temperature of this type of film is too high
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Fig. 1a—c XRD spectra of Nb,Os powders: a amorphous (300 °C), b
TT-phase (500 °C) and ¢ T-phase (800°C)

Fig. 2 XRD spectra of as-deposited Nb,Os film [obtained with nine
successive dippings (thickness ~ 900 nm)] and after charging at —
1.7 V for 300 s. * — Asterisks (*) indicate peaks belonging to SnO,:F
Fig. 3 CV responses of amorphous Nb,Os film (prepared by heat
treatment at 300 °C for 15 min) cycled in the potential range from
2.0 Vto-1.7 Vvs Ag/AgClin 1 M LiClO,/PC electrolyte, scan speed
10 mV/s

Fig. 4 CV responses of Nb,Os film with TT-phase (prepared by heat
treatment at 500 °C for 15 min) cycled in the potential range +2.0 V
to —=1.7 Vin 1 M LiClO,4/PC electrolyte, scan speed 10 mV/s

Fig. 5a, b CV responses (x) and monochromatic transmittance
(A = 634 nm) measurements (0) of amorphous Nb,Os film (thick-
ness = 140 nm) in 1 M LiClIO4/PC electrolyte in the potential
range +2.0 V to —1.7 V vs Ag/AgCl reference electrode. Scan speed
10 mV/s; a Ist cycle, b 6th (stabilized) cycle

Fig. 6a, b CV responses (x) and monochromatic transmittance
(4 = 634 nm) measurements (0) of crystalline Nb,Os film with TT-
phase (thickness = 132 nm) in 1 M LiClO4/PC in the potential
range +2.0 Vto —1.7 V vs Ag/AgCl reference electrode. Scan speed
10 mV/s; a Ist cycle, b 6th (stabilized) cycle

(~800 °C), preventing their deposition on SnO,:F-
coated glass.

Vibrational spectra

Before considering vibrational spectra of samples, a few
remarks about the structural features of Nb,Os should
be made. A unit cell of the pseudohexagonal structure of
the TT-phase can best be described as the structure of o-
UOs [4] taking into account that O(II) below or above
the ab crystal plane represents oxygen vacancies
(Fig. 9a, b). Each Nb atom is surrounded by 6, 7 or by 8
oxygen atoms, making a construction unit of a tetra-,
penta- or hexagonal bipyramid linked along the ¢ crystal
axis by collinear Nb-O-Nb bridging bonds [9, 41].

In contrast to the TT-phase, the orthorhombic T-
phase obtained by heat treatment at 800 °C does not
possess oxygen vacancies (Fig. 9¢). As a result, each Nb
atom is surrounded by six or seven oxygens, forming
distorted octahedra or bipyramids. These polyhedra are
joined by edge or corner sharing in the b plane and by
corner sharing along the ¢ axis. The structure of the T-
phase is therefore more compact than the TT-phase [9,
41]. The structure of the xerogel is considered to consist
of slightly distorted NbOg, NbO; and NbOg polyhedra
[26, 41], with water molecules bonded to the oxygens by
OH...O bonds of various strengths.

Structural features of niobium oxide phases imply
specific vibrational modes which are characteristic of the
particular structures. The vibrational band assignment
of the Nb,Os phases is based on IR spectra of similar
compounds such as Gatehouse tungsten bronzes [47],
columbite [48] and mechanically and thermally treated
Nb,O5 powders [9].

Three relatively ill-defined groups of vibrational
modes assigned to Nb =0 terminal, Nb-O-Nb bridging
and Nbs-O stretching modes appearing in the spectral
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ranges 910-850 cm ™!, 850580 cm ! and 500-380 cm !,
respectively, characterize the spectra of niobium oxide in
different phases. Specifically, for T- and TT-phase,
where no Nb=0 terminal groups except those belong-
ing to the surface groups were predicted, three different
types of Nb-O stretchings were observed: the collinear
Nb-O-Nb stretch (850-800 cm '), the Nb;O stretching
at relatively low frequencies (500-400 cm ') and the
bridging Nb-O-Nb stretch appearing at frequencies
intermediate between the two former modes (750—
580 cm ). Bands belonging to each of the specific modes
are expected to show multiple bands depending on the
symmetry of the particular phase and the type of inter-
actions, originating from the way in which polyhedra are
linked together.

The vibrating dipoles of the bridging Nb-O-Nb lie in
the T- and TT-phase in the ab crystal plane and are
related to Nb-O-Nb bridging modes of the edge-sharing
polyhedra. The collinear Nb-O-Nb stretching vibrates in
T- and TT-phases along the ¢ crystal axis (Fig. 9). The
Nbs-O stretch is solely characteristic of the pseudohex-
agonal TT- and orthorhombic T-phase, while it is not
expected to appear in spectra of xerogels consisting of
small clusters of variously linked polyhedra. However,
the collinear Nb-O-Nb stretchings may be admitted for
clustered niobium polyhedra, which are present in
xerogels. Nb=0O terminal bond modes predicted for
xerogels can appear also in higher temperature phases,
where surface Nb =0 groups may be present.

