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Nb doped TiO2 nanocrystals (NCs) are one of themost attractive candidates for energy-efficient smart window

devices due to their ability to provide a selective modulation of the optical transmittance in the visible and near

infrared regions. This dual functionality is associated with two independent bulk (polaronic absorption) and

surface (plasmonic absorption) electrochemical charging processes. However, there are still some unclear

aspects such as the real role of Nb5+ in the electrochemical reduction of anatase TiO2 and the chemical

changes experienced by the dopant during this reaction. Herein, a comprehensive in situ X-ray absorption

spectroscopy study has been employed to unveil the more effective reduction of the doped anatase and

the significant reduction of the Nb5+ dopant to Nb4+ under electrochemical reaction conditions.

Additionally, an exhaustive electrochemical impedance spectroscopy and in situ spectroelectrochemistry

study on a lab-scale smart window device sheds light on the dual polaronic and plasmonic charge

accumulation processes occurring in these NCs during operation.
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Introduction

A high control over the solar radiation that enters buildings
through systems such as smart windows is a very attractive
strategy from the point of view of energy efficiency.1–4 The
energy consumption of buildings accounts for around 30% of
the world total and they are responsible for 10% of greenhouse
gas emissions. In addition, practically half of this energy
consumption is used for heating and cooling acclimatization
systems.5 In this sense, electrochromic materials offer the
possibility of controlling the entrance of the visible part of solar
radiation.6–8 However, the radiation that reaches the earth's
surface contains, in addition to visible, ultraviolet and infrared
radiation in almost equal proportions.9 This is why a large
amount of energy is consumed to regulate the temperature
inside houses, requiring refrigeration in warm months and
heating in cold ones. For this reason, an ideal smart window
should be able to independently control the input of visible
solar light and the heat provided by the NIR spectrum part
according to needs.10 In this line, the so-called dual band elec-
trochromic devices that can selectively lter the transmittance
of different regions of the electromagnetic spectrum (VIS and
NIR) started to be investigated a few years ago.11,12 Unlike
a conventional electrochromic device, they can selectively lter
† Electronic supplementary information (ESI) available. See
https://doi.org/10.1039/d2ta03239b
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the NIR part, responsible for the heat, from the visible part. For
this purpose, one possibility is to use two single band materials
as two different independent electrodes, where one lters the
NIR and the other the visible.13 There are also examples where
a single active electrode, composed of a unique material with
a modulated electronic structure via intentional doping, can
selectively lter different wavelengths independently by tuning
the applied voltage.14–17 This last strategy seems the most
attractive alternative from the design point of view as it only
implies the use of a single active material.

To understand the design and operation of single material
devices, it is necessary to clarify the electrochemical reactions
behind the introduction of charge carriers that cause the
reversible change of their optical features. In this regard, two
light absorption mechanisms in different spectral regions can
be differentiated: polaronic and plasmonic absorptions.18 The
formation of polarons implies an electronic charge localization
which is balanced by ion intercalation, producing a faradaic
charge. This effect also leads to a distortion in the crystal lattice.
Polaronic absorption is responsible for the optical changes in
the VIS range exhibited by metal oxides with electrochromic
properties. At reduction potentials, a distortion occurs in the
oxide network caused by the reduction of the metallic element
and the intercalation of the ions in solution (Li+, Na+, etc.). The
energetic stabilization during the electron insertion process can
result in an electron polaron band below the conduction band
edge formation, causing new absorption transitions, mainly in
the visible region.19,20 On the other hand, light interaction
induces a coherent collective oscillation of free carriers within
the NCs, resulting in a localized surface plasmon resonance
(LSPR), which can be equilibrated by surface charge or super-
cial ion intercalation, leading to the formation of an electro-
chemical double layer.21,22 LSPR is usually exhibited by noble
metal nanoparticles;23 however, when electronically doped with
oxygen vacancies, aliovalent dopants, or interstitial dopants,
conducting metal oxides may present this metallic behaviour
due to a substantial stabilization of the concentration of charge
carriers within thematerial. This results in the presence of LSPR
in metal oxide NCs of sizes less than 10 nm, usually in the NIR
range, allowing a selective modulation in this region of the solar
spectrum.22,24

In this sense, the aliovalent doping of anatase TiO2 is
a strategy that has been studied in depth not only for smart
windows15 but also for other applications, such as energy
storage systems,25,26 photocatalysis27,28 or solar cells.29 Anatase
TiO2 is a widely used electrochromic material, due to its low
cost, environmental friendliness and remarkable stability under
a wide range of temperature and pH conditions and during
charge and discharge processes.30,31 Moreover, TiO2 exhibits low
volume change during the lithium ion intercalation process and
short paths for rapid lithium ion diffusion. However, it has
a relatively low theoretical capacity (related to its efficiency as an
electrochromic material) and poor electrical conductivity that
hinders its performance as an anode in this application.
Substitutional doping with cations with a higher valence (such
as Nb5+) than the Ti present in the TiO2 conformation (Ti4+),
induces a donor state to the conduction band, resulting in free
This journal is © The Royal Society of Chemistry 2022
carriers. This phenomenon may promote a semiconductor–
metal transition, provoking a series of very attractive effects on
different physicochemical properties. Specically, the doping of
TiO2 with Nb5+ has been widely addressed as it provides an
improvement in electrical conductivity32 and charge capacity
properties,33 boosting its performance as an anode for electro-
chemical storage devices such as batteries,33,34 being also very
interesting for supercapacitors due to its high surface charge
capacity.25

