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1. Calculating the Emittance and Reflectance of the LTO on Al   

The spectral properties of the L and DL states can be represented by the integrated emittance  , defined 

as:  

          
∫     
  
  

         

∫     
  
  

  
  (S.1) 

where λ is the wavelength, I(λ) is the spectral intensity emitted by a blackbody at some temperature T or 

of the AM 1.5 Global Solar Spectrum,
[1]

         is the surface’s spectral thermal emittance (or 

absorptance) measured at near-normal incidence (20°), and (λ1, λ2) is the bandwidth of interest. According 

to Kirchhoff’s rule for objects at thermal equilibrium,        is equivalent to the spectral absorptance 

      , and for opaque entities like the LTO-based electrodes (Figure 1f) presented here, it can be 

expressed as         , where        is the spectral reflectance. Likewise, for the integrated values, 

the relation                               applies. In this report, unless mentioned otherwise, T 

= 25°C is assumed, and         spans the ‘solar’ (0.4-2.5 μm), ‘MWIR’ (3-5 μm), or ‘LWIR’ (8-13 μm) 

ATWs. 
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2. Optical modelling of the Lithium Titanium Oxide (LTO) 

For optical modelling of the LTOs delithiated (DL, Li4Ti5O12) and lithiated (L, Li7Ti5O12) states, a 

generalized Drude-Lorentz model is used as follows: 
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 ⏟      
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where   is the relative permittivity,    is the high frequency permittivity background,    is the 

permittivity of free space (8.854 x 10
-12

 A
2
·s

4
·kg

−1
·m

−3
),   is the frequency,    is the plasma frequency 

and     ,      and    are the susceptibility, frequency and FWHM of the absorptance peak at the i
th
 

phonon resonance. 

To obtain the relative permittivity, we make the following assumptions: 

1. The phonon resonances in the far infrared wavelengths do not change significantly during the 

transitions from L to DL state. This is a reasonable approximation, since during lithiation, the Li
+
 

ions do not intercalate between the Ti and O atoms (Figure 1a). Lattice parameters also show very 

small changes. Since the Ti-O phonon stretching modes lead to the emittance peaks are unlikely 

to be significantly impacted in that case,
[2]

 and since any resonance broadening due to Li
+
 

intercalation is difficult to quantify, the phonon resonances are assumed to be unchanged upon 

lithiation. 

2. Absorption arising from the band-gap for the DL state is ignored, as reflected in the Drude-

Lorentz model. This is a fair assumption, since reports in the literature show high values for the 

band-gap, 2-3 eV,
[2a, 3]

 implying that the absorption is confined to the blue-to-violet wavelengths.  

3. For the L state, any polaron-induced absorption in the shorter wavelengths is not accounted for, 

as it is difficult to isolate from plasmonic effects that would arise in metallic Li7Ti5O12 

nanostructures.  
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The following data, obtained from the literature, are used: 

1.   : Assuming an effective electron mass = 9.11 x 10
-31

 kg, a     of 6.599 x 10
15

 rad
-1

 is 

calculated from the electron density of states presented in a report by Ouyang et al.
[3a]

 

2.  : a value of 230 S/m reported by Young et. al., is used.
[4]

 

3.   : for the DL state, a value of 1.48
2
 was used so that the calculated refractive index at the 

shorter wavelengths is consistent with the experimentally derived visible to near-infrared 

refractive index reported by Soner et. al..
[3b]

  

The refractive index parameters for the LWIR absorption peaks of DL state are chosen based on iterative 

manual optimization by comparing simulated      against experimental data. To get the refractive index 

for the L state, the Drude-Lorentz term is then added to the model, and    varied between 1
2
 and 2

2
 to 

account for the likelihood that    might have changed during lithiation. The results for    = 1.5
2
 are 

shown on Figures S1 and S2. Other values of    between 1
2
 and 2

2
 yield similarly broadband 

absorptance.

 

Figure S1: Modelled complex refractive index (n + iK) of lithiated LTO. 
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3. Simulation Results Based on the Optical Models 

Using the refractive indices obtained in Section 2, FDTD simulations of the broadband spectral 

reflectance at normal incidence was carried out using the FDTD Solutions 8.6.1 software by Lumerical. 

As shown in Figure S2a below, the LTO nanoparticles were represented as 400 nm spheres like the real 

particles in Figure 1f of the main text, and randomly placed over an optically thick slab of aluminum. The 

thickness of the LTO layer was ~ 20 μm. Figure S2b shows the simulated and experimental results for the 

L (Li7Ti5O12) and DL (Li4Ti5O12) states. As shown, for both states, a qualitative match between the 

experiments and the results is observed. The DL state acts as a broadband reflector, while the L state acts 

as a broadband absorber. This lends support to the conjecture that the metallic nature of the L state leads 

to the experimentally observed broadband absorption. 

 

Figure S2. (a) Schematic of the simulation region, showing the LTO nanoparticles on an aluminum substrate. (b) 

Simulated and actual reflectances of LTO on Al. 

