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Dynamic windows, which possess electronically controlled 
tinting, increase both the energy efficiency and aesthetics 
of interior spaces in buildings and automobiles. In build-

ings, dynamic windows enable lighting, heating, ventilation and 
air conditioning (HVAC) energy savings that lead to an aver-
age reduction of 10% in energy consumption compared to static 
low-emissivity windows1. In automobiles, dynamic windows 
also lead to significant HVAC savings, which is particularly 
important in extending the driving range of battery-powered 
electric vehicles2.

Over the past several decades, researchers have explored numer-
ous dynamic window technologies. The majority of this research 
has focused on electrochromic materials, such as transition metal 
oxides, polymers and small organic molecules, which change colour 
upon application of a voltage3–6. It is difficult using these approaches, 
however, to simultaneously exhibit the fast switching times, colour-
neutral tinting, long-term durability, and low cost needed to achieve 
widespread commercialization7.

Recently, we started to explore reversible metal electrodeposi-
tion as a promising alternative to traditional electrochromic mate-
rials for dynamic windows. These windows possess minute-long 
switching times, a colour-neutral opaque state, cycle thousands of 
times without significant degradation, and represent a substan-
tial improvement upon previous metal-based dynamic windows8. 
Dynamic windows using reversible metal electrodeposition func-
tion via the reversible electrochemical movement of metal between 
two electrodes. The electrolyte of these windows contains a colour-
less salt containing metal cations. Upon switching the device to the 
opaque state, electrochemical reduction of the metal cations to a 
solid thin film of elemental metal occurs at a transparent conduct-
ing cathode, such as tin-doped indium oxide (ITO) on glass. Pt 
nanoparticles appended to the ITO substrate via a self-assembled 
monolayer (SAM) serve as metal nucleation sites that allow metals 
to electrodeposit uniformly across 25 cm2 electrodes9. Oxidation of 
a metal anode hidden behind the frame of the window balances the 
cathodic reaction.

A number of properties of metals make them excellent materials 
for use in dynamic windows. First, the high extinction coefficient 
of metals causes them to almost completely block visible and infra-
red light at thicknesses of 20–30 nm10. By comparison, thin films 
of electrochromic materials are usually 100–1,000 nm thick, which 
increases materials and deposition costs11,12. Furthermore, many 
metals are colour-neutral in their opaque state, as opposed to WO3, 
the most common electrochromic material, which is blue when 
dark13. In addition, most metals are chemically inert, photostable, 
and can be electrodeposited from inexpensive and nontoxic aque-
ous electrolytes14,15.

Despite these numerous promising attributes, the main challenge 
hindering the progress of metal-based dynamic windows is that it 
is difficult to electrodeposit metals uniformly over the metre-long 
dimensions required for practical windows. This difficulty arises 
in part from the fact that metal ions must diffuse laterally across 
great distances from the counter electrode frame to the centre of 
the window during electrodeposition (Fig. 1a). With this diffusion 
requirement, metal will preferentially electrodeposit on the edges of 
large-scale windows, or the switching speed of the window will have 
to be significantly decreased to achieve uniform tinting.

One strategy to reduce the ion diffusion lengths in metal-based 
dynamic windows is to incorporate a metal mesh counter elec-
trode16. In this architecture, metal ions are removed from the metal 
mesh and electroplated onto the transparent conducting working 
electrode during window tinting. To ensure adequate transparency 
and minimize haze and diffraction patterns, the mesh lines must 
have a thickness of ~10 μm and a pitch of several hundred microme-
tres17. As the windows cycle, the mesh lines must grow and contract 
uniformly during device lightening and darkening, respectively. 
Furthermore, the dimensions of the initial mesh lines fabricated 
may limit the minimum achievable transmission of the devices.