Additionally, when synthesized as colloidal NCs, Nb doped
TiO2 exhibits the desired and above explained tuneable LSPR in
the NIR range, which can be modulated by electrochemical
charging.18,35 This property confers the Nb-doped TiO2 NCs
a dual electrochromic functionality in a single component, as it
incorporated this surface effect into the well-known Li-
intercalation in bare TiO2.36 This dual band functionality was
investigated for the rst time by Dahlman et al.18 In addition, in
a previous study, the feasibility of developing a smart window
device with this system being capable of selectively ltering NIR
or VIS light has been demonstrated.15

Despite the fact that the inuence of Nb within the TiO2

lattice on its electrochemical properties has been addressed by
several research groups, as far as we know no in situ X-ray
absorption during electrochemical measurements of this
system has been reported yet. Advanced synchrotron-based in
situ X-ray characterization is a powerful tool for providing
valuable insights into the complicated reaction mechanisms
occurring during electrochemical reactions. Thanks to this
approach, we have been able to measure for the rst time the
dopant's absorption edge within the anatase network and
monitor its behaviour at characteristic reduction voltages. An
exhaustive in situ X-ray absorption spectroscopy study at both Ti
and Nb edges reveals a more effective reduction of the Ti in the
doped anatase and a signicant reduction of the Nb5+ dopant to
Nb4+. Furthermore, a combination of in situ spectroelec-
trochemical experiments with electrochemical impedance
spectroscopy (EIS) allows exploration of the dual polaronic and
plasmonic charge accumulation processes occurring under the
application of different modulation voltages in these NCs.

Results and discussion
Synthesis, thin lm preparation and general characterisation

Nb doped TiO2 with a doping load of 9.2%, conrmed by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES), was prepared by a modied colloidal synthesis based on
the method reported by de Trizio et al.35 The selection of Nb
loading was based on previous studies where the amount of Nb
to maximize its LSPR properties was investigated.15,35,37

The obtained NCs resulted in stable yellow colloids of TiO2

(Fig. S1, ESI†) and blue in the case of the Nb-doped system
(Fig. 1a). Bare and doped NCs exhibit an average size of 5 nm, as
observed in the eld emission scanning electron microscope
(FESEM) images in STEM mode (Fig. 1b for Nb doped TiO2 and
Fig. S1† for bare TiO2). The crystalline anatase phase of anatase
has been conrmed by Raman microscopy (Fig. 1e and f) and X-
ray diffraction (XRD) (Fig. S2†). By an analysis of XRD all the
J. Mater. Chem. A, 2022, 10, 19994–20004 | 19995
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Fig. 1 (a) Colloidal dispersion and (b) feature size of NCs by means of FESEM in STEM mode images. Circles surrounding NCs have an average
diameter of 5 nm. (c) Photograph and (d) FESEM image of the Nd doped TiO2 NC thin film. (e) Raman spectra (f) Raman spectra inset showing bare
(blue) and Nb doped TiO2 (red).
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indexed peaks for both samples correspond to the active
tetragonal phase of anatase TiO2. The characteristic Raman
vibrational modes associated with tetragonal anatase TiO2 were
clearly observed in the pristine sample, with peaks located at
149, 396, 518 and 639 cm�1, associated with Eg, B1g, A1g/B1g and
Eg vibrational modes, respectively. In Fig. 1f an enlargement of
one of the peaks reveals a slight modication in the position
and intensity of the Raman vibrational modes, suggesting the
incorporation of Nb in the crystal structure, in good agreement
with previous reported studies,15,18,35 which will be investigated
in depth later. The substitution of Nb5+ in the anatase TiO2

structure gives rise to a release of electrons into the conduction
band, generating a higher density of free carriers and therefore
a semiconductor–metal transition of the material, provoking
plasmonic absorption or localized surface plasmon resonance
in the NIR.18 In order to conrm this expected free carrier
generation, an UV-VIS-NIR absorption spectrum was acquired
for both bare and Nb:TiO2 (Fig. S3, ESI†). As expected, a broad
absorption peak appears starting at the red edge of the visible
region and exhibiting a maximum in the IR region, conrming
the doping and therefore the LSPR in these NCs.

In order to investigate the electrochemical and spectroelec-
trochemical performances, thin lms were prepared by doctor
blading an organic viscous paste that contains the synthesised
NCs (more details in the ESI†). The dispersion of the NC
colloids in this paste allows the achievement of thin lms with
19996 | J. Mater. Chem. A, 2022, 10, 19994–20004
high porosity, transparency (Fig. 1c and d) and great thickness
control. The high specic surface area and mesoporosity of the
thin lm signicantly enhance the pseudo-capacitive contri-
bution, giving rise to a favourable morphology to investigate the
inuence of surface effects on electrochemical charge storage in
general,38 favouring the action of both plasmonic and polaronic
absorptionmechanisms. FESEM images reveal that bare and Nb
doped TiO2 exhibit similar morphological properties (Fig. 1d
and S1†), depicting high surface roughness and porosity while
maintaining the as synthesised NC sizes. In relation to the
thicknesses, both cross-sectional FESEM and AFM images show
highly homogeneous lms with a thickness of 300 � 20 nm
(Fig. S4 and S5,† ESI). Energy dispersive X-ray spectroscopy
(EDX) measurements (Fig. S6 and S7,† ESI) conrm the pres-
ence of the expected elements from the active layer (Ti, O and
Nb in the doped sample) and the substrate (In, Sn and Si),
conrming the absence of organic compounds present in the
viscous paste used to prepare the NC thin lms.
Doping effect in the electronic and crystalline structures

