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Electrochromic (EC) glass has the potential to significantly improve energy efficiency in buildings by

controlling the amount of light and heat that the building exchanges with its exterior. However, the

development of EC materials is still hindered by key challenges such as slow switching time, low

coloration efficiency, short cycling lifetime, and material degradation. Metal doping is a promising

technique to enhance the performance of metal oxide-based EC materials, where adding a small

amount of metal into the host material can lead to lattice distortion, a variation of oxygen vacancies, and

a shorter ion transfer path during the insertion and de-insertion process. In this study, we investigated

the effects of niobium, gadolinium, and erbium doping on tungsten oxide using a single-step

solvothermal technique. Our results demonstrate that both insertion and de-insertion current density of

a doped sample can be significantly enhanced by metal elements, with an improvement of about 5, 4

and 3.5 times for niobium, gadolinium and erbium doped tungsten oxide, respectively compared to

a pure tungsten oxide sample. Moreover, the colouration efficiency increased by 16, 9 and 24% when

doping with niobium, gadolinium and erbium, respectively. These findings suggest that metal doping is

a promising technique for improving the performance of EC materials and can pave the way for the

development of more efficient EC glass for building applications.
Introduction

Windows are a fundamental aspect of modern building design
and can contribute up to 25% of heat loss in buildings in the
winter and up to 40% of unwanted heat gain in the summer.1

Smart glass is a promising solution, as it has the capability to
optimize the energy efficiency of buildings by regulating the
transmission of heat and light through windows, resulting in
optimized energy usage and improved indoor comfort for
occupants.2 Among various types of smart glass, electrochromic
(EC) glass has gained more research interest due to its ideal
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outdoor readability and ability to control the level of trans-
parency in manual mode, making it more suitable for building
envelopes compared to other types of smart glass. In addition,
EC glass offers the ability to maintain its optical state for
a period of time without requiring continuous electrical power,
making it an ideal candidate for super energy-saving applica-
tions3 with up to 20% building energy efficiency improvements
compared to normal glass.4

Typically, EC devices are composed of multiple layers,
including a working electrode layer, ion conductive layer, and
ion storage layer.5 The underlying process of EC is widely
accepted to be a result of insertion/de-insertion of electrons and
cations (e.g. Li+, Na+ or H+) in the oxide matrix. The insertion
reaction into the oxide lm can cause a reduction of EC mate-
rials' oxidation state, translating into a modication of the
electronic structure of the material. As a consequence, the
visible photon absorption is modied, leading to a perceivable
colour change.6

Different type of materials such as conjugated conducting
polymers,7 transition metal oxides8,9 as well as metal coordina-
tion complexes10 have been intensively studied as EC materials
for several decades. Depending on the specic requirements of
a given application, the performance of EC devices can be
optimized through careful selection of either organic or
RSC Adv., 2023, 13, 35457–35467 | 35457
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inorganic EC materials. Both organic and inorganic EC mate-
rials offer unique advantages depending on the application at
hand, but transitionmetal oxides are the preferred inorganic EC
materials for smart window applications due to their superior
properties i.e. high correlation coefficient, high stability etc.
Among those, tungsten oxide (WOx) is particularly attractive due
to its ability to provide high transmittance modulation over
a wide temperature range.11 However, there are still signicant
challenges to be addressed such as slow switching times, low
coloration efficiency, and degradation issues.12

Doping the host materials with metal ions with various
oxidizing capacity could serve as the crucial factor in enhancing
colour efficiency, durability, and switching time of EC devices.
By using this approach, the EC properties of the material can be
optimized, resulting in improved device performance and
increased efficiency. Various transition metals such as molyb-
denum (Mo), titanium (Ti), aluminium (Al), vanadium (V),
nickel (Ni), and niobium (Nb)13–18 have been extensively studied
for their electrochromic (EC) performance. On the other hand,
rare earth metal elements such as dysprosium (Dy), lanthanum
(La), yttrium (Y), erbium (Er)19–21 have proven their potential as
dopants for enhancing photocatalytic activity. However, only
a few of these, such as cerium (Ce) and gadolinium (Gd) have
been the focus of studies on overall EC performance.22,23

In this study, we explored the utilization of alternative metal
elements, specically Nb, Gd, and Er, to effectively modify the
properties of WOx, aiming to achieve enhanced EC perfor-
mance. Our work aims to contribute to the development of
more efficient EC devices by advancing our understanding of
the effects of metal doping on WOx materials.
Experimental details
Material and chemical

Tungsten hexachloride (WCl6), niobium(V) chloride, anhydrous,
powder, 99.995% trace metals basis (NbCl5$7H2O), gadoliniu-
m(III) chloride hydrate 99.99% trace metals basis (GdCl3$6H2O),
erbium(III) chloride hexahydrate, 99.9% trace metals basis
(ErCl3$6H2O), cyclohexanol, and acetonitrile (ACN) were
purchased fromMerck and used without any further treatment.
Lithium perchloride (LiClO4, 99.99%) and propylene carbonate
(PC) were purchased from Sigma-Aldrich.
Metal ions doped tungsten oxide nanostructures preparation