To circumvent the complications arising from a metal mesh 
counter electrode, here we develop metal-based dynamic windows 
that harness a plane-parallel NiO counter electrode that facilitates 
transverse ion diffusion (Fig. 1b) via the insertion of Li ions. We 
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demonstrate that both the metal-based working electrode and the 
NiO counter electrode in these second-generation hybrid windows 
switch rapidly and uniformly between colourless and colour-neutral 
opaque states. Additionally, these hybrid windows are compatible 
with flexible substrates, cycle at least 4,000 times without degrada-
tion, and switch uniformly on the 100 cm2 scale with an optical con-
trast of ~65% in one minute.

Selecting a compatible metal oxide counter electrode
Previously, we developed an aqueous electrolyte containing Cu 
and Bi that supports rapid and reversible electrodeposition and 
enables devices to switch between transparent and colour-neutral 
opaque states18. To construct a dynamic window that combines this 
metal-based electrolyte with the traditional insertion-based coun-
ter electrodes found in electrochromic devices, we first needed 
to select a counter electrode material that is compatible with the  
Cu–Bi electrolyte. We evaluated three different metal oxides for 
use in the counter electrode that are known to intercalate Li+ in 
conventional electrochromic windows12,19,20. Using cyclic voltam-
metry, we assessed the durability of NiO, V2O5 and CeO2 in the 
Cu–Bi electrolyte, which also contains a high concentration of 
LiBr that allows for Li+ insertion. The voltammograms show that 
a thin film of CeO2 degrades significantly within a few cycles of 
lithiation and delithiation (Supplementary Fig. 1a). A thin film of 
V2O5 is more stable, but still degrades substantially after 30 cycles 
(Supplementary Fig. 1b). In contrast, we find that thin films of NiO 
are stable with respect to lithiation and delithiation in the acidic 
(pH ~ 2) Cu–Bi electrolyte for at least 1,000 cycles (Supplementary 
Fig. 1c). It is known that oxides with less electronegative elements 
are more basic, which renders them less stable in the presence 
of acid21. The electronegativity of Ni, V and Ce follows the trend 
Ni > V > Ce, which directly correlates with the order of the durabil-
ity of the oxides in the Cu–Bi electrolyte.

25 cm2 hybrid dynamic windows
Having determined that NiO thin films are compatible with the  
Cu–Bi electrolyte, we constructed 25 cm2 dynamic windows using 
ITO on glass modified with a SAM of Pt nanoparticles as the work-
ing electrode and an ITO on glass counter electrode coated with 
LiNiOx formed via electrodeposition. The ~200 nm-thick LiNiOx 
films are porous (see scanning electron micrograph/energy disper-
sive X-ray (SEM-EDX) data in Supplementary Fig. 2), allowing for 
rapid and sufficient Li+ insertion. Thinner or thicker films produced 
less than optimal optical properties (Supplementary Fig. 3). These 
windows possess initial transparencies of about 65–75% across 

the visible spectrum (Fig. 2a, black line). This initial visible trans-
parency is comparable to standard low-emissivity glass windows 
and higher than currently commercialized dynamic windows22. 
On applying −2.5 V to a device, the transmission of the window 
decreases to about 6% within 60 s and returns to its original trans-
parency within 90 s when the voltage is switched to 0 V (Fig. 2b and 
Supplementary Fig. 4). The differences in cell potentials between the 
working and counter electrodes when the window is in its dark state 
establish a nonzero open-circuit potential, which allows for switch-
ing the device to clear to occur at 0 V. Importantly, after tinting the 
device using −2.5 V, the device can be held at any desired intermedi-
ate transparency by applying a voltage of −0.55 V, and the average 
amount of power required to keep the device at any tinted state is 
very low (2.7 W m-2, Supplementary Fig. 5). Moreover, the transmis-
sion profile during switching is relatively flat over the visible part 
of the spectrum, which gives rise to an aesthetically pleasing clear-
to-grey-to-black transition. Furthermore, the transmission spectra 
demonstrate that the windows also effectively modulate infrared 
light (Supplementary Fig. 6), which makes them useful for control-
ling the flow of heat in and out of spaces such as buildings and auto-
mobiles. Although smooth metal films have a mirror appearance, 
the windows appear black in their opaque state due to the morphol-
ogy of the metal electrodeposits18. The electrodeposits consist of 
rough features on the nanometre scale, which by broadening plas-
mon absorption and promoting light trapping enhance absorption 
relative to reflection and result in a black opaque state. The per-
formances of the windows using either a Cu–Bi liquid electrolyte 
(Supplementary Fig. 7) or a Cu–Bi gel-like electrolyte (Fig. 2) that 
contains hydroxyethylcellulose to increase solution viscosity (9.5 
Pa-s) are similar, which is important because a viscous electrolyte 
is needed to manufacture practical, well-sealed dynamics windows.