Ex situ X-ray absorption spectroscopy (XAS) was performed to
gain insights into the local structure of Nb cations in Nb doped
TiO2 NCs. Fig. S8† in the ESI exhibits the X-ray absorption near-
edge structure (XANES) spectra and extended X-ray absorption
ne structure (EXAFS) at the Ti edge of bare and Nb doped TiO2,
This journal is © The Royal Society of Chemistry 2022
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conrming the presence of anatase TiO2,39,40 in agreement with
the Raman and XRD results (detailed explanation is given in
ESI, Fig. S8 and Table S1†). XANES spectra of Nb-doped TiO2

and different Nb reference compounds at the Nb K edge are
shown in Fig. 2a, revealing that the edge positions of Nb2O5 and
Nb doped TiO2 are very similar, conrming the presence of Nb5+

ions in the doped NCs. However, there are relevant differences
such as the decrease of the shoulder or pre-edge peak at
18 994 eV, feature A, and the increase of the resonance at
19 023 eV, feature B. A simulation of the Nb K-edge XANES
spectrum of Ni5+ within the anatase network was performed
Fig. 2 (a) XANES spectra at the Nb K-edge for Nb2O5 and Nb-doped TiO
transform moduli (solid line) and fit (dashed line) of EXAFS spectra at the
Models of the crystal lattice and (d) unit cell of bare and Nb doped anatas
states (DOS) of Nb-doped anatase. Total DOS profiles (black), O 2p (red

This journal is © The Royal Society of Chemistry 2022
using the FDMNES soware and the result is shown in Fig. S9†
(more details are given in the ESI).

The simulated spectrum presents great similarities with the
measured spectrum and further suggests the incorporation of
Nb5+ ions into the anatase structure where Nb5+ ions replace
Ti4+ ions as substitutional dopants. On the other hand, the Ti K
edge XANES spectra exhibit clear changes in the intensity and
shape of the A2 and A3 features of Nb doped samples which are
associated with a partial reduction of Ti4+ ions to accommodate
Nb5+ species in the structure (more details in section S5 and
Fig. S8a†). Extended X-ray absorption ne structure (EXAFS)
2 thin-films together with Nb metal foil and NbO references. (b) Fourier
Nb K-edge for Nb-doped TiO2 thin films and the N2O5 reference. (c)
e TiO2. Atom colours: Ti (blue), O (red), Nb (green). (e and f) Density of
), Ti 3d (blue), and Nb 5d (green).

J. Mater. Chem. A, 2022, 10, 19994–20004 | 19997
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tting of the rst shell performed at the Nb K-edge for Nb2O5

and Nb-doped TiO2 and Ti K-edge in Nb doped TiO2 is depicted
in Fig. 2b and S8b† respectively. Considering the lower signal to
noise ratio for the EXAFS region of the doping element, Fourier
transform (FT) was performed in a reduced k-range: 3–10 Å�1

and higher shells are less resolved. Therefore, only a tting of
the rst shell was carried out and the results of this t are
summarized in Table S2† in the ESI. The FT of the EXAFS signal
at the Ti K-edge in this reduced k-range is also shown for
comparison.

For the Nb doped TiO2 sample, Nb5+ ions present an octa-
hedral coordination and the bond distance is 2.00(2) Å, in
perfect agreement with the distance reported by other authors
for Nb-doped TiO2.41 Another interesting feature is the simi-
larity of the second shell at the Ti and Nb K-edge, which
suggests the presence of a Ti second shell around the Nb
cations, further conrming the presence of Nb5+ ions in the
anatase structure (compare with the dotted grey line repre-
senting EXAFS of the Ti K-edge). In contrast, the coordination
number of Nb cations in Nb2O5 was xed to 5 for a good t, in
agreement with the results reported by other authors,42,43 and
the quite high value of the s2 parameter reects a high bond-
distance dispersion, which can be attributed to the presence
of four longer Nb–O bonds (�2.06 Å) and one shorter Nb]O
bond (1.82 Å). In our case no improvement in the t was ob-
tained considering the model with two different sub-shells. Two
Nb–Nb coordination shells are also observed at longer distances
(�2.7 and 3.7 Å on the phase uncorrected scale) in the Nb2O5

samples.
DFT calculations for the Nb–TiO2 doped system were carried

out to determine the changes in the structural and electronic
properties. First, to determine the relative stability of Nb doped
TiO2, the substitution energy (Es) was calculated, considering
that four Ti atoms are replaced, using eqn (1):

Es ¼ ENb
TiO2 + 4ETi � 4ENb � Eb

TiO2 (1)

where EInTiO2 and EbTiO2 are the total energies of the doped system
and bare TiO2, respectively, while ETi and EIn are energies per
atom of metal Ti and Nb. This substitution energy is positive (Es
¼ 2.21 eV per Nb atom) indicating that this is a metastable state,
thermodynamically less stable than bare TiO2, in agreement
with other authors.44 To determine the intrinsic thermody-
namic stability of doped TiO2, the formation energy of Inx-
Ti1�XO2 was calculated through eqn (2):