Pure WOx, Nb, Gd and Er doped WOx powder samples are
prepared using a one-step solvothermal method. WCl6 and
cyclohexanol are used as precursor and organic solvent,
respectively. For the pure WOx sample, WCl6 (0.099 g) is dis-
solved into 50 ml of cyclohexanol to form a solution of 0.005 M.
For the doped samples, a 1 ml pre-solution is obtained by dis-
solving NbCl5$7H2O into water, while GdCl3$6H2O and ErCl3-
$6H2O are dissolved into ethanol (selected based on the
solubility of the precursor), accordingly to the desire molar
ratio. This pre-solution is then added into the 49 ml WCl6
solution and thenmixed under ultra-sonication for 30min. This
homogeneous solution is then transferred into a 120 ml Teon-
35458 | RSC Adv., 2023, 13, 35457–35467
lined stainless-steel autoclave and heated up at 200 °C for 10 h.
The molar ratio of dopants and WCl6 investigated are 1 : 4, 1 : 8
and 1 : 16 for reach of the 3 dopants. Aer reaction, the auto-
clave is cooled down naturally in the oven. All the obtained
samples are then washed with distilled water, ethanol, and
acetone three times and then centrifugally collected (using
8000 rpm for 10 min). They are naturally dried at room
temperature in a fume hood for a few days and are collected for
further characterisation and testing. To facilitate the reading of
this work, the molar ratios of 1 : 4, 1 : 8, and 1 : 16 of dopant : W
are referred as “high”, “mid” and “low”, respectively. As
example, Nb-high indicates the Nb :W = 1 : 4 sample, while
Er-low represents the Er : W = 1 : 16 sample.

Thin lm preparation

The thin lms are prepared using a suspension of 0.04 g of the
previously described doped-WOx in 2 ml ACN solvent, ultra-
sonicated for 1 h. This well-mixed suspension is spincoated
onto an ITO glass substrate (10–12 U per sq., 33 mm × 25 mm
× 1 mm) at 3000 rpm for 30 s. This process is repeated 10 times
to achieve the desired thickness. Aer that, the thin lm is dried
in the oven at 80 °C for several hours. The thin lm thickness is
conrmed by stylus prolometry.

Samples characterisation

The crystallinity of WOx-based thin lm coated on ITO glass is
analysed using X-ray diffraction (XRD, Rigaku SmartLab SE)
with a CuKa radiation source (l = 0.15406 nm) operating at 2
kW equipped with Ni CuK lter. Morphologies of all samples
are identied by scanning electron microscopy (SEM, Tescan
Mira 3) at an operating voltage of 6 kV. The surface chemical
composition of the materials is characterised by X-ray photo-
electron spectroscopy (XPS, Thermo Scientic K-Alpha), with
a 180° double focussing hemispherical analyser. The X-ray
source employed is monochromatic Al Ka. Due to the insu-
lating nature of the samples, a combination of low-energy
electrons (with energy less than 5 eV) and positively charged
argon ions (Ar+) is used to prevent charge accumulation. The X-
ray spot size employed for all analyses is set at a radius of 400
mm. The Casa XPS analysis program is used for all XPS spectra
with subtraction of a Shirley background and Gaussian/
Lorentzian (GL) line shape. The EC performance of the
samples is evaluated via in situ three electrodes system spec-
troelectrochemical analysis which performs the electrochemical
and optical characterizations simultaneously during the oper-
ative cycle. The EC thin lm, platinum wire (Goodfellow,
99.995%), and Ag/AgCl leak-free (Innovative Instruments, Inc.)
are used as working, counter and reference electrodes, respec-
tively. 0.94 M LiClO4/PC is used as electrolytes. Cyclic voltam-
metry (CV) is carried out by a potentiostat/galvanostat (Ivium
Technologies B.V.), scanning between −1.2 and 1.2 V at
different scan rates of 20, 40, 60, 80 and 100 mV s−1. Chro-
noamperometry (CA) is recorded on the optimal samples,
switching between −1.2 and 1.2 V at a time interval of 60 s. To
analyse the intercalation/de-intercalation of the Li+ ions within
the lms, −1.2 V bias potential is applied for different times,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Low and high magnification SEM images of the pristine WOx

sample.
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from 1 to 300 s. The optical spectra are simultaneously recorded
with a UV-Vis spectrometer (Tec-5, Steinbach).

The effective diffusion coefficient of Li+ (DLi+ in cm2 s−1) is
calculated using Randles–Ševč́ık's equation (eqn (1)),22 by
assuming a simple diffusion-controlled process.