We next assessed the durability of metal-based NiO hybrid 
dynamic windows. Supplementary Fig. 8 illustrates that the differ-
ence between the maximum and minimum transmission of a device 
during switching degrades over the course of 100 cycles from about 
75% to about 60% due to side reactions of metal electrodeposition 
occurring on the counter electrode. During cycling, the transpar-
ency of the NiO-coated ITO counter electrode decreases, and the 
electrode visibly greys. When 0 V is applied to turn the window 
clear, lithiation of NiO occurs on the counter electrode, but some Cu 
and Bi electrodeposition also occurs on top of the NiO, as evidenced 
by SEM-EDX analysis (Supplementary Fig. 9), which diminishes the 
maximum transparency of the window during cycling.

To improve the durability of the hybrid dynamic windows, we 
developed a strategy to impede metal electrodeposition on the 
counter electrode. We explored using metal electrodeposition 
inhibitors, which bind to metal ions and decrease electrodeposi-
tion kinetics23,24. In particular, we spin-coated a ~450 nm-thick thin 
film of N5-benzyl-1H-1,2,4-triazole-3,5-diamine (BTD) on the NiO 
counter electrode, since triazoles are well known to be potent Cu 
electrodeposition inhibitors25. We selected BTD (Fig. 3a) as the 
metal inhibitor to protect the NiO, since it is transparent, it forms a 
porous film (as shown in the SEM image in Supplementary Fig. 10) 
permeable to Li+ ions, and its hydrophobic benzyl group renders 
it insoluble in the aqueous Cu–Bi electrolyte. Cyclic voltammetry 
data demonstrate that the addition of a BTD overlayer significantly 
increases the overpotential and decreases the current density 
for Cu and Bi electrodeposition on a NiO-coated ITO electrode  
(Fig. 3b). These results show that a BTD thin film decreases the 
kinetics of electrodeposition on NiO surfaces, and hence should 
limit the extent to which metal electrodeposition occurs as a side 
reaction on the NiO counter electrode in two-electrode systems, 
thus increasing the durability of hybrid dynamic windows (Fig. 3a). 
Indeed, metal-based dynamic windows containing BTD-coated 
NiO on ITO counter electrodes switch without significant change 
in contrast ratio over the course of 4,000 cycles (Fig. 3c).