Sols, gels and xerogels

When sol is dropped onto a CdTe plate it quickly dries.
The initial spectrum (Fig. 10) still shows plenty of bands
originating from the propanol; however, the bands at
597 cm™' [v3(Nb-0)], 913 cm ' [W(Nb=0)], 844 cm'
[collinear v(Nb-O-Nb)] and the weak shoulder band at
784 cm ! could be seen in the spectra obtained after
10 min. After 110 min the intensity of the 597 cm ' band
increases considerably and shifts to 567 cm ', while the
913 cm ™' band exhibiting the highest intensity in the
spectrum of fresh sol decreased in intensity (Fig. 10).
This indicates that in a fresh sol at least partially con-
densed polyhedra exist linked across their corners
(844 cm™', 784 cm ™! bands). The terminal Nb= O bands
(913 cm '), however, prevail in the sol. With drying,
condensation of polyhedra proceeds, which could be
judged from the decrease of the 913 cm ' band (Nb=0
terminal stretch) and the increase of the 567 cm ' band
(asymmetric Nb-O streching mode [vs]) [49]. IR spectra
of xerogels obtained after 110 min (Fig. 10) do not
contain any traces of propanol; however, OH...O
stretching (3300 cm ') and bending modes (1640 cm ™)
signaling the hydrogen-bonded water became quite in-
tense.

Raman spectra of xerogel powders (Fig. 11, spectrum
a) exhibit Nb= O terminal stretch at 911 cm !, the Nb-
O stretch originating from the totally symmetric mode
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Fig. 7 Monochromatic transmittance (A = 634 nm) changes during
coloring (at —1.7 V) and bleaching (at 2.0 V) of amorphous (300 °C)
and crystalline (500 °C) Nb,Os films

Fig. 8a, b In situ UV-Vis spectral transmittance measurements of
Nb,Os films heat treated at a 300 °C and b 500 °C obtained by
charging at the limiting potentials —1.7 V (---+-) and +2.0 V (- - -); as-
deposited (——)

Fig. 9a— Crystal structure of a the pseudohexagonal TT-phase b
viewed perpendicular to the ¢ axis and ¢ T-phase of Nb,Os [9]. In the
TT-phase (a, b) [4], oxygens O(II) below or O(II) above the ab plane
represent vacant sites, O(I)-Nb-O(I) group with axis along ¢ axis and
Nb in the ab plane

Fig. 10 IR transmission spectra of drying sol deposited on CdTe
plates

Fig. 11a—c Raman spectra of Nb,Os powders: a xerogel, b TT-phase
and ¢ T-phase

T-Nb,Os
(800°C)
840 w sho
815 s

725 w sho
618 vs
580 w sho

TT-Nb,Os
858 w sho
812 s

710 w sho
654 w sho
614 vs

575 w sho

(500°C)

300°C
881 m sho
670 vs
520 w sho

(v;) of niobium oxide polyhedra at 660 cm ! [49] and the
Nb-O-Nb deformational mode at 215 cm™'. All modes
conform well to those already reported for Raman
spectra of amorphous Nb,Os-nH,O [41]. The Raman
spectra of powders with TT- and T-phase are also in
agreement with published data [9, 41] (Table 1 and
Fig. 11, spectra b and c).

IR transmission spectra of powders (in Rbl)

Xerogel
3270 s
1616 m
930w sho
833 m
575 vs

T-Nb,Os
(800 °C)
840 w sho
800 m
712 w sho
634 w sho
515 w sho

465 s

Powders and films

TT-Nb,Os
(500 °C)
800 m sho
635 m sho
500 vs

IR spectra of xerogel powder and powders obtained at
300 °C, 500 °C (TT-phase) and 800 °C (T-phase) are
shown in Fig. 12. The results revealed that IR spectra of
powders are pronouncely broader and that the relative
intensities of bands differ considerably from those ob-
served in the spectra of the films (Fig. 13). For example,
a single band corresponding to the Nb-O stretching,
which appears at 670 cm ' in the spectra of amorphous
powders prepared by heat treatment at 300 °C, revealed
in the spectra of films three well-resolved bands at
635 cm ', 582 cm ' and 516 cm ™' (Fig. 13 and Table 1).
Even more pronounced differences between the spectra
of films and powders were noted for the TT-phase. While
in the spectra of the films the most intense band appears
at 500 cm ', three bands with the strongest at 614 cm
and two shoulder bands at 670 cm™ and 600 cm
(marked with an asterisk) appeared in the spectra of the
corresponding powders. Also the intensity of the col-
linear Nb-O-Nb stretching mode appearing in powder
spectra at 812 cm ™' is considerably stronger than in
the spectra of films. An additional shoulder band at
858 cm '(Fig. 12) could also be seen in spectra of
powders.