D1=2 ¼ ip

2:69� 105 � n3=2 � A� C0 � v1=2
(1)

where ip is the peak current, n is the number of electrons
transferred in the redox reaction (n = 1 in this case), A is the
surface area of the working electrode (in cm2), C0 is the bulk
concentration of the electrolyte (0.94 mol cm−3), and n is the
scan rate (V s−1). The transmittance change of all samples is
calculated based on eqn (2) at a specic wavelength of 710 nm.24

DT = (Tbleached − Tcoloured)l=710 (2)

The colouration efficiency (CE) of all sample is calculated
from the change in optical contrast density (DOD) per the total
charge that passes across the unit area of the thin lm electrode
(Qd, C cm−2) as shown in eqn (3) and (4).25

CE = DOD/Qd (3)

where

DOD(l) = log(Tbleached(l)/Tcoloured(l)) (4)

Qd is the amount of charge that is inserted into the thin lm
which can be determined by integrating the curve area of
current density versus time.
Results and discussion
Structure and morphology

The pristine WOx sample morphology (Fig. 1) presents needle-
like units merging in a plate like with lengths of about 10 to
20 mm and widths of approximately 5–10 mm. The additional
metal ions (Nb, Gd, and Er) signicantly inuence the
morphologies as it can be seen from Fig. 2. All the doped
samples present crystals in the nanometre range, whereas the
ones in the pristine WOx are characterized by a larger size in the
micrometre range. As the concentration of Nb dopant (Fig. 2a)
increase the nanowires became shorter (about 600 nm for Nb-
low, 400 for Nb-mid and 100–200 nm for Nb-high). Addition-
ally, these nanowires pack along the long axis to form tightly
packed bundle-like structure with diameter of about 200, 400
and 600 nm for low, mid and high Nb concentration,
respectively.

In the Gd doped WOx samples (Fig. 2b), nanowires shorter
(100–200 nm) than in the Nb doped series are detected at lower
doping concentrations compared to those Nb doping samples.
The sign of agglomeration is also observed in the Gd-low and
Gd-mid sample, while in Gd-high the nanowires leave the space
to nanoparticles.

In the Er series (Fig. 2c), a mixture of agglomerated nano-
wires and polygon-plated microstructures, with dimensions of 2
mm × 1 mm × 500 nm, are observed in the Er-low sample.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Interestingly, in the Er-mid sample, a cross-shaped structure
measuring approximately 2–3 mm in diameter and 1–2 mm in
height can be observed. However, with Er-high, similarly to the
Gd doped series, the morphology completely changes, tran-
sitioning into nanoparticle form.

The XRD pattern of pure WOx (Fig. 3a) suggests that the as-
prepared sample present two different phases of WOx: ortho-
rhombic WO30.33H2O (called o-WO3 from now on, crystallog-
raphy open database reference COD 00-100-4050) and
monoclinicW18O49 (calledm-W18O49 from now on, COD 00-100-
1678). The obtained peaks at 18.1°, 23.1°, 24.2°, 28.1°, and 53.7°
correspond to planes (111), (002), (200), (220) and (204) of o-
WO3, respectively, while the peaks at 14.0°, 26.1°, 27.1°, 33.7°,
44.5°, 47.2°, and 55.9° are attributed to planes (002), (503),
(103), (404), (113), (903) and (520) of m-W18O49, respectively.

When looking at the doped-WOx diffractograms, all the Nb
doped WOx samples show a pattern consistent with m-W18O49,
with the most intense peaks located at around 23.1° and 47.5°
(Fig. 3b). However, both peak locations exhibit a slight shi to
lower 2-theta values when compared with the standard peaks at
23.4° and 48.0°. Interestingly, the 2-theta value decreases as the
dopant amount increases. The shi observed in the XRD pattern
is attributed to the lattice enlargement due to the Nb being
slightly larger than W (0.64 vs. 0.60 Å in 6-fold coordination),26–28

resulting in a decrease in the diffraction angle with an increasing
of the lattice constant. On the other hand, with the Gd-low and
Er-low samples, mixed phases of m-W18O49 and o-WO3 are ob-
tained, while XRD patterns similar to the Nb series were
RSC Adv., 2023, 13, 35457–35467 | 35459
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Fig. 2 (a) Nb doped WOx, (b) Gd doped WOx and (c) Er doped WOx samples with low, mid and high concentration.
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observable for the mid and high concentrations of Gd and Er
(Fig. 3c and d). However, in the latter the peaks shi slightly to
higher angles as the amount of dopant increases, as shown in
Fig. S1a and b.† This trend, opposite to the Nb series, can be
explained considering that the ionic radii of Er and Gd are much
larger than the one of W (0.89 and 0.94 Å respectively),29 besides
having lower oxidation states. Consequently, the substitution of
tungsten with these two lanthanide elements, possible only at
low concentrations, induces different, and more intense and
distortions than Nb. The Nb-mid and Nb-high materials present
the same crystallinity of Nb-low. Moreover, the diffractograms
show a continuous shi of the (010) peak towards lower angle as
the dopant concentration increase, suggesting that Nb effectively
substitutes W in all the samples.

On the other hand, the mid and high concentrations of Er
and Gd induce an amorphization of the oxide matrix, as indi-
cated by the corresponding diffractograms, possibly due to the
impossibility of accommodating high concentrations of large
ions without destructing the inorganic WOx frame.