Ionic diffusion

Working electrode

Electrolyte

Counter electrode

a b

Fig. 1 | Metal-based dynamic window architectures. a,b, Schematic of 
reversible metal electrodeposition device architectures (expanded view 
at the top and side view at the bottom) with a metal frame around the 
device perimeter, which requires lateral metal ion diffusion to the centre of 
the window (a), and a plane-parallel counter electrode, which maintains 
constant transverse ion diffusion regardless of scale (b).
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Fig. 2 | Transmission profile of 25 cm2 hybrid dynamic window. a, Transmission of a 25 cm2 dynamic window with a Pt-modified ITO on glass working 
electrode, a LiNiOx on ITO on glass counter electrode formed using electrodeposition, and a Cu–Bi gel electrolyte as a function of wavelength after 
0 s (black), 15 s (red), 30 s (blue) and 60 s (teal) of window tinting at −2.5 V. b, Transmission of the same window at 600 nm during 60 s of metal 
electrodeposition at −2.5 V and 120 s of metal stripping at 0 V.
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Fig. 3 | a metal inhibitor on LiNiOx improves device durability. a, Schematic of LiNiOx counter electrode in a metal-based dynamic window after extensive 
cycling. Cu2+ and Bi3+ metallic ions (blue and green, respectively) are reduced to Cu0 and Bi0 solid metal (brown and grey, respectively) on the surface of 
the unmodified LiNiOx (top). When the LiNiOx counter electrode is modified with BTD, a triazole-based metal inhibitor, metal deposition does not occur 
on the LiNiOx, which improves device durability (bottom). b, Cyclic voltammograms of LiNiOx (black) and BTD-coated LiNiOx (red) on ITO on glass in a 
three-electrode cell with a Cu–Bi liquid electrolyte at a scan rate of 50 mV s−1. c, Contrast ratio of dynamic window with a Pt-modified ITO on glass working 
electrode and a BTD-coated LiNiOx on ITO on glass counter electrode over the course of 4,000 cycles.
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As discussed previously, to develop large-scale windows in which 
metal ions diffuse transversely as opposed to laterally, the counter 
electrode must be oriented parallel to the plane of the working elec-
trode. Previous approaches to achieving this orientation have relied 
upon the oxidation of Br− to Br3

− on a bare transparent conduct-
ing oxide as the counter electrode reaction26. However, this strategy 
is unsuitable with an aqueous electrolyte because Br3

− causes the 
electrolyte to turn yellow during cycling (Supplementary Fig. 11). 
Hence, we predicted that the presence of a NiO thin film on the 
counter electrode could allow for Li+ insertion to occur as a more 
suitable counter electrode reaction. NiO thin films have been pre-
viously shown to electrochromically cycle in Li-containing elec-
trolytes through a two-step process27–31. The first step involves an 
initial ‘activation’ of the material followed by reversible Li insertion 
between bleached and coloured states.

α α+ + →+ −
αeLi NiO Li NiO (1)x x

β β↔ + +α γ
− +eLi NiO Li Li NiO (2)x x

where β + γ = α and LiαNiOx is the bleached state and LiγNiOx is the 
opaque state.

To determine the reaction occurring at the NiO counter elec-
trode in our devices, we performed spectroelectrochemical mea-
surements of NiO-coated ITO on glass electrodes in three-electrode 
cells, since NiO is an anodically-colouring material12. In other 
words, whereas reductive metal electrodeposition turns the work-
ing electrode dark, oxidative processes occur that simultaneously 
turn the NiO counter electrode dark. This complimentary-darken-
ing counter electrode increases the contrast ratio of hybrid dynamic 
windows. When a NiO on ITO-coated glass electrode is switched 
in a LiBr electrolyte, its contrast ratio at 600 nm is ~15% (Fig. 4). 
Control experiments lithiating and delithiating a bare ITO electrode 
show that there is very little change in the transmission of the elec-
trode (Supplementary Fig. 12). This experiment demonstrates that 
lithiation and delithiation of NiO is the chemistry that occurs dur-
ing two-electrode device operation.

Additionally, the results of the half-cell measurements in Fig. 5  
and cyclic voltammetry (Supplementary Fig. 13) show that the 
spectroelectrochemical behaviour of the NiO film does not change 
substantially over the course of 1,000 lithiation and delithiation 
cycles. Analogous experiments conducted with a BTD-coated NiO 

substrate are similarly durable (Supplementary Fig. 14), indicating 
that the BTD layer does not significantly perturb the lithiation and 
delithiation process during cycling.