ENb
fm ¼ ENb

TiO2 � 68ETi � 144EO � Ed (2)

where EO is the energy per oxygen atom. Thus, the formation
energy of the tetra-substituted Nb–TiO2 phase is -982.6 eV
(�247.6 eV per Nb atom), in agreement with previous studies.44

This negative energy is consistent with the thermodynamic
stability of this phase. The lattice parameters of Nb–TiO2 (Table
S3†) show an increase with respect to bare TiO2 as observed
experimentally by Raman microscopy and XAS, as previously
reported.45,46 This expansion in the cell volume is attributed to
the larger ionic radius of Nb5+ (0.64 Å) compared to that of Ti4+
19998 | J. Mater. Chem. A, 2022, 10, 19994–20004
(0.61 Å). The near neighbours Ti–O, Nb–O, Ti–Ti and Ti–O–Ti
mean distances for bare TiO2 and Nb–TiO2 are summarized in
Table S4.† In the case of Ti–O bonds near Nb atoms we found
variation in the lengths for both equatorial (2.001–2.047 Å) and
apical (1.917–2.100 Å) positions. The lower values correspond to
oxygen atoms shared by Nb and Ti atoms. This increase is most
signicant for Ti–Ti and Ti–O–Ti distances.

The HSE06 density of states (DOS) analyses were carried out
on Nb-doped TiO2 (NbxTi1�xO2) (Fig. 2e and f). The valence band
(VB) is mainly constituted by the overlapping of O 2p and Ti 3d
orbitals, while the conduction bandminimum (CBM) is primarily
formed by Ti 3d orbitals. In addition, a narrow peak in the band
gap, centred at 0.6 eV below the conduction band minimum is
observed, exhibiting a strongly localised charge density on
a single Ti site in a nearest-neighbour position relative to the Nb
dopant. Small contributions of neighbouring O atoms and Nb
atoms, proportional to their concentration, were also observed.
Previous investigations using the DFT+U approach attribute the
presence of an intra band gap peak to a Ti-centered small
polaron, resulting in a partial reduction of Ti atoms (Ti3+)47which
play a crucial role in the electronic conductivity enhancement,
allowing a rapid electron replacement and reducing the proba-
bility of trapping electrons from the CB.48
Electrochemical performance analysis by XPS and in situ XAS

Once the substitutional nature of the Nb5+ doping within the
synthesised anatase NCs and the effects on its structure were
conrmed, we proceeded to analyse the electrochemical effects
of this substitution by XPS and in situ XAS experiments.

A set of cyclic voltammetry experiments at different scan
rates was performed to investigate the electrochemical behav-
iour of the system under study (Fig. S10†). A Li-based electrolyte
was used to investigate both surface and bulk charge processes.
At low scan rates, the voltammetry shows a similar capacity
between bare and doped samples. However, at high scan rates,
an increase in the system load is observed in the Nb-doped
sample. It is well known that the effects related to surface
charge are more noticeable at high scan rate analysis.25,49 A
possibility is to attribute this overall charge capacitance effect to
the surface effect associated with the presence of LSPRs in the
doped NCs, something we will address later. Moreover, looking
at the CVs in detail (inset graphs Fig. S11†), even at low scan
rates, a change in the shape of the CV of the Nb-doped sample
also suggests an increase in the current at lower potentials.

The origin of the charge capacitance differences between
these systems could be found through the analysis of the
evolution of the chemical environment of the Ti and Nb atoms
within the bare and doped samples.

First, we performed XPS studies of samples before and aer
electrochemical reduction. By quantication of the Ti 2p and
Nb 3d regions we estimate a Nb doping of 13% for both pristine
and reduced samples. Compared with the bulk Nb/Ti ratio
(9.8% according to ICP studies), we observe a partial surface
segregation, which has been previously reported.23 This exper-
iment also shows that the reduction–oxidation cycles do not
lead to further Nb phase segregation.
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 displays the XPS spectra of a Nb:TiO sample in the Ti 2p
and Nb 3d regions before and aer the reduction processes. The
spectrum of the as-prepared sample features intense peaks in the
Ti 2p and Nb 3d regions with maxima at 459.5 eV and 207.7 eV,
which are well within the expected binding energy range for Ti(IV)
and Nb(V) cations, respectively. Aer the sample has been sub-
jected to reducing chronoamperometric conditions (�1.9 V vs.
Ag/Ag+), two important changes can be observed in the spectrum:
(i) new low binding energy components emerge both in the Ti 2p
and the Nb 3d regions and (ii) there is a shi of the whole
spectrum (observed on both core lines) toward higher binding
energy by about 0.3 eV. The chemical shi of the emerging
components in the Ti 2p (which is 2.5 eV off the main Ti4+

component) and Nb 3d (which is 1.6 eV off the main Nb5+

component) regions can be associated with the presence of Ti3+

and Nb4+ cations, which suggests that both the host Ti and
dopant Nb are reduced during the electrochemical reaction.

Ti3+ and Nb4+ introduce electron density donor states, leading
to an effective n-type doping of the system that pins the Fermi
level further into the conduction band. Since all spectra are
referenced to the Fermi level, this results in the observed shi of
the spectrum of the reduced sample to a higher binding energy
(BE). This observation also suggests that the reduction of the
cations does not lead to a segregation of reduced phases. Instead
the reduced species remainwithin the anatase structure, bringing
about the observed electronic modulations to the whole system.