Further analysis of the surface chemical composition of the
materials conrm that all metals have been successfully doped
35460 | RSC Adv., 2023, 13, 35457–35467
into the WOx structures (Fig. 4a and S2–S4a†). The atomic
percentages of elements from each sample are presented in
Table 1. Moreover, we also observe a shi in the binding energy
of the doped samples, which could be caused by the differences
in oxidation state, electronegativity and ionic radii between the
dopant (Nb, Gd, or Er) and the base element (W), leading to
lattice strain and changes in the local bonding environment
within the structure. The W 4f core-level spectra of all samples
can be accurately tted into two spin–orbit doublets, corre-
sponding to two different oxidation states, namely W5+ and W6+

species (Fig. 4b and S1–S3b†). Two primary doublets at binding
energies of approximately 36.06 eV for W 4f7/2 and 38.20 eV
for W 4f5/2 are attributed to W6+ species. The other doublets at
34.74 eV forW 4f7/2 and 36.88 eV for W 4f5/2 are identied asW5+

species. The binding energy difference between these two
doublets is set at 2.14 eV, maintaining the same full width at
half maximum (FWHM) value, which is consistent with the
literature.30,31

The formation of low valence states (W5+) is oen accompa-
nied by the emergence of oxygen vacancies (VO).32 The formation
of VO inside the structure is further conrmed by the O 1s core
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns for WOx based samples prepared via solvothermal method at 200 C, 10 h reaction. (a) Pure WOx (b) Nb doped WOx (c) Gd
doped WOx and (d) Er doped WOx sample with different molar ratio.
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level which can deconvoluted into 2 main peaks (Fig. 4c and S2–
S4c†). The peak is located at lower binding energy of about
530 eV attributing to lattice oxygen (O2−) in the metal oxide
structure. The higher binding energy at about 532 eV is associ-
ated with O2−, OH− in the oxygen decient region of WOx based
samples. Hence, the appearance of O 1s from OH− can indicate
the presence of VO in the structure.32,33 As shown in Table 1,
a change in molar ratio of W5+/W6+ aer introducing different
doping elements are observed. This suggests that the dopants
substitute the tungsten ions or form intercalated or intermixed
structures within the lattice, causing lattice distortions and
creating new localized electronic states within the WOx struc-
ture.34,35 It is also worth mentioning that Pauling electronega-
tivity of W (2.36) is higher than that of metal elements M (1.6, 1.2
and 1.24 for Nb, Gd and Er, respectively).36 Therefore, the
difference in the electronegativity of the M–O bond is larger
compared to W–O in the M–O–W bridge. Thus, the W–O bond is
more polarizable compared to those metal–O bonds.

A shi in binding energy has been observed in samples
doped with Nb, Gd, and Er compared to pure WOx samples,
conrming the electron exchange process between the metal
dopants and surrounding atoms within the host structure (see
Fig. 4, S2 and S3†). Looking at the Gd-low and Er-low samples it
can be observed that the O 1s and W 4f peaks are shied
towards higher energy (red shi) compared to pure WOx.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Furthermore, a similar and continuous trend is also observed
with an increase in the amount of dopant within the host
structure (Fig. S3 and S4†). The Gd 4d and Er 4d peaks exhibit
a blue shi: the Gd 4d energy peak appears at a range of 144–
144.5 eV and 149.2–149.7 eV for Gd 4d5/2 and Gd 4d3/2, respec-
tively with various Gd dopant concentrations (Fig. 4d and S3d†).
For Er 4d core level, two main peaks can be observed at about
170 and 172.25 eV corresponding to Er 4d5/2 and Er 4d3/2,
respectively (Fig. 4d and S4d†). No trend between shi and
dopant concentration are observed in the Gd and Er doped
samples. Based on the analysis of the XPS spectra, we propose
that the Er and Gd serve as charge acceptors from neighbouring
atoms, increasing the amount of W6+. Interestingly, in the case
of low concentrated Nb doped samples the opposite trend is
observed: blue shi for O 1s and W 4f while red shi for Nb 3d
compared with pure WOx (Fig. 4). We suggest that Nb, in low
concentration, acts as a donor, donating electron to the system.
However, as the Nb concentration increases the behaviour is the
opposite, resulting in red shi of all region (i.e. O 1s, W 4f, and
Nb 3d, Fig. S2†). Possibly, Nb starts to form different types of
defects or complexes (e.g. replacing oxygen) within the WOx

matrix with a consequent modication of the electron distri-
bution, but more experimental and computational studies are
required to validate this hypothesis. The Nb 3d core level
spectra show Nb 3d5/2 and Nb 3d3/2 doubles peaks appearing at
RSC Adv., 2023, 13, 35457–35467 | 35461
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Fig. 4 XPS spectra of all WOx based nanomaterials with low concentration of dopant inside the structure, (a) survey XPS spectra (b) W 4f XPS
spectra (c) O 1s XPS spectra and (d) Nb 3d, Er 4d and Gd 4d.
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about 207 and 210 eV, respectively (Fig. 4d and S2d†) indicating
as Nb5+ species with a spin–orbit splitting of 2.7 eV. The line
shape remains constant in all different Nb concentrations, with
the binding energy slightly increasing with the increasing of the
Nb amount (i.e. 0.78 and 0.68 eV increase for lattice oxygen and
oxygen decient region, respectively).