Hybrid dynamic windows using NiO as a counter electrode 
enable the construction of devices on flexible polyethylene tere-
phthalate (PET) substrates (Fig. 5). Flexible dynamic windows are 
useful for curved applications such as car sunroofs, sunglasses and 
displays, and they also allow inexpensive roll-to-roll manufactur-
ing techniques to be used along with windows that can be cut to 
specified sizes. Although we electrodeposited NiO ITO-coated 
glass substrates to form the counter electrodes, this approach was 
not suitable for ITO-coated PET substrates due to nonuniform 
NiO electrodeposition that occurs as a result of the high sheet 
resistance (30 Ω sq−1) and increased heterogeneity of the ITO on 
PET surfaces. Therefore, we deposited NiO on ITO-coated PET 
substrates using a low-cost, scalable chemical bath deposition tech-
nique modified from a literature procedure32, which enables the 
construction of well-functioning flexible hybrid dynamic windows 
(Supplementary Fig. 15).

Large-scale hybrid dynamic windows
To test the scalability of the hybrid dynamic windows developed 
here, we constructed 100 cm2 windows using a spray-coating pro-
cess to deposit the NiO on the counter electrode. Photographs and 
transmission data recorded at the centre and edge of the device 
highlight that the window switches to its dark state uniformly  
(Fig. 6 and Supplementary Fig. 16). The uniform nature of device 
switching enables these windows to access any intermediate state of 
grey while maintaining an aesthetically pleasing view through the 
window. Strikingly, the transmission at 600 nm of a 100 cm2 window 
decreases from about 75% to about 9% within 60 s (Fig. 6c). In com-
parison, the transmission at 600 nm of a 25 cm2 window decreases 
to about 6% within 60 s (Fig. 2b). These results indicate that qua-
drupling the area of the window only slightly decreases the device 
switching speed. Previous dynamic windows using reversible metal 
electrodeposition that contain a metal frame counter electrode rely 
upon the lateral diffusion of metal ions across the length and width 
of the windows. In contrast, in hybrid metal-based windows, ions 
need to diffuse only across the thickness of the device during win-
dow operation. In short, this architecture enables 100 cm2 windows 
to switch rapidly and uniformly.

Outlook and comparison to other dynamic windows
Currently, the most successful dynamic windows use transition 
metal oxides: typically WO3 on the working electrode and other 
metal oxides such as NiO on the counter electrode5. We assert that 
the metal-based windows developed here are a promising alter-
native to these traditional electrochromic approaches. Whereas 
WO3 switches between clear and blue, metals such as the mixture 
of Bi and Cu electrodeposited in this work are colour-neutral. 
Furthermore, the high extinction coefficients of metals allow 
metal-based dynamic windows to turn almost completely opaque 
(<0.1% transmission)18, enabling them to be used for privacy appli-
cations. Additionally, we anticipate that the cost of these windows 
will be competitive with existing technologies. The windows con-
tain an inexpensive aqueous-based electrolyte, and the optically 
active components of both electrodes are entirely solution-pro-
cessed, which is advantageous over the expensive sputtering tech-
niques often used for WO3. We note that the organic components 
of these windows such as BTD will probably undergo degradation 
by ultraviolet sunlight over the 20–30 years needed for windows 
in many applications. Ultraviolet filters similar to those used in 
car windows could be used to protect the organic components of 
the window. Future work will focus on developing all-inorganic 
versions of this device architecture to enhance durability towards 
ultraviolet light.
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Fig. 4 | Transmission of LiNiOx during lithiation and delithiation. 
Transmission of a 200-nm-thick NiO film on an ITO on glass working 
electrode in a three-electrode cell using a 1 M LiBr electrolyte. A voltage 
of −0.01 V was applied for 180 s to lithiate the electrode and 0.67 V was 
applied for 60 s to delithiate the electrode.
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The development of robust large-scale dynamic windows has 
been an incredible challenge and ongoing quest by academia, and 
especially industry, for several decades33. One of the grand impedi-
ments to the commercialization of large dynamic windows is 
switching speed. By integrating Ohm’s law over a two-dimensional 
electrode, it becomes clear that doubling the length of a dynamic 
window quadruples the voltage difference that exists between the 
centre and edge of the window. At large scales (for example, 1 m2), 
this voltage difference causes nonuniform tinting that can be 
avoided only by dramatically decreasing the device current such 
that switch speeds are 10–30 minutes. Kinestral Technologies, Inc. 
has recently developed patterned transparent conducting oxide 
electrodes for electrochromic windows that have variable resistance. 
They deliberately increase the voltage drop, but engineer the voltage 
to vary linearly across the electrodes in such a way that the volt-
age difference between the two electrodes is the same throughout  
the window34. The hybrid dynamic window architecture developed 
here is entirely compatible with these patterned electrodes and  
possesses the added benefits of neutral colour and high optical  
contrast associated with electrodeposited metals.

