The Effect on Alkali Metal (Na and K) doping on Thermochromic Properties of

VO:2 films by Sol-gel Spin Coating on Glass

Isil Top®™, JohannesSchléfer®, loannis Papakonstantinou®, Sriluxmi Srimurugananthan?,

Michael Powell¢, Claire J Carmalt®, Russell Binions®" Isaac and Isaac Abrahams®*

a: School of Engineering and Materials Science, Queen Mary University of London,

Mile End Road, E1 4NS, UK

b: Department of Electronic and Electrical Engineering, University College London,

Torrington Place, WC1E 7JE, UK

c: Department of Chemistry, University College London, 20 Gordon Street, London.

WC1H 0AJ, UK.

d: School of Biochemical Sciences, Queen Mary University of London, Mile End Road,

E1 4NS,UK

*Corresponding authors: i.top@gmul.ac.uk
*}.abrahams@qmul.ac.uk

* deceased


https://www.linkedin.com/in/johannes-schl%C3%A4fer-9b23ab114/?lipi=urn%3Ali%3Apage%3Ad_flagship3_search_srp_top%3Bn7k5DRmyR4m9X5XZH%2BdPdA%3D%3D&licu=urn%3Ali%3Acontrol%3Ad_flagship3_search_srp_top-search_srp_result&lici=qOpHrJkRRlSnzqOYOdBhyQ%3D%3D
https://www.linkedin.com/in/johannes-schl%C3%A4fer-9b23ab114/?lipi=urn%3Ali%3Apage%3Ad_flagship3_search_srp_top%3Bn7k5DRmyR4m9X5XZH%2BdPdA%3D%3D&licu=urn%3Ali%3Acontrol%3Ad_flagship3_search_srp_top-search_srp_result&lici=qOpHrJkRRlSnzqOYOdBhyQ%3D%3D

Abstract

This work reports thermochromic thin films based on alkali metal doped VO., produced
by sol-gel spin coating at 450 °C. The effect of sodium and potassium on the thermochromic
transition temperature as well as solar modulations were investigated. The dopant amount
was 1.5 % for both. Both sodium and potassium resulted in a reduction of critical transition
temperature (Tc) from 62 °C to 57 °C and 57 °C respectively. Similarly, both dopants
improved the solar modulations (Tsor) of the undoped VO films from 3.81 to 9.44 and 5.43,
respectively.The significance of achieving thermochromic switching response at temperatures

450 °C by a sol-gel with incorporation of alkali metal ion source is highlighted.
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1. Introduction

Energy efficient windows refer to windows which can intelligently control the amount of
light and heat passing through, when triggered by an external stimulus such as voltage
(electrochromic), temperature (thermochromic), UV illumination (photochromic) and
reductive or oxidizing gases (gasochromic). Vanadium oxides exhibit thermochromic
properties, among which VO, V203, VO2 and V.05 undergo metal—insulator phase transitions
at the critical temperatures (Tc) of 126 K (-147.15 °C) , 150 K (-123 °C)?, 341 K (68 °C)?
and 553 K (280 °C)?, respectively. Among other vanadium oxides, VO, has received much of
interest in recent years, due to potential application as solar control coatings. Since buildings
account for ~40% of the total world energy consumption, this is primarily due to heating and
cooling demands, and most of the energy loss occurs through windows, VO coatings on

windows can be used to reduce these energy demands®. This reduction in the energy



consumption would lead a lower greenhouse gas emissions, allowing humanity to achieve
Paris agreement to limit human-induced climate change to less than 2 °C above pre-industrial
levels.

The thermochromic smart window technology is based on a temperature induced fully
reversible structural phase change from the higher temperature tetragonal rutile structure to
lower temperature monoclinic structure®. A remarkable feature of the monoclinic phase is the
presence of V-V pairs along its a axis. During this first order phase transition, the tetragonal
rutile form transforms to an alternate V-V separation, resulting in small lattice distortion
along the c axis, leading to pairing of vanadium atoms and a distinct band structure in each
phase®. In the monoclinic phase (for temperatures below Tc), the material is transparent to
both UV-Vis and NIR irradiation, therefore the solar radiation and associated heat will reach
to the interior of the building. On the other hand, upon passing through the T, the material
becomes highly reflective of near IR wavelengths whilst still being transparent to visible
wavelengths. By this way, the heat gain from solar radiation will be high in winter and much
lower in the summer, reducing the buildings energy demands in heating and cooling,
respectively. For optimal energy efficiency VO solar control coatings ideally should be
transparent in the UV-Vis region whilst displaying a large change in optical properties in near
IR wavelengths. Furthermore, there should be no significant change in the visible light
transmittance observed upon going through the phase transition’. The thermochromic
performance is characterised by AT, the percent transmittance modulation between cold and
hot stages (Equation. 1)®. Wavelength integrated luminous and solar transmittance values are
expressed in equation (3), where t indicates the thickness of VO3 thin film, ¢ is the spectral
sensitivity of the light adapted eye and A the wavelength of light.® These integrated values
allow an assessment for visual and energy-related performance of the thermochromic thin