XPS postmortem analyses show that the electrochemical
reduction of the Nb doped TiO2 sample involves the reduction
of both the Ti and Nb cations within the network, at least at the
surface of the sample. In order to study what is actually
happening during the electrochemical reduction of the mate-
rial, we carried out the in situ XAS experiment. In situ XAS was
used to investigate the polaron absorption effect responsible for
Fig. 3 XPS spectra of oxidised (upper panel) and reduced (lower panel)

This journal is © The Royal Society of Chemistry 2022
the visible electrochromic phenomena and to study key differ-
ences between bare and Nb doped TiO2 under smart window
operation conditions. In this way, in situ XAS measurements
were performed at both Ti and Nb K-edges. Fig. 4a and b show
the cyclic voltammograms at 20 mV s�1 of both systems and the
potential values where the in situ XAS experiment was per-
formed. The samples were measured under open circuit
potential (OCP) conditions (Fig. 4 lighter spheres) and under
reduction conditions (Fig. 4 dark spheres) to nally return to
the OCP and study the reversibility of the system (oxidised
samples). Fig. 4c shows the XANES spectra at the Ti K-edge for
the Nb-doped TiO2 sample measured at OCP and reduction
potentials while the inset shows the spectra of bare TiO2 under
the same conditions. Remarkable differences are observed in
both samples during the reduction reaction with a clear change
in the spectral features compared to the samples measured
under OCP conditions. The absorption edge shis towards
lower energies and the pre-edge region also suffers noticeable
changes. Two well dened resonances, 4987 and 5001 eV,
appear on the white line at the reduction potential and there is
a slight decrease in the absorption intensity at around 4970 eV,
in correspondence with the A2 feature (see Fig. 2 and S8† in the
ESI for comparison). All these results indicate a partial reduc-
tion of Ti4+ to Ti3+ ions. These results are in agreement with
previously reported studies,18,50 where these spectral modica-
tions induced at the Ti K-edge during reduction are clear
evidence of Li-ion intercalation in the anatase structure and the
well-known transition from a tetragonal phase towards a dis-
torted orthorhombic LiXTiO2 phase:30,51,52

TiO2 + xLi+ + xe� # LixTiO2; x < 0.5 (3)
Nb doped TiO2 in the Ti 2p and Nb 3d regions.

J. Mater. Chem. A, 2022, 10, 19994–20004 | 19999
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Fig. 4 Cyclic voltammograms of (a) Nb doped TiO2 and (b) bare TiO2 at 20 mV s�1 in 1 M LiClO4 in propylene carbonate. The lighter spheres
represent the point where the measurement was carried out before reducing thematerials (OCP) and the darker is the point at which the spectra
called Red_TiO2 and Red_TiO2:Nb were recorded. (c) XANES spectra at the Ti K-edge for Nb-doped TiO2 thin films at OCP and reduction
potential. The spectrum of undoped TiO2 is also shown for comparison (dotted line). The inset shows the XANES spectra of undoped TiO2 at
oxidation and reduction potential. (d) XANES spectra at the Nb K-edge for Nb-doped TiO2 thin films at oxidation and reduction potentials. The
spectrum of Nb2O5 at reduction potential is also shown for comparison (dotted line). The inset shows the XANES spectra of Nb2O5 at oxidation
and reduction potentials.
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The obtained spectra were similar for the bare and Nb-doped
samples at the reduction potential (see Fig. 4c, main spectra
and inset). However, the Nb-doped TiO2 sample shows tiny but
noticeabe differences in the XANES spectra, such as: (i) a slightly
lower absorption of the pre-edge peaks at around 4970 eV; (ii)
a lower absorption of the resonance at 5001 eV. These spectral
differences reveal an improvement in the electrochemical
reduction reaction provoked by the substitution of Ti4+ by Nb5+

ions in anatase TiO2.
The average oxidation state aer reduction of Ti ions was

estimated using an integral method similar to what was re-
ported before53 and using Ti metal, Ti2O3 and TiO2 as references
with known oxidation states (Fig. S12† in the ESI). The oxidation
state calculated for bare and Nb-doped TiO2 is around 3.6 and
3.5, respectively, suggesting that on Li+ ion intercalation, X in
eqn (3) is 0.4 in the Nb doped sample and 0.5 in the bare one.
Therefore, a slightly higher reduction of Ti ions is detected in
the Nb-doped sample revealing a more efficient reduction
process. Besides, the measured spectra at OCP and oxidation
potentials aer the reduction process (Fig. S13† in the ESI) are
practically equal, thus revealing a great reversibility of the
system aer the electrochemical reduction.