Conclusions
We describe a class of dynamic windows that combine reversible Bi 
and Cu electrodeposition with Li+ insertion in a NiO counter elec-
trode. This approach harnesses the advantageous optical properties 
of metals while facilitating transverse ion diffusion, which enables 

robust devices to be constructed on a large scale. We demonstrate 
that 100 cm2 versions of these hybrid dynamic windows uniformly 
switch between clear and black states with ~65% optical contrast in 
one minute. Furthermore, the windows cycle at least 4,000 times 
without significant degradation when a small-molecule inhibitor of 
metal electrodeposition is used to prevent metal growth on the NiO 
counter electrode. Taken together, these results indicate that hybrid 
metal-based dynamic windows are a promising alternative to those 
based on traditional electrochromic materials.

Methods
Electrochemical methods. Chemicals were received from commercial sources 
and used without further purification. BTD was synthesized in two steps from 
benzylamine following a literature procedure35. Electrochemical studies were 
conducted using a VSP-300 Biologic potentiostat. For experiments using three 
electrodes, electrochemical potentials were measured and reported with respect 
to a ‘no-leak’ Ag/AgCl (3 M KCl) reference electrode (eDAQ) and used a Pt wire 
counter electrode. ITO electrodes (Xinyan Technology, 15 Ω sq−1) were cleaned by 
successively sonicating in de-ionized H2O with 5% Extran solution for 5 min and 
isopropanol for 5 min. The electrodes were subsequently dried under a stream of 
air. Pt nanoparticles (Sigma-Aldrich) used to modify the working electrodes had 
average diameters of 3 nm. After cleaning, the ITO substrates were immersed in a 
solution of 3-mercaptopropionic acid (10 mM in ethanol) for 24 h. The electrodes 
were next rinsed with ethanol and H2O before they were immersed for at least 24 h 
in the Pt nanoparticle dispersion that was diluted 1:4 with H2O. Lastly, ITO on 
glass substrates were annealed in air at 275 °C for 30 min before use.

Dynamic window assembly. Two-electrode 25 cm2 dynamic windows were 
constructed using a Pt-modified ITO working electrode and a LiNiOx on ITO or 
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a BTD-coated LiNiOx on ITO counter electrode. Two-electrode 100 cm2 dynamic 
windows used fluorine-doped tin oxide (15 Ω sq−1) electrodes prepared in the same 
manner as the ITO electrodes. The aqueous liquid Cu–Bi electrolyte consisted of 
5 mM BiCl3, 15 mM CuCl2, 10 mM HCl and 1 M LiBr. The Cu–Bi gel electrolyte 
was made by adding 3.0% hydroxyethylcellulose by weight to the liquid electrolyte 
and has a viscosity of 9.5 Pa-s, as measured using a NDJ-5S viscometer. To make 
uniform electrical contact, Cu tape with conductive adhesive was applied across the 
perimeter of both the working and counter electrodes. Butyl rubber Solargain edge 
tape separated the two device electrodes with an interelectrode spacing of ~3 mm. 
For durability studies, for each cycle, −2.5 V was applied for 60 s to induce metal 
electrodeposition and 0 V was applied for 120 s for metal stripping.