The differences observed in the spectra of the films
and powders can be explained by the polarization effect.
This is caused by the Coulombic field associated with the
strong polar modes which exist in Nb,Os [43]. Thus,
because of the Coulombic field interactions between the
niobium oxide particles, which have different shapes and
sizes, the frequencies observed in IR spectra of powders
are shifted from the frequency of the TO modes ap-
pearing in spectra of films. This questions the accuracy

300 °C
840 m sho
634 w sho
582 vs
516 w sho

3300 s
3220 m
1630 m
926 m
847 m
634 w sho
565 vs

IR transmission spectra of films (TO modes)
Xerogel

Sol
3276 m
3169 s
1622 m
913 vs
844 m
784 m
597 vs

T-Nb,Os
(800 °C)
803 w sho
689 vs
298 w sho
223 m

TT-Nb,Os
(500 °C)
696 vs

308 w sho
227 m

Raman spectra of powders

Band frequency
911 m sho

660 vs

215 vs

Xerogel
3321 w
1627 w

0)

Table 1 Assignment and vibrational band frequencies (in cm™") obtained from the corresponding IR transmission (TO) spectra of films and powders. Raman spectra are given for powders

Assignment
v(OHO)
o(OHO)
Collinear
v(Nb-O-Nb)
v1(Nb-O)
Bridging
v(Nb-O-Nb)
v3(Nb-O)
v(NbsO)
v4(Nb-O-Nb)

v(Nb
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of the vibrational mode frequencies of niobium oxide
reported so far [9, 41, 47, 48].

In order to get additional evidence that spectra of
films more accurately represent the vibrational spectra
of various phases, near-normal (6 °) reflection spectra of
cold-pressed xerogel, TT- and T-phase powders were
measured (Fig. 14), and absorption spectra were calcu-
lated from the refractive index (n) and absorption coef-
ficient (k) obtained by the Kramers-Kronig analysis.
Results revealed excellent agreement between IR spectra
of films and the calculated TO spectra corresponding to
the maxima of the imaginary part of the dielectric
function (2nk) (Figs. 13, 15 and Table 2). For the ma-
jority of investigated samples, the agreement is within
+5 cm !, which is quite surprising because the reflection
spectra of pressed powders are a relatively crude ap-
proximation compared to the spectra of monocrystals,
such spectra usually being required for Kramers-Kronig
analysis. Larger deviation was found between trans-
mission spectra of films and 2nk spectra of pressed
powders heat treated at 300 °C. This is most likely
caused by the variation in the content of partially
formed TT-phase in the powders.

Inspection of the band frequencies of xerogel, TT-
and T-phases listed in Table 1 shows that the Nb-O
asymmetric stretching mode appearing between 600 and
450 cm ! (v; mode according to [49]) shifts to lower
frequencies when the structure changes to the more
condensed T- and TT-phases. The appearance of the
new band at 500 cm ' was assigned to Nb;O stretching
and is characteristic of the TT crystalline phase. In the
T-phase, this mode became split (i.e. 515 cm' and

Table 2 Experimentally determined TO modes from transmission
spectra and LO modes from NGIA IR spectra of films and cor-
responding calculated TO modes [Im(£)] and LO modes [Im(—1/¢)]

>

Fig. 12 IR transmission spectra of a xerogel powders and powders
prepared by heat treatment at b 300 °C, ¢ 500 °C and d 800 °C.
Powders were prepared in Rbl pellets

Fig. 13 IR transmission spectra of a xerogel films and films obtained
by heat treatment at b 300 °C (amorphous Nb,Os), ¢ 500 °C (TT-
phase) and d 800 °C (T-phase) deposited on Si-wafers

Fig. 14a, b Near-normal (6 °) reflection spectra a of cold-pressed
powders of xerogel and powders obtained by heat treatment at 300 °C
(amorphous Nb,Os), 500 °C (TT-phase) and 800 °C (T-phase) and b
refractive index (n) of samples obtained from Kramers-Kronig
analysis

Fig. 15a, b Calculated 2nk spectra of a xerogels and amorphous
Nb,Os powders (300 °C) and b crystalline Nb,Os powders prepared
at 500 °C and 800 °C

465 cm™'), indicating lowering of the symmetry of the
unit cell from pseudohexagonal (TT-Nb,Os) to ortho-
rhombic (T-Nb,Os). Splitting of the collinear Nb-O-Nb
stretching mode in the spectra of the T-phase to 840, 800
and 712 cm!' further corroborates the decrease of the
symmetry.