Electrochemical and optical properties

The lm thickness is set at 500 nm ± 10 nm for all thin lm
samples. The spectroelectrochemical characteristics of the ECs
are characterized using UV-Vis spectrophotometry under the
application of 1.2 and −1.2 V bias with scan rate of 20 mV s−1.
The charge capacity of all samples is presented as the cyclic
voltammetry (CV) curve (Fig. 5). The best charge-capacity for
insertion/de-insertion of different doping sample and pure WOx

are 0.49/0.32, 0.53/0.29, 0.53/0.33 and 0.54/0.22 mA cm−2 for
Nb-low, Gd-mid, Er-low and WOx, respectively. The CV is also
performed at different scan rate of 20, 40, 60, 80 and 100 mV s−1

at room temperature. The minimum and maximum value of
current density from different scan rate of the CV are used and
plotted against the square root of the scan rate n1/2 (Fig. S5†).
35462 | RSC Adv., 2023, 13, 35457–35467
The slope from this graph was used to calculate the diffusion
coefficient of Li+ (DLi+) based on eqn (1). The estimate of DLi+ for
all samples are obtained in the range of 10−10 to 10−12 cm2 s−1

as presented in Table 2 and Fig. S6.† Additionally, summary of
the tungsten oxide-based EC device from this study, in
comparison to the literature also presented in ESI as shown in
Table S1.†

The Li+ diffusion constant in the doped samples is higher
than in the pure WOx sample, exception made for Gd-high and
Er-high. It is clear that the metal dopants can reduce the acti-
vation barrier for the Li+ ion insertion/de-insertion. It is worth
mentioning that the improvement of ion diffusion kinetics is
more evident with samples presenting good crystallinity and
predominant o-WOx structure. This is understandable
observing the doped-low and -mid DLi+, all improved compared
to pure WOx, but with Nb values higher than Er and Gd. On the
other hand, when the samples become amorphous (Er-high,
Gd-high) the diffusion constants drop, even compared to pure
WOx. This behaviour can be appreciated observing the trend of
the (010) peak intensity and diffusion constants with the dopant
concentration in Fig. S7.† A possible explanation can be found
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of atomic percentage of WOx-basedmaterials from
XPSa

Samples

Surface composition atomic ratio

W5+/W6+
Ototal

(M + W + O)
Wtotal

(M + W + O)
Mtotal

(M + W + O)

Pure WOx 0.136 75.90 24.01

Nb doped WOx

Low 0.146 72.98 25.99 1.03
Mid 0.124 74.73 23.17 2.10
High 0.164 75.89 20.37 3.74

Gd doped WOx

Low 0.120 72.77 26.14 1.10
Mid 0.084 72.17 26.26 1.57
High 0.093 76.51 20.76 2.73

Er doped WOx

Low 0.106 73.51 25.91 0.57
Mid 0.113 75.00 24.00 0.84
High 0.078 75.94 21.76 2.30

a M is the metal element inside the WOx structure.

Fig. 5 Cyclic voltammetry (2nd cycles proceeding of Li+ insertion and de-
(c) Er doped WOx samples with low, mid and high molar concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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through a slight enlargement of the WOx matrix facilitating the
Li+ ions movement, increasing the corresponding diffusion
constants. On the other hand, when the distortion of the WOx

cage is too much, leading to amorphization, the movement of
the Li+ ions is obstructed, with the consequent drop of diffusion
values.37

The EC reversibility of the samples is estimated by using the
ratio of charge de-insertion (Qout) to charge insertion (Qin) in the
lms. All the doped samples present higher reversibility than
the pristine WOx sample (10% increase in Nb-low), but higher
metal ions amount result in a decrease of the performances.
The clear similarity between the behaviour of reversibility and
diffusion constant indicates that the crystallographic changes
play a similar role in the two parameters. It is important to note,
however, that the variability of the reversibility values at mid
and high dopants concentration indicates that other additional
factors, such as polarization events, dead-zone formation etc.,
can sensibly affect this parameter.38

The transmittance change percentage (DT%) at a given
specic wavelength of 560, 630 and 710 nm can be calculated
using eqn (2).25,39,40 As observed in Fig. 6 and Table 2, the DT%
values increase with wavelength. The DT% values follow a trend
insertion of film samples) for (a) Nb doped WOx (b) Gd dopedWOx and
measured at the reversal points −1.2 to 1.2 V.