films.
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In all glazing systems visible transmittance of at least 60 % is desirable so as to allow
enough light to the building. High quality solar control coatings should show abrupt change
in near IR optical properties when they switch between the transmissive and reflective states.
However in practise this doesn’t exist, and the requirement for noticeable solar energy
modulation limits ATum to 40%, and the modulation of ATs does not exceed 10% °.
Furthermore, the transition temperature of these materials will need to be reduced from ca.
68 °C, for typical undoped VO materials, to temperatures between 20 and 25 °C, in order to
maximise the time the coating spends in the higher temperature state and thus decrease the
need for air conditioning *. There have been several approaches reported to lower the T of
VO, materials. The majority of these studies have looked at the doping films with high
valence transition metals such as W, Nb and Mo. Epitaxial growth has also been shown to
reduce the T¢ through the promotion of strain *2. It has been suggested that doping with high
valence transition metals reduces the T¢ through the injection of electrons into the V 3d
valence bands, this destabilises the V-V pairs, promoting the tetragonal VO2(R) phase and so

lowering the energy required for the phase transition 2,

Tungsten has been found to be the most efficient dopant, lowering T. by 19 °C 4, 20-
25 °C '° and 31 °C per at % . Molybdenum doping has also been explored and found the to
decrease by 7 °C " and 15 °C 8 per at % doping. Doping with 3 mol % Mo decreased the T¢
to 42 °C °. Another promising reduction in the Tc was obtained by using fluorine, which
reduced T¢ to 35 °C by 3 at % 2°. Other dopants explored include niobium, magnesium and
cerium which decreased T typically 3 °C %! and 4.5 °C 22 by 27 °C % *2, respectively per at %

doping. Gold was also explored because of its surface plasmon resonance that is strongly



absorbing. It found to be an effective dopant to reduce the T. by 18 °C with 1 at % dopant
incorporation; however it affected the thermochromic efficiency in a detrimental manner, by
resulting in a significant hysteresis loop width °.

There has been very little literature published on alkali metal or alkali earth metal doping
to reduce the phase transition temperature in VO thermochromic materials. Alkali earth
metal doping of VO. with and T decreased by -0.6, -0.5, 0.4, and -0.6 K/at. % for Ba, Ca,
Mg, and Sr, respectively 23. Alkali earth dopants were reported by calculation based studies
as well. For instance Be doping were shown to change the electronic structure by injecting
additional electrons which reduce the transition temperature by 58 K (-215.15) per at % Be 2.
However, Be is very toxic, therefore it is not a good and environmentally-friendly dopant
source. Sodium was used as co-dopant to W doped VO films, and with the assistance of
sodium, doping with tungsten (1 at % Na;WOs) yielded an extra depression in phase
temperature of 6-12 °C over that of 2026 °C per at % of tungsten itself®. Li, Na and K
dopants were also investigated by calculation and K found to effectively decrease the T. as
well as improve the transmittance modulation in near infra-red region. Level of 1 at % could
reduce the phase transition temperature of VO, by 43 K, 49 K, 94 K, respectively . To the
best of our knowledge, these dopants have not been not reported in any experimental work
yet. Therefore, motivated by this study, we herein employ experimental work to deposit VO2
films doped with Na and K to modulate the transition temperature.