Fig. S14† in the ESI shows the FT moduli of the EXAFS
spectra of undoped and Nb-doped TiO2 samples measured at
20000 | J. Mater. Chem. A, 2022, 10, 19994–20004
the Ti K-edge under reduction and OCP conditions. Aer the
reduction, the rst coordination shell is made of a mixture of
Ti4+ and Ti3+ (conrmed by the XANES) bonded to oxygen in
octahedral coordination and the Ti–O bond distance increases
from 1.956(6) Å to 1.98(1) (TiO2) and 2.01(1) Å (TiO2:Nb), (see
Table S5†). The lengthening of the Ti–O bond distance reects
the increased ionic size of Ti3+ ions (67 pm) compared to Ti4+ (60
pm) in octahedral coordination.54 The longer Ti–O bond
distance observed for the Nb-doped sample suggests that the
amount of Ti3+ ions formed under the reduction conditions is
slightly higher compared to the undoped TiO2 and agrees with
the analysis of the average oxidation state of Ti ions. The small
differences observed in the XANES features, such as a lower
absorption in the pre-edge region (4968–4974 eV) and the lower
intensity of the white line resonance at 5001 eV (Fig. 3) also
indicate a higher amount of Ti3+ formed in the Nb-doped
sample. The increased Ti–O bond distance causes a smaller
overlap of Ti 3d and O 2p orbitals and this causes a shi of the
A2 pre-peak of the XANES region towards lower energy, as re-
ported before.50 For the Nb-doped sample there is also a higher
local disorder around Ti4+/Ti3+ ions, as conrmed from the
higher Debye–Waller parameters (Table S5, ESI†). Another
interesting difference at the reduction potential is the remark-
able intensity decrease of the coordination shells at longer
This journal is © The Royal Society of Chemistry 2022
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distances (2.5–3.5 Å on the phase-uncorrected scale), where the
Ti–Ti coordination shells of the anatase structure appear. This
conrms the occurrence of a phase transition during the
intercalation of Li+ ions and conrms the formation of a LiXTiO2

phase, as suggested by the XANES spectra, with a corresponding
decrease of Ti–Ti coordination shells.

XANES spectra under reduction and OCP conditions were
also recorded at the Nb K-edge for Nb2O5 and the Nb-doped
TiO2 sample. In this experiment, we observe a very interesting
phenomenon, which was never investigated before under in situ
conditions to the best of our knowledge. Tiny changes are
observed for the Nb2O5 sample during reduction, (inset of
Fig. 3d), while remarkable changes are observed for the Nb-
doped TiO2 sample, conrming the XPS analysis explained
before. The absorption edge of Nb-doped TiO2 shis by 2.6 eV
towards lower energy and the appearance of two resonances at
around 19 010 and 19 020 eV are distinctive features of the
formation of Nb4+ species in the form of NbO2.55 This different
electrochemical activity of Nb ions in Nb2O5 and TiO2 is another
clear indication of the presence of Nb ions in the anatase
structure more than the as isolated Nb2O5 domains. Besides, in
light of these results, Nb5+ is signicantly more reduced as
a dopant within TiO2 than in Nb2O5 oxide.

The FT moduli of the EXAFS signals together with the rst
shell t for the Nb-doped TiO2 sample at OCP and reduction
potential are shown in Fig. S15† in the ESI. The results of the t
clearly indicate the formation of Nb4+ species during reduction
where Nb4+ ions are in octahedral coordination and the Nb–O
bond distance increases to �2.09(2) Å (Table S6†) in rough
agreement with the bond distance of NbO2 reported by other
authors.56 Despite the rst shell in NbO2 being made of a dis-
torted octahedron, here only a single Nb–O bond distance was
considered due to the limited k-range available (k� 10 Å�1). The
s2 parameter is quite large and this reects the distorted octa-
hedral structure obtained during reduction conditions. Aer
the oxidation reaction, the Nb4+ ions are oxidized again to Nb5+

and the Nb–O decreases to 1.99 Å, similar to what was found for
the ex-situ results of Nb doped TiO2 (Table S6†).

In summary, this exhaustive study reveals the fascinating
role of the dopant under smart window operation conditions.
We have discovered that Nb not only modies the electronic
structure of anatase, but is also active in the reduction process,
observing substantial changes in the reduction of Nb5+ to Nb4+

during the electrochemical process. Moreover, the inclusion of
Nb allows a more effective reduction of the Ti within the doped
anatase.

This ability of the doped material to be reduced more
effectively could be the basis of the improved charge capaci-
tance in the electrochemical reduction performance of the Nb-
doped TiO2 compared with the bare one and can be related to
the better electronic conductivity calculated using DFT and
previously reported data,49 faster lithium ion diffusivity,25 and
higher surface charge of the Nb doped TiO2 NCs. Furthermore,
based on previous calculations of the intercalation energy of
lithium in these systems,57 Nb-doped TiO2 has a lower interca-
lation energy than pristine TiO2 anatase, revealing that Nb-
doping induces a relatively more stable structure for lithium
This journal is © The Royal Society of Chemistry 2022
intercalation. Additionally, due to their high surface area to
volume ratio, small NCs provide a higher proportion of elec-
trically charged species closer to the surface (compared to bulk
materials) and can aid in faster ion/electron transfer processes.
This may facilitate charge storage in the electrodes through
surface effects only exhibited by Nb doped TiO2.
In situ spectroelectrochemistry and electrochemical
impedance spectroscopy

Once the highest accumulated capacitance associated with Li+

intercalation and therefore with the polaronic absorption of the
doped system was determined, the dual band behaviour at
different applied potentials of this material was investigated by
combining electrochemical impedance spectroscopy (EIS) with
in situ spectroelectrochemistry. To perform this study, EIS was
carried out along a wide electrochemical window to understand
the changes in the electrical properties induced by the dopant
with the applied potential.58 Besides, a smart window lab-scale
device with high transparency was assembled (Fig. S19†) to
explore the spectroelectrochemical changes at equivalent
potentials.