RSC Adv., 2023, 13, 35457–35467 | 35463
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Table 2 Summary of electrochromic properties for undoped and doped WOx based films at 2nd cycle of 20 mV s−1 CV scan rate

Samples

Diffusion coefficient
(DLi+, 10

−10, cm2 s−1)
DT (%),
at 560 nm

DT (%),
at 630 nm

DT (%),
at 710 nm

Reversibility
(%)

Responding
time (s)

CE (cm2 C−1)
from CV scanDLi+ insertion DLi+ de-insertion tbleached tcoloured

WOx 0.47 0.38 7.2 13.8 20 89 1.2 12.9 34.1
Nb-low 2.60 2.49 29.6 42.7 54 99 1.0 8.4 49.3
Nb-mid 2.12 1.91 4.5 22.7 40 97.5 1.9 13.4 50.1
Nb-high 2.12 1.35 1.2 13.3 26 90 1.3 12.1 38.7
Gd-low 1.75 0.89 10.7 22.8 34 91 2.3 15.8 42.8
Gd-mid 1.82 1.56 8.2 21 32 97 1.1 12.7 41.6
Gd-high 0.074 0.043 0.9 5.3 10 91 1.1 16.5 23.5
Er-low 1.78 1.43 25.2 42.5 45 94 1.7 16.1 44.55
Er-mid 1.12 0.78 11.1 22.3 33 90 1.2 12.7 57.58
Er-high 0.035 0.023 0.9 3 8 92 1.3 18.9 16.3
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similar to DLi+: all the doped samples show higher DT% than the
pure WOx sample with the exception of Gd- and Er-high. The
small change in the optical transmittance and poor electro-
chemical performance of undoped WOx and dopant-high
samples (DT% of Nb-high is only slightly higher than the WOx

pure), could be due to the strong Coulomb ion lattice interac-
tion,41 leading to the ineffective insertion of Li+ into WOx.
Moreover, it could be possible that Nb, Gd and Er ions in high
Fig. 6 Transmittance spectra of (a) Nb doped WOx (b) Gd doped WOx a
a 2nd cycle of CV with scan rate of 20 mV s−1, in the bleached (1.2 V) an

35464 | RSC Adv., 2023, 13, 35457–35467
concentrations block the access to the active layer, as the
multivalent ions have a larger size than monovalent Li+.42

The colouration efficiency (CE) is extracted as the slope of the
line tting the linear region of the curve of the optical density of
(DOD) based on eqn (3). The CE is a crucial parameter in the
development of EC devices as it indicates the EC device's optical
modulation capability with respect to the intercalation charge
density. In practical applications, a high CE value is desirable as
it enhances the long-term stability of EC devices by reducing the
nd (c) Er doped WOx thin films measured in contact to LiClO4 in PC at
d in the coloured (−1.2 V) states.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In situ optical transmittance of (a) pure WOx (b) Nb dopedWOx (c) Gd dopedWOx and (d) Er dopedWOx with lowest concentration (1 : 16)
at 710 nm in potential steps of−1.2 to 1.2 V. The inset-coloured squares represent the coloured and bleached stages, as defined by the RedGreen
Blue (RGB) colour system.
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required charge insertion or extraction.43 As expected by the
previously discussed DT%, the sample with low and mid
amount of dopant show better CE value compared with undo-
ped and highly doped samples, independently from the element
type. The transmission percentage vs. time of all samples are
presented in Fig. 7 and S8.† The switching times of the lm
between the coloured (Tcoloured) and bleached (Tbleached) states
were evaluated using the time in which 90% change in trans-
mittance modulation at 530, 630 and 710 nm is achieved and
the results are also summarised in Table 2 and Fig. S9.† The
bleaching process is faster than the colouration process in all
cases. Moreover, the samples presenting fast colouring also
bleach quickly. However, a clear trend between the differences
in transmittance (DT%) values or switching time and the
concentration of dopants was not observed. This absence of
a trendmay indicate the presence of more complex phenomena,
potentially related to hysteresis.44 The lowest concentration of
Nb doped WOx offer the best switching time which values of 8.4
and 1.0 s for coloured and bleached states, respectively,
compared with the other samples as shown in Fig. S8 and S10.†
We suggest that, beside the dopant-induced crystallographic
changes previously discussed, the morphology could also play
a crucial role in the colour switch behaviour. The Nb-low sample
offers a higher surface area compared to the best EC perfor-
mance samples from other dopant categories, namely Gd-mid
© 2023 The Author(s). Published by the Royal Society of Chemistry
and Er-low (see Fig. 2). It's worth noting that the Gd-mid also
exhibits an agglomerated structure, which further reduces the
surface area, essential to facilitate a shorter path for Li+ ions to
penetrate the WOx structure. Moreover, it is interesting to note
that, despite the lower DLi+ for the de-insertion than the inser-
tion process, the bleaching switching time (i.e. the de-insertion
process) is faster than the colouring switching time (i.e. the
insertion process). The presence of residual Li+ ions could be
a factor affecting this behaviour, but more evidences are needed
to explain these phenomena.
Conclusion