EXx situ IR spectra

Ex situ IR spectra of charged/discharged films were
obtained first in the transmission mode, from films de-
posited on Si wafers. Because of the high ohmic drops,
stemming from the relatively low electronic conductivity
of the substrate, the potentials used for charging were
high and could not be correlated with those found for
films deposited on SnO;:F-coated glass electrodes. This
led us to repeat ex situ IR spectral measurements of

obtained from Kramers-Kronig analysis of near-normal (6°) re-
flection spectra of pressed powders

Assignment experimentally determined TO modes LO modes from IR NGIA spectra
(calculated [Im(€)] frequencies from near-normal reflection (calculated LO modes from near-normal
spectra of powders) reflection spectra of powders®)

Xerogel 300 °C TT-Nb>Os T-Nb,Os Xerogel 300 °C TT-Nb,Os
(500 °C) (800 °C) (500 °C)
y(Nb=O0) 926
(918 w sho)
847 840 840
(816 m sho) (838 m sho) (840 m sho)
collinear 800 800
v(Nb-O-Nb) (800 m sho) (800 m)
712 773 835 761
(712 w sho) (744 m sho)
v3(Nb-0O) 565 582
(574 vs) (577 vs) 964
516 515
(486 m) (515 w sho) 9438
v(Nb3-O) 500 968
(510 vs) (945 vs)
465
(455 vs)

#LO modes were calculated only for TT-phase
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charged/discharged films in the reflection/absorption
mode (see below) at NGIA conditions. This is because in
these kinds of measurements the films were charged at
the same level as in the in situ UV-Vis and corre-
sponding CV measurements.

1. Ex situ IR transmission measurements

Amorphous films (300 °C). Ex situ IR spectra of as-
deposited films and films obtained after charging at —
10 V (for 480 s) and discharging at 10 V for the same
time are represented in Fig. 16. The most prominent
feature in the spectra is the decrease in intensity of the
577 cm ! band corresponding to the Nb-O stretching
mode, which except for the decrease in intensity does not
exhibit any frequency change. This is also true for the
Nb-O-Nb bridging mode at 634 cm™'. However, the
collinear bridging Nb-O-Nb stretch nearly disappears
(Table 3). When the films are discharged the spectra of
the as-deposited films are restored, except that the in-
tensity of the strongest band at 577 cm ™' does not match
the intensity which this band exhibited in the spectrum
of the as-deposited film. In addition, the width of this
band in the spectra of charged films increases, indicating
the formation of different sites with closely spaced vi-
brational energies, lying in the spectral range where
Nbs3-O stretching of the TT and T phase appears
(<500 cm ™).

The observed ex situ IR spectra corroborate the re-
sults obtained from the in situ UV-Vis spectroelectro-
chemical measurements  (Fig. 8a).  Thus, the
transmittance of as-deposited films is higher than that of
bleached films. Even after prolonged cycling (a few
hundred cycles), the transmittance of the bleached state
remains at a low level compared to that of the as-de-
posited films. This suggests that, after the first reduction/
oxidation cycle, reduced Nb*" species are retained in the
bleached film, lowering its transmittance. This is sup-
ported from the inserted/extracted charges (Qins/Qexir)
measured after the 1st, 2nd and 3rd charging. For ex-
ample, the first charging/discharging gave rise to a Qj,s/

Qexir of =40 mC/em? /22 mC/em?, the next —33 mC/cm?
/28 mC/cm? and the third —32 mC/cm? /30 mC/cm”.
The Qjns/Qecxir ratio steadily decreases, reaching ap-
proximately 1 for films with stabilized coloring/bleach-
ing changes (> 10 cycles).

The decrease in intensity of the 577 cm ' and 840 cm™
bands indicates that the changes in the dipole moment
become less polar in character in the charged films,
which might be explained by the strengthening of the
Li"...0% interactions in the charged films. The small
but distinct broadening of the 577 cm ™' band also sug-
gests the presence of disorder in the film structure,
forming modes with closely spaced energy levels.

1

TT-Nb,Os (500 °C). Ex situ spectra of as-deposited,
charged and discharged films are shown in Fig. 17. The
most striking difference between the spectra of charged
amorphous (300 °C) films and the TT-Nb,Os films is the
presence of a strong and broad absorption resulting
from polaron absorption.

These results agree with our previous ex situ IR re-
flection/absorption studies [17] performed on films de-
posited on SnO, : F coated glass, with the distinction
that the spectra presented in Fig. 17 more clearly show
the relative intensity changes of the skeletal and the
polaron modes. The clearer picture is due to the absence
of the interference patterns observed in the previously
reported near-normal reflection/absorption spectra [17],
which blurred the shape of the vibrational bands and
slightly shifted their position in the spectra. It should be
also noted that, when charged films are exposed to air,
Li,CO; is formed on the surface of the films, bringing
about the vibrational modes of the adsorbed CO;° ions
(1517 cm ™', 1424 cm™', 864 cm ™). In addition, the SiO,
mode at 1086 cm ! also appears in the spectra owing to
the oxidation of the Si substrate. These bands have no
interfering effects on the other modes relevant to the
insertion/extraction processes; moreover, modes of ad-
sorbed CO5* ions disappeared when the films are dis-
charged.