Fig. 5a shows the Nyquist plots obtained at the reduction
potential at which in situ XAS was performed (�1.9 V Ag/Ag+),
where two arcs can be distinguished. Additionally, Fig. S16†
shows the Nyquist plots at other measured potentials, showing
a reduction in the arc with the cathodic applied bias. Due to the
porous nature of the fabricated lms and the presence of two
arcs in the Nyquist plots, an equivalent circuit composed of two
RC couples in parallel is employed, considering both the ITO/
electrolyte and the TiO2/electrolyte interfaces.59 The employed
equivalent circuit is shown in the inset of Fig. S16.† At rst
glance, Nb doping reduces the series resistance in good
agreement with previous studies.49,60 Additionally, a reduction
in the charge transfer resistance was also measured for the
whole potential window by the addition of Nb to the TiO2 host
lattice. Fig. S17a† shows the acquired series and charge
transfer resistance of the analysed samples at different scan
potentials. On the other hand, Fig. 5b shows the extracted
capacitance from the EIS measurements at different applied
potentials together with the cyclic voltammetry (CV) curves of
the analysed samples.

The extracted capacitance from the ITO/electrolyte interface
is shown in Fig. S18,† where a at behaviour of the capacitance
typical of a double layer capacitance is observed along the whole
potential window.61 The capacitance of both samples was
calculated in the same potential range as the voltammetry
(Fig. 5b) showing a peak at around �1.6 V vs. Ag/Ag+, perfectly
matching the reduction wave observed in the cyclic voltamme-
try, related to the Li+ intercalation within the bulk of the
lms.15,62 The maximum value of the capacitance is very similar
in both samples as shown by the similar shape observed in the
voltammograms, being slightly higher in Nb:TiO2, especially at
higher cathodic bias, matching the results observed by in situ
XAS experiments. Furthermore, the Nb doped sample shows
a much earlier onset in the capacitance than the bare TiO2

sample, as will be further discussed below. Additionally, the
J. Mater. Chem. A, 2022, 10, 19994–20004 | 20001
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Fig. 5 (a) Nyquist Plot of bare and Nb doped TiO2 at �1.9 V vs. Ag/Ag+. (b) Cyclic voltammetry (solid lines) and charge capacitance (balls)
associated with the different potential points of TiO2 (blue) and Nb-doped TiO2 (red). (c) Transmittance spectra and (d) cyclic voltammogram of
a lab-scale device of Nb doped TiO2 at 50 mV s�1. The spheres represent the potential points at which the transmittance measurements of the
device have been carried out.
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charge transfer resistance (Rct) of the analysed samples
(Fig. S18a†) shows a decrease with the cathodic applied poten-
tial, as expected. The Nb doped sample exhibits a slightly lower
resistance than bare TiO2 along the whole potential window,
more likely attributed to the enhanced conductivity induced by
the dopant.

On the other hand, the density of states (DOS) of the
conduction band (CB) of the analysed samples was extracted
from the capacitance through the expression C ¼ e � DOS.63

The obtained shape of the DOS of the CB (Fig. S17b†) is in good
agreement with that in previous studies.64,65 As can be observed,
the Nb doped sample shows a slightly higher value of the peak
at around 5 eV, meaning a slight increase in the electron density
at the conduction band minimum, which has been previously
reported for Nb doped TiO2.15

To correlate these results with the dual band functionality of
this material, in situ spectroelectrochemical experiments were
performed. Fig. 5c and d show the transmittance spectra and
cyclic voltammograms of the lab-scale smart window device,
respectively. The colored spheres in the cyclic voltammograms
represent the potential points at which the spectroelec-
trochemical measurements were performed. Under the appli-
cation of a moderate voltage, and previously to the peak that
represents the Li+ intercalation in the device (blue spheres),
a modulation in the optical transmittance in the NIR range is
20002 | J. Mater. Chem. A, 2022, 10, 19994–20004
observed, which can be attributed to the surface plasmon
absorption. At these voltages (0 to �2 V), the Li+ ions did not
intercalate deeply into TiO2, but instead accumulated around
the NC surface to balance the higher electron concentration of
the semiconductor. On the other hand, the reddish spheres in
Fig. 5d represent the potentials at which the intercalation of
lithium and therefore the reduction of the electrode, begin to
appear. In this potential range (�2.5 and �3 V), the optical
transmittance reduction in the VIS range begins to decrease, as
an effect of the intense polaron absorption associated with the
massive insertion of Li+ ions occurs at these potentials within
the TiO2 host lattice. See in Fig. S20† images of the lab scale
smart window device under operation conditions.

In light of these results, it is possible to attribute the early
increase in the extracted capacitance of the Nb doped TiO2 to
the presence of the LSPR phenomenon. Hence, two different
potential regions can be distinguished in the doped sample: (i)
between 0 and �2 V: this region is governed by the LSPR
phenomenon, observed by the enhanced transmittance at these
potentials and an early onset in the extracted capacitance
(reddish region in Fig. 5b). (ii) At potentials between �2.5 and
�3.5 V, the polaron absorption governs the reduction in the
transmittance, as a consequence of the bulk Li intercalation,
and this is reected in the increase in the capacitance matching
the reduction wave in the CV (blueish region in Fig. 5b).
This journal is © The Royal Society of Chemistry 2022
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Conclusions

Pristine and Nb-doped anatase nanocrystals with an average
size of 5 nm have been successfully synthesized and the two
electrochromic modes (polaronic and plasmonic absorption)
have been observed and characterised. An in-depth analysis of
the behaviour of these materials in both modes has been
carried out, nding relevant information that helps elucidate
their performance in smart window devices. In relation to the
polaronic absorption responsible for the optical changes in the
visible part, an exhaustive in situ X-ray absorption spectroscopy
study was carried out. The study reveals the more effective
reduction of Ti within the doped anatase material and
a substantial reduction of Nb5+ to Nb4+ during the electro-
chemical process, much larger than the structural changes
observed for Nb5+ within the lattice of its own oxide (Nb2O5).
This rst time analysis of the dopant's edge during operation
conditions expose the active role of Nb not only in modifying
the electronic structure of the host oxide, but also playing an
active role in the reduction process.