Thin-film synthesis. To test the generality of NiO-based dynamic windows 
using reversible metal electrodeposition, thin films of LiNiOx were deposited 
using either electrodeposition, a chemical bath deposition method, or a spray-
coating technique. To fabricate LiNiOx films using electrodeposition, a modified 
literature protocol was followed36. Chronoamperometry at +1 V for 30 minutes 
was performed in an aqueous solution of 500 mM NiSO4 that was adjusted to pH 
7.5 using 1 M KOH. The ITO substrates were subsequently rinsed with H2O, dried 
under a stream of air, and annealed in air for 1 h at 300 °C. Next, the NiOx films 
were lithiated using chronoamperometry at −1 V for 10 min in an aqueous solution 
of 1 M LiBr. The films were then rinsed with H2O and dried under a stream of air. 
The thicknesses of the LiNiOx films were measured using a KLA Tencor D-100 
Stylus Profilometer. Electrodes containing BTD were fabricated by spin-coating 
LiNiOx substrates at 4,000 rpm for 60 s using a solution of BTD in tetrahydrofuran 
(10 mg ml−1). As measured by profilometry, the BTD films had an average thickness 
of ~450 nm. LiNiOx films were also fabricated using a chemical bath deposition 
method modified from the literature32. In this approach, an aqueous solution 
containing 500 mM NiSO4, 94 mM K2S2O8 and 3.1–3.5% ammonia was first formed 
by mixing the constituent chemicals together vigorously for 2–3 min. Next, the 
nonconductive side and edges of the ITO substrates were temporarily covered 
with Kapton tape, and the substrates were immersed in the chemical bath and 
mechanically shaken for 20 min at 80 r.p.m. using an American Rotator V Model 
R-4140 shaker. Finally, the electrodes were rinsed gently with H2O, dried in a 
stream of air, and heated in air for 1.5 h at 300 °C. LiNiOx films on the 100 cm2 
substrates were prepared using a spray pyrolysis technique. The NiO precursor 
solution consisted of Ni(NO3)2 dissolved in water at a concentration of 50 mM. 
The precursor solution was sprayed onto ITO substrates, which were placed on 
a hot plate (300 °C), at a flow rate of 100 µl min−1 for 10 min. The spray-coated 
NiO substrates were then lithiated using chronoamperometry at −1 V for 40 min 
in an aqueous solution of 0.5 M LiBr. The films were then rinsed with H2O and 
dried under a stream of N2. CeO2 thin films on ITO-coated glass were fabricated 
following a literature procedure37. V2O5 thin films were prepared by spin-coating a 
solution containing 14 μl vanadium(V) oxytriisopropoxide and 286 μl isopropanol 
on ITO-coated glass at 4,000 r.p.m. for 60 s. The thin films were subsequently 
annealed in air for 30 min at 275 °C.

Materials characterization. Most transmission spectra were measured with an 
Ocean Optics FLAME-S-VIS-NIR or an Ocean Optics FLAME-S-UV-VIS-ES 
spectrometer coupled with an Ocean Optics halogen light source (HL-2000-FHSA) 
or an Ocean Optics DH-mini UV-Vis-NIR light source. Optical data measured 
between 1,000–1,800 nm were measured using a Varian Cary 500 Scan UV-Vis-
NIR spectrometer equipped with a Labsphere DRA-CA-5500 integrating sphere. 
Photographs of windows were taken with a Nikon D5000 Digital Camera. SEM and 
EDX spectra were obtained using a JEOL JSM-6010LA microscope operated at an 
accelerating voltage of 20 kV.

Data availability
Data that support the plots in this paper and other findings of this study are 
available from the corresponding author upon reasonable request.
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