When films are charged at —10 V for 480 s, the bands

characterizing the as-deposited TT phase (795 cm ',

Table 3 TO mode frequencies obtained from ex situ IR transmission measurements of as-deposited, charged and discharged films with

corresponding band assignment (see Table 1)

Assignment Band frequency
Nb,Os5 (300 °C) TT-Nb,Os (500 °C) T-Nb,Os5 (800 °C)
As deposited Charged at As-deposited Charged at As-deposited Charged at
—10 V (480 s) —10 V (960 s) —10 V (960 s)
Collinear 840 m sho - 795 m sho 826 m sho 804 m sho 830 m
v(Nb-O-Nb)
Bridging 634 w sho 634 w sho 634 m sho 634 m sho 630 w sho 634 w sho
v(Nb-O-Nb)
v3(Nb-0O) 577 vs 577 m
550 vs 550 m sho
v(Nb3O) S11 vs 515 w sho 500 m
479 vs 458 vs 458 vs
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Fig. 16 Ex situ IR transmission spectra of as-deposited amorphous
Nb,Os films (obtained by heat treatment at 300 °C for 15 min)
deposited on double-sided polished Si-wafer (200 Q cm). Films were
charged at —10 V and discharged at +10 V for 480 s

Fig. 17a, b Ex situ IR transmission spectra of Nb,Os film (TT-phase)
prepared by heat treatment at 500 °C. The as-deposited films were
charged at —10 V for 240 s, 480 s (a) and 720 s, 960 s (b). Discharged
films were obtained by discharging at 10 V for 960 s (a)

Fig. 18 IR transmission spectra (in absorbance units) of lithiated
niobium oxide (Liy4Nb,Os,) film heat treated at 500 °C

Fig. 19a, b Ex situ IR transmission spectra of Nb,Os film (T-phase)
obtained by heat treatment at 800 °C deposited on Si-wafers. As-
deposited films were charged at —10 V vs Ag/AgClin 1 M LiClO, for
240 s (a), 720 s and 960 s (b). Discharged films were obtained by
discharging at 10 V for 960 s (a)

634 cm ', 511 cm™") alter in frequency and new bands
appear (Table 3), while the collinear Nb-O-Nb stretch
shows a blue frequency shift with charging, appearing at
826 cm ! instead at 795 cm . The 634 cm ' band is in-
sensitive to charging. In contrast, the 511 cm ™' band
splits into two at 568 cm ' and 477 cm !, the 477 cm !

band exhibiting a greater intensity than the 568 cm '

band. Further charging (-10V, 960 s) leaves the
634 cm ' band unchanged, while the intensity of the split
components at 550 cm ' becomes greater than that of
the 479 cm ! band. The intensity of the polaron mode
also increases, which may be judged from the increasing
slope which this band exhibits at wavenumber
> 1000 cm ! in the spectra of charged films. Discharging
gives rise to spectra identical to those of the as-deposited
films. Reversibility is remarkable and is in full agreement
with the results of in situ UV-Vis spectroelectrochemical
measurements of films and with their electrochemical
behavior [13-15, 17, 18]. Lithiation influences to a lesser
extent the collinear Nb-O-Nb stretching mode, which
exhibits a small albeit distinct blue (Av ~ 30 cm ') shift
instead of a red shift as was noted for the amorphous
(300 °C) films [17]. The existence of interactions between
the Nbs-O stretching mode and the Li" ions may be
envisaged from the transmission spectra of Liy 4Nb,Os »
films [17], where the corresponding Nbs-O stretching is
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also split into 548 cm ' and 495 cm™!
(Fig. 18).

The splitting of Nbs-O stretching modes in charged
films is related to the change in the unit cell dimensions,
which were determined from the ex situ XRD spectra
of the charged film (Fig. 2). All peaks in the XRD
spectra of the film charged at —1.7 V for 300 s (Qj,s =
—241 mC/cm?) shift to lower 20 values and become
broader. These changes in the unit cell dimensions were
calculated using least square fit of the d values that
correspond to the pseudohexagonal unit cell to the ob-
served XRD peaks. Results revealed an increase in the
unit cell along the @ axis for about 0.5(1)%, while along
the ¢ axis the increase is only 0.2(1)%. Changes of the
unit cell dimensions, albeit small, indicate anisotropic
expansion of the unit cell [100-AV/V = 100 - (Vcharged-

Vas—deposited)/ Vas—deposited = 100- (4480 A3 — 44.32 A3)/
4432 A* = 1.1(1)%] with Li* ion insertion.