2. Experimental

2.1. Thin Film Preparation

In this work, undoped and Na and K doped VO films were fabricated by sol-gel spin
coating followed by a subsequent annealing step?’. Firstly, 5.2 ml vanadium
oxytriisopropoxide (Aldrich, 98 %) was dissolved in 69 ml isopropanol (Sigma-Aldrich,

98%), under constant stirring. Then, 0.61 ml of acetyl acetone (VWR Chemicals, 99 %) was



added dropwise to this solution, and the solution was stirred for 15 min. Following, 6.86 ml
of acetic acid (Sigma-Aldrich, 99.8 %) was added dropwise, and left for stirring 15 more min.
Finally, in order to prepare the doped solutions, sodium acetate and potassium acetate
(Sigma-Aldrich, 99,9 %) were added separately to the VO, sol. The amount of dopants
incorporated was set to1.5 wt. % in order to achieve best thermochromic switching response
and shown in Table 1. The solutions were left for aging overnight.

From these solutions, VO, coatings were produced by sol-gel spin coating and
subsequent annealing. Prior to the spin coating, silica coated glass substrates provided by
Pilkington were cut into 2 cm x 2 cm, and washed with soap, water, acetone, isopropanol, left
to ultrasonic bath for 20 minutes and dried under N2 flow to ensure completely clean
substrates. Spin coating was carried firstly for 500 rpm for 5 sec, and 3000 rpm for 40 sec in
order to get optimal spin coating conditions. 5 layers of VO was coated. Subsequently, the
as-deposited films were annealed at 450 °C for 15 min with a heating rate of 10 °C min. The
annealing was carried out under 5% Ha- 95% N2 environment with a gas flow rate of 1 L min
1

Table 1. Tabulation of sample names and preparation conditions.

Dopant Dopant Annealin Annealin H2-N2 Substrat
Name percent g g Duration | Gas Flow | e
(wt. %) Temperature | (min) Rate
(°C)
- 0 450 15 1 Silica

coated glass

Na 1.5 450 15 1 Silica

coated glass




K 1.5 450 15 1 Silica

coated glass

2.2. Characterisation

2.2.1. General Characterisation

Scanning electron microscopy (SEM) investigations were carried out to analyse the
crystallite surface structure of the synthesized coatings, by an FEI Inspect F Field Emission
SEM at an accelerating voltage of 10 keV and spot size of 3 nm and a working distance of 10
mm. Prior to SEM measurements, samples were overcoated with a thin film of gold for 60
sec in order to make them more conductive. X-ray diffraction (XRD) measurements were
made on a Panalytical X’Pert Pro diffractometer fitted with an X’Celerator detector in
glancing angle (a = 3°) mode, using Ni filtered Cu-Ka radiation (Ko = 1.5405980 A and
Koo= 1.5444260 A).. The diffraction patterns were collected over 20 range 20-70° with a

step size of 0.033° and an effective count time of 1.7 s per step.
2.2.2. Thermochromic Activity

UV/Vis/NIR transmission spectra was measured using a Perkin-Elmer Lambda 950 UV—
Vis—NIR spectrometer over the wavelength range of 300-2500 nm with an air spectral
background. In order to determine the thermochromic properties of the films, transmission
was recorded above and below T¢ by heating the samples on a hot plate. Hysteresis data were
obtained for films by heating between ca. 20 °C and 80 °C, using a custom-built heated
sample holder. Spectra were recorded at 5 °C intervals on heating and cooling. T was
measured as the mid-point of the hysteresis loop. The hysteresis loops were plotted at 2500
nm.

2.2.3. XPS:




X-Ray photoelectron spectroscopy was conducted on a Thermo Scientific K-alpha
spectrometer with monochromated Al Ka radiation, a dual beam charge compensation system
and constant pass energy of 50 eV (spot size 400 um). Survey scans were collected in the
binding energy range 0-1200 eV. High-resolution peaks were used for the principal peaks of
V (2p), O (1s), Na (1s), K (2p), ClI (2p) and C (1s). Data was calibrated against C1s (285.0

eV). Data was fitted using CASA XPS software.
2.2.4. Adhesion Tests

Sample adhesion was tested using the standard Scotch tape test as well as attempted
abrasion using tissue paper, and brass and steel styli.

3. Results and Discussion

3.1. Physical Properties of the Films

All of the VO films produced from sol-gel spin coating method were dark yellow/green,
typical of VO films 2%, and upon doping there was no difference observed. All films exhibited
a good adherence to the substrate after annealing, they were resistant to brass and steel styli and
passed the scotch tape test.