Doping is an efficient way to enhance the performance of metal
oxide-based EC materials, as demonstrated in our investigation
of Nb, Gd, and Er doping on WOx structure. Our ndings
suggest that the amount and size of metal dopant are a key
factor in maximizing the performance. Our structural investi-
gations conrm that low-doping concentrations result in a dis-
torted structure compared to the pure WOx, which facilitate the
Li+ insertion/de-insertion with consequent better EC perfor-
mance. Our results show signicant improvements in the
insertion/de-insertion current density and coloration efficiency
of WOx-based EC materials with metal doping, specically an
improvement of about 5, 4 and 3.5 times for Nb, Gd, and Er
RSC Adv., 2023, 13, 35457–35467 | 35465
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doping samples, respectively compared to pureWOx, in terms of
intercalation/de-intercalation current density, and improve-
ments of 16, 9, and 24% for coloration efficiency of Nb, Gd, and
Er doping samples, respectively compared to pure WOx. Our
results show that a slight distortion of the matrix, due to a low
amount of dopant is preferable than higher amounts. When
higher concentrations are used, the size of the dopants play an
important role, with dopants having similar size to W per-
forming better than bigger ones. Further research is necessary
to address the remaining challenges associated with EC mate-
rials, but our study provides promising insights towards the
development of more efficient EC technology for energy-
efficient buildings. Our investigation highlights the potential
of metal doping on WOx for optimizing insertion/de-insertion
current density and coloration efficiency in EC materials.
Future research can build upon these ndings to continue
improving the performance of EC glass, ultimately contributing
to the development of more sustainable and energy-efficient
buildings.
Author contributions

KT was responsible for the project ideas including the experi-
ments, analysis of the result and preparing the manuscript. TN
and DS contributed on the EC performance measurements and
interpretation of the data which was collect from their labora-
tory. GL, GZ, YQ and NW were responsible for reviewing and
revising the manuscript. DQ supplied the XPS data. NF sup-
ported on XPS data analysis. PM supported on XRD and SEM
measurements. All authors have reviewed and given approval to
the nal version of the manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This project is supported by The Leverhulme Trust Early Career
Fellowship funding under awards number ECF-2021-657. GZ
and NF are grateful to the the Engineering and Physical
Sciences Research Council for funding through grant EP/
V008692/1. We acknowledge Dr Christopher Markwell from
Northumbria University for setting up the potentiostat.
References

1 N. Youngblood, C. Talagrand, B. Porter, C. Galante,
S. Kneepkens, S. Sarwat, D. Yarmolich, R. Bonilla,
P. Hosseini, R. Taylor and H. Bhaskaran, Appl. Phys., 2019,
2, 1–17.

2 A. Cannavale, F. Martellotta, F. Fiorito and U. Ayr, Energies,
2020, 13, 1929.

3 C. Gu, A.-B. Jia, Y.-M. Zhang and S. X.-A. Zhang, Chem. Rev.,
2022, 122, 14679–14721.
35466 | RSC Adv., 2023, 13, 35457–35467
4 W. Cheng, M. Moreno-Gonzalez, K. Hu, C. Krzyszkowski,
D. J. Dvorak, D. M. Weekes, B. Tam and C. P. Berlinguette,
iScience, 2018, 10, 80–86.

5 Q. Cai, H. Yan, R. Yao, D. Luo, M. Li, J. Zhong, Y. Yang,
T. Qiu, H. Ning and J. Peng, Membranes, 2022, 12, 1039.

6 M. Gies, F. Michel, C. Lupo, D. Schlettwein, M. Becker and
A. Polity, J. Mater. Sci., 2021, 56, 615–628.

7 A. Ribeiro and R.Mortimer, Electrochemistry, 2016, 13, 21–49.
8 C. Y. Jeong, T. Kubota and K. Tajima, RSC Adv., 2021, 11,
28614–28620.

9 W. Zhang, H. Li, E. Hopmann and A. Y. Elezzabi,
Nanophotonics, 2021, 10, 825–850.

10 R. Banasz and M. Walesa-Chorab, Coord. Chem. Rev., 2019,
389, 1–18.

11 M. Zhu, W. Meng, Y. Huang, Y. Huang and C. Zhi, ACS Appl.
Mater. Interfaces, 2014, 6, 18901–18910.

12 Y. Alesanco, A. Vinuales, J. Rodriguez and R. Tena-Zaera,
Materials, 2018, 11, 414.

13 V. Madhavi, P. Kumar, P. Kondaiah, O. Hussain and
S. Uthanna, Ionics, 2014, 20, 1737–1745.

14 Q. Meng, S. Cao, J. Guo, Q. Wang, K. Wang, T. Yang, R. Zeng,
J. Zhao and B. Zou, J. Energy Chem., 2023, 77, 137–143.

15 K. M. Karuppasamy and A. Subrahmanyam, J. Phys. D: Appl.
Phys., 2008, 41, 035302.

16 A. K. Mak, O. Tuna, N. Sezgin, A. M. Ustun, S. Yılmaz,
O. Ozturk and M. Karabulut, Thin Solid Films, 2022, 751,
139241.