components

T-phase (800 °C). Ex situ IR spectra of as-deposited,
colored and bleached films with the T-phase are shown
in Fig. 19. As expected, charging gives rise to the pola-
ron mode, which for this phase has not been reported in
the IR spectral range. The collinear Nb-O-Nb mode in
spectra of charged films (—10 V 240 s), like the TT-
phase, exhibits blue shifts (827 cm '), and a new band at
556 cm' appears. Further charging (-10 V for 720 s
and 960 s) brings about splitting of the Nb;-O stretching
mode, resulting in the appearance of the 500 cm ' band
as well as the already noted 550 cm ™' and 458 cm™'
bands (Table 3). The polaron band is intensified as well.
Splitting of the Nbs-O stretching modes indicates that
these modes are affected to the greatest extent when Li™
ions are inserted in the films, suggesting a decrease of the
effective symmetry of Nb-O polyhedra due to the
Li* ...0O? interactions. This is in accordance with the
strong Li"...0%  interactions determined from the
ESCA spectra of charged powders with the T-phase [11].
Disordering is related to the ab crystal plane, agreeing
with the large dimensions of the b axis (i.e. 29.312 A
[44]), while disordering along the shorter ¢ axis is not
observed. This agrees with the orientations of the
changes in the dipole moment of the collinear Nb-O-Nb
and Nb3-O stretching modes.

2. Ex situ NGIA IR spectra of films

Amorphous (300 °C) and TT-Nb,Os (500 °C). LO
modes obtained from NGIA IR reflection/absorption
measurements of various films prepared at different
temperatures differ considerably with respect to TO
modes observed in the transmission spectra (Figs. 13,
20). In order to attribute each of the observed LO bands
in the NGIA IR spectra to their TO counterparts, the
LO modes were calculated from the refractive index ()
and absorption coefficient (k) obtained from Kramers-
Kroénig analysis of near-normal reflection spectra of
powders pressed into self-supporting thick (~2 mm)

| 2

Fig. 20 NGIA IR reflection/absorption spectra of a xerogel films and
films obtained by heat treatment at b 300 °C and ¢ 500 °C

Fig. 21 Ex situ NGIA IR spectra of Nb,Os film heat treated at 300 °C
Fig. 22 Ex situ NGIA IR spectra of Nb,Os film heat treated at 500 °C
Fig. 23a, b Model calculations of IR NGIA spectra (LO modes) of
Nb,Os films (TT-phase) at various states of cathodic charging. a ni:
Calculated refractive index (n) spectrum from Kramers-Kronig
analysis of near-normal (6 °) reflection spectra of pressed powders
with TT-phase (Fig. 14a) nla-nld: numerically changed n values. b
Calculated Im(—1/¢) (LO modes) spectra with n/-nld taken from
Fig. 23a

pellets. Results revealed that the strongest band in
NGIA IR spectra is attributed to the strongest TO band
appearing in transmission spectra (Table 2, Figs. 13, 20).
The general appearance of the calculated LO spectra
(not shown) and measured spectra are in good agree-
ment, confirming the correctness of the applied proce-
dure.

The NGIA IR (LO) spectra of the amorphous films
(300 °C) charged at the same level as those treated
electrochemically and spectroelectrochemically show a
continuous red shift accompanied by a decrease in in-
tensity. This frequency shift that occurs with charging is
linear and can be correlated with the steady decrease in
the intensity of the TO mode (Figs. 16, 21). Conversely,
LO modes of films with the TT-phase completely dis-
appear in the spectra of charged films (Fig. 22) (see be-
low). This contrasts with the presence of the split Nbs-O
stretching in TO spectra of charged films (Fig. 17).
Similar extinction of the band intensity, accompanied by
the small red shift of the LO mode, were also detected
for charged amorphous WOj; films, which exhibit similar
strong polaron absorption extending from the Vis-near-
IR spectral range towards the spectral region where the
skeletal modes appear [17]. Conversely, other electro-
chromics such as Ni hydroxide and Co3;04 do not show
such behavior of LO modes in the charged NGIA IR
spectra, in accordance with the fact that no polaron
absorption was detected in the vicinity of the skeletal
modes [33-36].

In order to explain at least qualitatively the behavior
of LO modes in the NGIA IR spectra of charged crys-
talline Nb,Os films, simple model calculations of LO
spectra were made. Accordingly, we changed the re-
fractive indices (1) by increasing numerically their values
in the spectral range where the minimum refractive index
(n) appears. Calculated LO spectra [Im(—1/£)] showed
the decrease in the intensity of the LO mode (Fig. 23).
Neither an increase in the absorption coefficient (k)
values of the polaron mode nor its decrease (not shown)
gave rise to the experimentally found decrease in inten-
sity of the LO mode. This clearly shows that experi-
mentally determined decreases in the intensity of the LO
mode in spectra of charged crystalline films are solely
due to the optical effects stemming from the presence of
the polaron mode, influencing the real part of the re-
fractive index (n) in the vicinity of the LO mode. This
suggests that changes in the LO mode with charging
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intensity and frequency changes of the corresponding
TO mode. This effect is greatest for strong polar modes
that exhibit large TO-LO splitting with concurrent well-
pronounced dispersion.