The XRD patterns of typical thin films are shown in Figure 1. In this work, previously

higher annealing temperatures of 500, 550 and 600 °C were employed, for 30 min, 1 hand 2 h
annealing durations. However, the thermochromic properties were observed at only annealing
at 450 °C for 15 min, therefore all films were produced at the lowest annealing temperature.
Normally higher temperatures are required to achieve phase pure monoclinic VO films with
thermochromic switching response?®.

The crystalline nature of all films was corroborated by XRD experiments (Figure 1). The
bottom XRD pattern belongs to the plain vanadium dioxide film which only gave rise to some
weak diffraction peaks which could be assigned to the monoclinic vanadium dioxide phase

VO2(M) (P 21/c). The XRD pattern of the sodium-doped film, as shown in the middle, shows



the coexistence of two polymorphs. Beside the peaks which could be assigned to the VO2(M)
phase, intense diffraction peaks for the monoclinic VO2(B) phase could be observed. For the
potassium-doped films (is on the top) only peaks for the VO2(B) were observed. It is know
from experiments on macroscopic crystals that doping with lower valent metal cations could
stabilize different polymorphs of VO at room temperature such as VO2(M2) and VO,(T)%.
The formation of the VO2(B) phase could be explained by the strain induced by the dopant. For
example, high amount of tungsten dopant (8. at%) in sol-gel derived VO films was reported to

result in the isolation of VO2(B) phase®.
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Figure 1. XRD plots of undoped, VO2, Na and K doped films.

The chemical environments and oxidation state of doped films were investigated by XPS,
Figure 2. As shown, for both the Na and K-doped samples, (Figure 2. a and Figure 2. c), the

V2ps2 environment was deconvoluted to give 3 species, these were at 515.0, 516.1 and 515.7



eV, which corresponded to literature values for V3, V4" and V°* respectively (0.2 eV) 3. For
both samples, the V3* was a small component of the total environment, with the V#* and V°*
environments accounting for over 90% of the signal. This V3" component is attributed to over-
reduction by the H2/N: treatment. Furthermore, the K-doped VO, sample showed a larger
proportion of V4*:V®" in the XPS spectrum, Figure 2. c). This suggests that this precursor
solution could promote the formation of V**. The Ols spectra, Figure 2. b) and d), was
deconvoluted to give three environments which are attributed to VOx, O-C and O-H species®.
Although the K2p region was scanned, there was no detectable K signal for the K-doped
sample. In both the Na and K-doped samples there was a trace amount of Na present, but this
was below the reliable detection limit of XPS (1at. %), therefore these are not presented here.

This suggests that for both dopant types, there is minimal incorporation into the VO lattice.
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Figure 2: Typical XPS spectra for a) and b) Typical V2ps2 and O1s environments for Na-
doped VO sample and c) and d) Typical V2ps. and Ols environments for K-doped VO2

sample.



3.2. Surface Morphology of the Films

Figure 2 shows the SEM images of undoped (a), Na (b) and K(c) doped VO films
produced by sol-gel spin coating on silica coated glass substrates. The images were obtained
at 60,000 x magnification. All three films exhibited a complete surface coverageanometers
whereby inclusion of sodium or potassium in solution resulted in a significant change in the
surface morphology of the coated films, similar to 1 at. % W doped films previously
reported®. As shown in the Figure 3. a, the surface of the undoped VO film was comprised
of small nanoparticles with average size of ~15 nm, covered evenly the substrate. When it
was doped with Na (1.5 wt. %), there was a dramatic change on the microstructure to an
irregular and porous morphology, as shown in the Figure 3. b. Compared to the un-doped
film, this film consisted islands, and plate-like structures, leaving the surface a porous
appearance. The final image (Figure 3.c) belongs to the K doped (1.5 wt. %) VO film. From
the image it can be seen that, the surface has a similar morphology to Na doped film, with
irregular and porous appearance. However this sample had with smaller particles (50 nm in
diameter) coalesced more, and the plate-like structures were less obvious. From these images
in can be concluded that, very low amounts of dopants could effectively change the surface

morphology to plate like and island formation.



Figure 3. SEM images of the a) Undoped, b) Na doped c) and K doped VO films,

produced by sol-gel spin coating on silica. All the images were recorded at 60,000 x

magnification.

3.3. Thermochromic Properties of the Films

Thermochromic properties of the films were measured by UV-Vis-NIR spectroscopy to
characterise the transmittance modulation (AT) in the NIR region and the critical transition
temperature (Tc). Figure 4 shows the thermally induced reversible spectral changes in the
UV-Vis-NIR transmittance for the studied un-doped and doped VO: films between room
temperature and 80 °C. It was observed that they all displayed the properties required for
thermochromic applications, even they exhibited weak crystallinity, and not confirming a

phase purity.