The observed improvement in the electrochemical reduction
process when Ti4+ atoms are replaced by Nb5+ can be attributed
to the better electronic conductivity and higher lithium inter-
calation observed by EIS, as well as a superior ability to store
charge through surface reactions/effects, thanks to the higher
surface/volume ratio in this system due to the change in crys-
talline size domains.

The polaron and plasmon absorptions present in these
doped NCs were investigated through a combination of EIS
measurements and in situ spectroelectrochemistry. As far as we
know, the dual effect of Nb doping has been directly observed in
the extracted capacitance from EIS for the rst time in this
work. In the potential region where lithium intercalation and
therefore polaronic absorption occur, a slight increase in the
capacitance of the doped material was observed, in good
agreement with in situ XAS experiments. An early increase in the
extracted capacitance of Nb doped TiO2 was observed at lower
applied potentials that can be attributed to the LSPR exhibited
by these NCs.

The combined application of in situ electrochemical XAS,
XPS analysis, in situ spectroelectrochemistry and EIS has
allowed us to unravel the polaron and plasmon absorption
phenomena exhibited in Nb doped anatase NCs, that are the
basis of the excellent performances as smart window materials.
This strategy could be used to unveil the behavior of other
doped NCs that exhibit this fascinating dual band behavior and
are pivotal for applications such as batteries, supercapacitors
and smart windows.
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7 C. G. Granqvist, İ. Bayrak Pehlivan and G. A. Niklasson, Surf.
Coat. Technol., 2018, 336, 133–138.

8 K. Wang, Q. Meng, Q. Wang, W. Zhang, J. Guo, S. Cao,
A. Y. Elezzabi, W. W. Yu, L. Liu and H. Li, Advanced Energy
and Sustainability Research, 2021, 2, 2100117.

9 C. A. Gueymard, Sol. Energy, 2004, 76, 423–453.
10 E. L. Runnerstrom, A. Llordés, S. D. Lounis and

D. J. Milliron, Chem. Commun., 2014, 50, 10555–10572.
11 S. Cao, S. Zhang, T. Zhang, Q. Yao and J. Y. Lee, Joule, 2019, 3,

1152–1162.
12 S. L. Gibbs, C. Dean, J. Saad, B. Tandon, C. M. Staller,

A. Agrawal and D. J. Milliron, Nano Lett., 2020, 20, 7498–7505.
13 M. Barawi, G. Veramonti, M. Epifani, R. Giannuzzi,

T. Sibillano, C. Giannini, A. Rougier and M. Manca, J.
Mater. Chem. A, 2018, 6, 10201–10205.

14 S. Cao, S. Zhang, T. Zhang and J. Y. Lee, Chem. Mater., 2018,
30, 4838–4846.

15 M. Barawi, L. De Trizio, R. Giannuzzi, G. Veramonti,
L. Manna and M. Manca, ACS Nano, 2017, 11, 3576–3584.

16 H. Gu, C. Guo, S. Zhang, L. Bi, T. Li, T. Sun and S. Liu, ACS
Nano, 2018, 12, 559–567.

17 J. Kim, G. K. Ong, Y. Wang, G. LeBlanc, T. E. Williams,
T. M. Mattox, B. A. Helms and D. J. Milliron, Nano Lett.,
2015, 15, 5574–5579.

18 C. J. Dahlman, Y. Tan, M. A. Marcus and D. J. Milliron, J. Am.
Chem. Soc., 2015, 137, 9160–9166.

19 G. A. Niklasson, L. Berggren and A.-L. Larsson, Sol. Energy
Mater. Sol. Cells, 2004, 84, 315–328.

20 C. G. Granqvist, Thin Solid Films, 2014, 564, 1–38.
J. Mater. Chem. A, 2022, 10, 19994–20004 | 20003

https://doi.org/10.1039/d2ta03239b


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
4 

de
 ju

lio
l 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/1
2/

20
25

 2
:1

8:
15

. 
View Article Online
21 V. G. Kravets, A. V. Kabashin, W. L. Barnes and
A. N. Grigorenko, Chem. Rev., 2018, 118, 5912–5951.

22 A. Agrawal, S. H. Cho, O. Zandi, S. Ghosh, R. W. Johns and
D. J. Milliron, Chem. Rev., 2018, 118(6), 3121–3207.

23 O. Nicoletti, F. de la Peña, R. K. Leary, D. J. Holland,
C. Ducati and P. A. Midgley, Nature, 2013, 502, 80–84.

24 A. Llordés, G. Garcia, J. Gazquez and D. J. Milliron, Nature,
2013, 500, 323–326.
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