Ex situ XRD spectra of charged films in the TT-phase
and the reported XRD spectra of charged powders with
the T-phase [11], together with presented ex situ IR
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spectra of the TT-phase, gave sufficient information to
establish that structural distortions of both types of film
occur when Li* ions are inserted. This is important
because it increases the ability of electrons to hop from
one ion to another by absorbing the photons, giving rise
to polaron absorption. The splitting of the Nb;-O
stretching mode clearly shows pronounced distortions in
the structure of the TT- and T-phases with charging and
corroborates the appearance of polaron absorption in
IR spectral range of these two phases. Conversely,
amorphous films do not exhibit polaron absorption in
the IR spectral range, since only a relatively weak ab-
sorption was noted in the in situ UV-Vis spectra of
charged films. This agrees with the weaker electrochro-
mic changes detected for the latter phase.

The appearance of polaron absorption in the ex situ
IR spectra suggests that the crystalline phase of Nb,Os
can be ranked among other electrochromic materials
like amorphous WO;5 and crystalline V,0s5 [1], where
topochemical changes accompany the Li* ion inser-
tion/extraction reactions. This is not surprising, since
Nb,Os5 is characterized by the high ionicity of the Nb-
O bond. The strong ionic character of Nb,Os crystal-
line and amorphous films is fully supported by the
large LO-TO splitting established experimentally from
the measured NGIA IR spectra; this is also confirmed
from the calculated Im(—1/&) values obtained from the
near-normal reflection spectra of pressed powders.
Accordingly, from the well pronounced ionicity of
Nb,Os, it is expected that when Li* ions are inserted
into the structure a strong electrostatic repulsion is
established between the inserted Li™ ions and the cat-
ion framework. This results in a strong modification of
the spatial charge distribution leading to distortions of
the TT- and T-phases with Li" ion insertion. Ex situ
XRD spectra of charged films showed that distortions
are more pronounced for the TT-phase than for the T-
phase, where Li" ion insertion do not lead to a change
in the unit cell dimensions [11]; however, this was
found for the TT-phase. Despite this, the cycling sta-
bility and electrochromic reversibility of the TT-phase
is remarkably high, giving rise to reversible coloring/
bleaching changes with cycling. Nevertheless, it is rea-
sonable to expect that the cycling stability of the T-
phase is higher than that of the TT-phase because
diffraction analysis revealed no changes in the unit cell
dimensions of the T-phase [11]. Atomic rearrangement
does occur, with Li* ion insertion corroborating the
splitting of the Nb;-O stretching mode observed in ex
situ IR spectra of charged films. Unfortunately, it is
impossible to obtain further data about the electro-
chromic properties of Nb,Os in the T-phase because
the deposition temperature (800 °C) is too high to
produce this type of film on conductive and optically
transparent electrodes.

Amorphous films exhibit smaller electrochromic
changes than do crystalline films. This is in accordance
with the relatively small binding energy shifts of
Nb3ds,,, Nb3ds/, and Ols peaks in ESCA spectra which

these films exhibit with Li " ion insertion [19, 20]. Ex situ
IR spectra results support this because Li ™ ion insertion
causes a change only in the intensity of the Nb-O
stretching mode and not its frequency. At least six cycles
are needed to attain reversible coloring/bleaching
changes. After the precycling period, the coloring/
bleaching changes are reversible, although the trans-
mittance of the bleach state is always lower than that in
the as-deposited films. This suggests that the structure of
as-deposited films changes with cycling to produce a new
electrochromically active phase characterized by Nb**
redox sites retained in the discharged state. The changes
in intensity noted in the ex situ IR spectra of charged
films suggest that the structural modifications accom-
panying Li" ion insertion are small. Accordingly, the
polaron absorption does not appear in the IR spectral
range, confirming the weaker -electrochromism of
amorphous films.

The strong polaron absorption that appears in IR
transmission spectra of charged crystalline films rules
out the possible quasi-free electron reflection which
characterizes the partially reduced H-Nb,Os phase [50,
51]. The presence of quasi-free electrons helps to create
the H-Nb,Os phase’s metal-like properties, which are
manifested by the high reflection at wavelengths longer
than the plasma wavelength (> 1400 nm). IR spectra of
our films do not exhibit such spectral properties, which
agrees with the absence of ReOs-type blocks in the
structures of TT- and T-phases and are otherwise
characteristic of the partially reduced H-Nb,Os phase [9,
50, 51]. On the basis of these results the TT- and T-
Nb,Os5 films exhibit dominant polaron absorption, and
the contribution from the quasi-free electrons is negli-
gible.