All three films exhibited thermochromic modulation with a decrease in transmittance at
80 °C. The percent transmittance modulation (AT), solar and luminous transmittance values
(Tsol and Tiim) as well as critical transition temperatures (T¢) were tabulated in the Table 2.
The maximum transmittance modulation occurs at 2500 nm, therefore AT values and
hysteresis plots were obtained from the data collected at this wavelength. From the data

observed in the Figure 4. a, all the percentage changes in the in the transmittance (AT2500 nm)



between cold and hot states was 25 % for the un-doped VO; film. This result is in a good

agreement with the previous reports®*34, Figure 4. b and Figure 4. ¢ belongs to the spectra of

potassium and sodium doped VO films, respectively. It can be seen that, both dopants

resulted in an increase of the NIR transmittance modulation, with 31 % and 41 % for the K

and Na doped films, respectively. The change in the solar modulation ATse is also in a good

agreement with ATas00 nm, Which is further proved our above mentioned analysis. Undoped

VO film has a solar modulation of 3.82, which is either similar®>%® or slightly less than

reports based on sol-gel method®*. Inclusion of potassium resulted in an increase of the Tsol

to 5.43012. Compared to potassium, sodium resulted in a higher increase of Tso to 9.44549,

which is comparable to the W doped films previously published®.
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Figure 4. Hot and cold UV/Vis/NIR transmittance spectra of a) undoped, b) Na doped

and c) K doped VO films produced by sol-gel spin coating on silica glass coated substrates,



annealed at 450 °C for 15 minutes. Black and red lines denote cold and hot states,

respectively.

Moreover, the hysteresis loop and the transition temperature of the coatings were studied
through the change in transmittance with temperature at 2500 nm as shown in the Figure 5.
The black and red lines denote heating and cooling directions, respectively. These values
were determined through a plot of d(Transmittance)/d(Temperature) vs. Temperature, as
shown in the Figure 6. Hence, the critical transition temperature (T¢) was found to decrease
from 62 °C after both dopant incorporations. The first dopant, sodium decreased the Tc to 57
C. Compared to Na doping, K dopant was found to be the most efficient one, as it offered a
higher T¢ reduction to 47 °C. These values are still higher than as reported by Cui et al. %
who reported first-principle calculations on the basis of sodium and potassium doped VO2
films, can reduce the T¢ by 49 K and 94 K per 1 at % dopant. Similarly, potassium resulted in
a higher degree of reduction in the Tc, with 15 °C per 1.5 % dopant. Reduction in the T
values can be attributed to dopant atoms providing or removing some of th, respectively. eir
electrons in the V 3d valence bands, and make some V-V pairs break in monoclinic phase.

This brings about destabilisation of VO2 and hence decreases the Te.

Similar to Tc calculations, From the Figure 6 also shows the hysteresis loop width of the
samples. un-doped film was 15 °C, while the T, and the hysteresis width of the Na and K
doped films were calculated to be 20 ° C. From the data, it can be seen that, doping decreases
the transition temperature, while having a detrimental effect on the hysteresis loop width.
Since the hysteresis width is due to nucleation barriers such as grain boundaries and voids,
the microstructure of the coatings, which is different for each sample as evident from SEM

images, can affect the width.
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Table 2. Thermochromic properties of the un-doped and doped films. Transmittance

modulation (47), Tsol and Tlum calculated as well as the critical transition temperature (T¢)

were reported.

Dopant = (AT 2500 Tsol Tsol (hot)  ATsol Tium Tium Tc(°C)



am) (%) | (cold)

- 25 38.81 34.99
Na 41 39.16 29.71
K 31 37.55 32.12

4. Conclusion Remarks

In summary, we investigated the behaviour of sodium and potassium doping on the
thermochromic properties of the VO2 thin films spin coated on silica and annealed at 450 °C.
Both dopants, improved the AT2s00nm from 25 to 31 and 41 %; and ATsoito 9.44 and 5.43 %
for sodium and potassium respectively. Both dopants lead to reduction of the transition

temperature, K proved to be the more efficient than Na, exhibiting a T¢ value of 47 °C, after

1.5 wt % dopant inclusion.
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