17 S. J. Lee, T. G. Lee, S. Nahm, D. H. Kim, D. J. Yang and
S. H. Han, J. Alloys Compd., 2020, 815, 152399.

18 W. Q. Wang, Z. J. Yao, X. L. Wang, X. H. Xia, C. D. Gu and
J. P. Tu, J. Colloid Interface Sci., 2019, 535, 300–307.

19 F. Wang, Y. Zhao, C. Yang, N. Fan and J. Zhu, Ceram. Int.,
2016, 42, 1–8.

20 M. Bilal Tahir and M. Sagir, Sep. Purif. Technol., 2019, 209,
94–102.

21 D. L. Rabenstein, Anal. Chem., 1971, 43, 1599–1605.
22 K. Thummavichai, F. Xu, N. Neate, N. Wang, A. D. Sanctis,

S. Russo, S. Zhang, Y. Xia and Y. Zhu, Nanoscale, 2018, 10,
4718–4726.

23 Y. Yin, C. Lan, S. Hu and C. Li, J. Alloys Compd., 2018, 739,
623–631.

24 G. Atak, I. B. Pehlivan, J. Montero, C. G. Granqvist and
G. A. Niklasson, Electrochim. Acta, 2021, 367, 137233.

25 T. H. Q. Nguyen, F. Eberheim, S. Gobel, P. Cop, M. Eckert,
T. P. Schneider, L. Gumbel, B. M. Smarsly and
D. Schlettwein, Appl. Sci., 2022, 12, 2327.

26 S. Sathasivam, D. Bhachu, Y. Lu, N. Chadwick, S. Al-thabaiti,
A. Al-youbi, S. Basahel, C. Carmalt and I. Parkin, Sci. Rep.,
2015, 5, 10952.

27 S. F. Jawed, C. D. Rabadia, Y. J. Liu, L. Q. Wang, P. Qin,
Y. H. Li, X. H. Zhang and L. C. Zhang, Mater. Sci. Eng., C,
2020, 110, 110728.

28 N. Riache, A. Dery, E. Callens, A. Poater, M. Samantaray,
R. Dey, J. Hong, K. Li, L. Cavallo and J.-M. Basset,
Organometallics, 2015, 34, 690–695.

29 Database of ionic radii, online, https://abulaa.mt.ic.ac.uk/
shannon/ptable.php, accessed September 2023.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://abulafia.mt.ic.ac.uk/shannon/ptable.php
https://abulafia.mt.ic.ac.uk/shannon/ptable.php
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06018g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/2
3/

20
25

 9
:3

0:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
30 O. Bouvard, A. Krammer and A. Schuler, Surf. Interface Anal.,
2016, 48, 660–663.

31 N. Suzuki, K. Yabuki, N. Oshimura, S. Yoshio and K. Adachi,
J. Phys. Chem. C, 2022, 126, 15436–15445.

32 H. Li, Q. Shen, H. Zhang, J. Gao, H. Jia, X. Liu, Q. Li and
J. Xue, J. Adv. Ceram., 2022, 11, 1873–1888.

33 S. Rahimnejad, J. He, F. Pan, X. e. Lee, W. Chen, K. Wu and
G. Xu, Mater. Res. Express, 2014, 1, 045044.

34 X. Yang, N. Wu, Y. Miao and H. Li, Nanomaterials, 2018, 8,
942.

35 Y. Li, K. Chen, Y. Liu, J. Ma, Y. Liao, H. Yang, J. Cheng,
Q. Yue, K. Yuan, Y. Ren, Y. Zou and Y. Deng, Nano Res.,
2023, 16, 7527–7536.

36 A. S. Al-Fatesh, J. Golaviya, V. K. Shrivastava, A. A. Ibrahim,
A. I. Osman, A. H. Fakeeha, A. E. Abasaeed, A. A. Bagabas,
M. S. Lanre, R. Kumar, A. Hussain and K.-S. Lin, Catal.
Commun., 2022, 171, 106510.
© 2023 The Author(s). Published by the Royal Society of Chemistry
37 R. Goei, A. J. Ong, J. H. Tan, J. Y. Loke, S. K. Lua, D. Mandler,
S. Magdassi and A. I. Yoong Tok, ACS Omega, 2021, 6, 26251–
26261.

38 M. Meenakshi, V. Gowthami, P. Perumal, R. Sivakumar and
C. Sanjeeviraja, Electrochim. Acta, 2015, 174, 302–314.

39 M. Panagopoulou, D. Vernardou, E. Koudoumas,
D. Tsoukalas and Y. S. Raptis, Electrochim. Acta, 2019, 321,
134743.

40 F. H. An, Y. Z. Yuan, J. Q. Liu, M. D. He and B. Zhang, RSC
Adv., 2023, 13, 13177–13182.

41 Y. Liang, S. Cao, Q. Wei, R. Zeng, J. Zhao, H. Li, W. W. Yu and
B. Zou, Nano-Micro Lett., 2021, 13, 196.

42 Y. Liang, S. Cao, Y. Liu, L. He, X. Han, R. Zeng, J. Zhao and
B. Zou, Energy Mater. Adv., 2022, 12, 2202039.

43 D. Ma, G. Shi, H. Wang, Q. Zhang and Y. Li, Nanoscale, 2013,
5, 4808–4815.

44 A. Van der Ven, K. A. See and L. Pilon, Battery Energy, 2022, 1,
20210017.
RSC Adv., 2023, 13, 35457–35467 | 35467

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06018g

	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g

	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g

	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g
	Effect of metal dopants on the electrochromic performance of hydrothermally-prepared tungsten oxide materialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06018g