Finally, NGIA IR spectra of charged/discharged
films deserve some comments. Our previous ex situ IR
spectroelectrochemical studies of various electrochromic
films in colored and bleached states proved the useful-
ness of this type of measurement for the evaluation of
the structural properties of films in charged/discharged
states [17, 18, 33-38]. The main advantages of ex situ
NGIA IR spectroscopic measurements are the absence
of the usual highly absorbing electrolyte and the in-
creased sensitivity of this method. An improvement in
sensitivity of about 50 times that of the transmission
measurements is common [32]. However, the main dis-
advantage of NGIA IR ex situ measurements is that the
LO modes are shifted away from their TO counterpart
modes observed in the absorption spectra of films, the
LO-TO splitting depending on the ionicity of the film
structure. This is not detrimental to carrying out vibra-
tional mode analysis if the LO modes can be obtained
independently by calculating the Im(—1/¢) values with
the help of a Kramers-Kronig analysis or can be deter-
mined experimentally using NGIA IR spectroscopy. The
main problem, however, is the correct interpretation of
the changes which the observed LO modes exhibit with
charging, because the shifts in frequency of these modes
are not related to changes in bond strength but are



rather dependent upon the change in intensity of the TO
modes. IR spectroscopy of charged amorphous films
clearly shows that the shift in frequency of the LO mode
is related to the decrease in intensity of the TO mode.

The situation is more unclear for crystalline films,
where the LO mode is extinct in the NGIA LO spectra
of negatively charged films. This phenomenon appears
to be general, and was recently noted for the amorphous
electrochromic WOj; films prepared via the peroxo-sol-
gel route [17]. Two conditions must be met in order that
the intensity of the LO mode drops to almost zero. First,
the polaron mode must be present in the spectral range
where the skeletal modes exist, and second, the LO-TO
splitting must be high enough to cause a large dispersion
of the skeletal modes. Simple model calculations showed
that the decrease in intensity of the LO mode was caused
by change of the refractive index () in the spectral range
where the LO mode appears.

This result is important and suggests that the re-
ported red shifts of the LO modes for various electro-
chromic films in different redox states must be
reconsidered. However, for films with weakly expressed
ionicity such as Ni hydroxide [33], the NGIA IR spectra
could still be used for detecting the structural changes
related to the redox processes in films and the presence
of new phases. For these films where the polaron ab-
sorption extends into the frequency range of the skeletal
modes, transmission spectra of charged films are needed
to extract structural information about their redox
states.

Conclusions

The sol-gel route has allowed us to make, via dip-coat-
ing deposition and heat treatment, Nb,O5 films exhib-
iting amorphous (ambient temperature, 300 °C) and
crystalline structures corresponding to the pseudohex-
agonal TT- (300-550 °C) and orthorhombic T-phases
(800 °C). IR and Raman spectra of powders are typical
for certain phases. The observed differences between the
spectra of deposited films in various crystalline modifi-
cations allowed assign us to the most prominent Nb-O
bands, distinguishing the Nb-O streching modes of the
xerogel and amorphous (300 °C) films (~560-600 cm ')
and the Nb3-O stretching characteristic of the crystalline
phases from the Nbs-O vibrating structural units. Nb;-O
stretching appearing in the TT-phase exhibited pro-
nounced splitting, indicating strong distortion of the
pseudohexagonal unit cell when Li" ions are inserted.
This brings about electron hopping between the different
sites in the films and gives rise to the strong polaron
mode and strong electrochromic effect. In the T-phase
the Nbs-O stretching appears as a doublet, which is in
accordance with its orthorhombic symmetry. The pola-
ron absorption, similar to the TT-phase, became ap-
parent in the spectra of charged films with the T-phase.
However, the observed changes in the Nb;-O stretching
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mode in charged spectra are not as pronounced as they
are in spectra of the TT-phase. Conversely, ex situ IR
spectra of the redox states of amorphous (300 °C) films
showed variations in intensity of the Nb-O stretching
mode (577 cm™'), explaining the red shift of the LO
mode, with charging detected in the NGIA IR spectra of
charged films.

The reversibility of the redox processes in charged/
discharged films observed using IR spectroscopy con-
firmed the results obtained from the in situ UV-Vis
spectroelectrochemical measurements. All the films ex-
hibited reversible electrochromic changes, which are
much higher for films with the TT-phase than for
amorphous (300 °C) films.

NGIA IR spectra of charged/discharged films differ
considerably with respect to transmission spectra. This
was explained by the large LO-TO splitting, which was
corroborated from the calculated LO spectra [Im(—1/¢)]
obtained from the near-normal reflection spectra of
powders. The decrease in the intensity of the LO band in
the spectra of charged films was explained by using
model calculations. Variations of the refractive index
values were found to influence the behavior of the LO
mode, decreasing its intensity in the spectra of charged
films where polaron absorption appeared.

IR spectroscopic and XRD results revealed that de-
spite the anisotropic unit cell dimension changes noted
for the TT-phase with Li™ ion insertion, the corre-
sponding structural changes do not bring about irre-
versibility of the observed coloring/bleaching changes of
the TT-phase. This contrasts with the relatively poor
cycling stability of layered electrochromics such as Li-
NiO, [52] where development of new redox phases leads
to deterioration of their electrochromic and electro-
chemical stability. This substantiates further studies of
Nb,Os5 films for electrochromic and battery applications.
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