The quantitative difference in absorption between the simulation and experimental results could be 

attributed to several factors. For the DL state in the 3, 7 and 9 μm wavelengths, the difference might be 

(a)                                                (b) 
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due to inaccuracies in the modelling, or due to the PVDF binder, which is emissive in the said 

wavelengths. The same can occur in the L state as well. In addition, for the L state, the higher broadband 

reflectance observed for the L state might also arise from errors in the Drude-model parameters, although 

it is also likely that polarons, which are often observed in Li
+
-intercalated transition metal oxides,

[5]
 play a 

role in the absorption. However, since thin, solid films of Li7Ti5O12 (which would allow for optical 

characterization of such effects apart from plasmonic interactions) were not available, the optical 

modelling was restricted to the model presented in Section 2. 
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4.  Effect of the Cover Material and Extent of Lithiation of the Emittance on the 

LTO-on-Al Electrodes 

Figure S3a shows the infrared transmittances of the poly(ethene) and barium fluoride (BaF2) covers used 

for LTO on Al. As evident, polyethene has intrinsic absorption peaks, which increases the emittance, 

particularly in the 3-5 μm (MWIR) wavelengths. While it has a greater transparency than BaF2 at 

wavelengths > 11 μm, that is not exploitable as the LTO itself has a small optical contrast in that region. 

Figure S3b shows variation of the LWIR emittance of the BaF2 cover with angle. As shown, at high 

angles, BaF2 cover starts to increasingly absorb LWIR radiation, as remarked in the main text.  

Figure S3c shows the effect of the extent of lithiation, expressed in terms of the average lithiation ‘x’ of 

the Li4+xTi5O12 nanoparticle layer, on the MWIR and LWIR emittance of LTO on Al. As expected, with 

an increase in x, the LixTi5O12 nanoparticle layer becomes more emissive. However, at intermediate 

stages of lithiation (nominally, Li5Ti5O12 and Li6Ti5O12), the LTO layers were found to appear like 

mosaics, with white, delithiated tesserae visible amidst the lithiated, blue-black LTO. The observations 

implied that the lithiation was inhomogeneous (likely arising from varying impedance across the LTO 

electrode), rather than uniformly partial across the entire LTO nanoparticle layer. Therefore, the 

relationship between   and the extent of total lithiation of the LTO layer may not be likened with that 

between   and the state of charge. Regardless, it appears that the MWIR emittance increase sharply 

during the early stages of lithiation. This is consistent with an earlier report, which shows that when the 

nominal x in Li4+xTi5O12 is 1, the existence of small amount of interconnected Li7Ti5O12 turns the whole 

composite metallic and black in the visible wavelengths.
[4]

 As Figure S3c indicates, the transition to a 

super-broadband emitter likely happens at the same time, which would be consistent with the persistence 

of optical contrast even at small degrees of lithiation observed in Figure 2c.  
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Figure S3. (a) Infrared transmittance measurements of the poly(ethene) and barium fluoride (BaF2) covers used for 

LTO on Al. (b) Variation of the LWIR emittance of the BaF2 cover with angle. (c) Variation of the MWIR and 

LWIR thermal emittances of LTO with the extent of lithiation, in terms of the average lithiation ‘x’ of the LixTi5O12 

nanoparticle layer. 
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5. Typical Cycle-life of the LTO 

 

Figure S4. Representative plots of the cycle-life vs capacity of LTO nanoparticles on Al-foil (mass loading of 2 mg 

cm
-2 

for (a) different C rates and (b) prolonged cycling at 10 C. The capacity essentially stabilizes at 43 mAh mg
-1

, 

which is 25% of the theoretical capacity, after 100 cycles at 10C. The theoretical capacity of LTO is 175 mAh mg
-1

. 
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6. Effective Radiative Temperature of the Environment and Photographs 

corresponding to the LWIR Thermographs in Figure 3 

The effective radiative temperature of the environment is defined as: 

         
  

 

 
∫                (S.3) 

Where   is the Stefan-Boltzmann constant,              is the directional LWIR irradiance from all 

objects (e.g. sky, buildings, etc.) in view of the LTO, and   is the solid angle. The integral is calculated 

over the 2π solid angle in view of the flat LTO sample.  

             of different parts of the environment was measured using a thermal camera as follows. The 

thermal camera was set to assume an emissivity of 1, and then pointed at specific locations (φ = 0˚, 90˚, 

180˚ and 270˚ azimuthally about a set direction, and for each azimuthal angle, at θ = 0˚, 18˚, 36˚, 54˚, 72˚, 

90˚ zenith angles from the vertical) to measure the effective radiative temperature T. Since an emissivity 

of 1 was assumed for the environment, equation S.3 takes the form: 

         
  

 

 
∫ (    )

 
    ∫(    )

 
  

  ∬ (      )
 
         

    

    

       ∑ ∑ (      )
 
              

  
 

         was then calculated numerically using the approximation from the measured effective radiative 

temperatures, the data for which is provided below: 
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Tables S1-3. Angular distribution of temperatures for Figure 4A-C. For 4A, location was a rooftop with a 

tall wall on one side. For 4B-C, location was an open area with buildings on all four sides. 

     for Figure 4A. 

Trad,env~ -1˚C 

Azimuthal angle (φ) 

0˚ 90˚ 180˚ 270˚ 

Zenith angle 

(θ) 

0˚ -40 -40 -40 -40 

18˚ -38 -37 -37 -38 

36˚ -22 -22 30 -22 

54˚ -8 -8 35 -10 

72˚ 33 33 33 32 

90˚ 30 32 35 32 

 

     for Figure 4B. 

Trad,env~ -5˚C 

Azimuthal angle (φ) 

0˚ 90˚ 180˚ 270˚ 

Zenith angle 

(θ) 

0˚ -14.5 -14.5 -14.5 -14.5 

18˚ -13 -13 -14 -13 

36˚ -10 -10 -9 -9 

54˚ 4 5 5 5 

72˚ 5 6 6 6 

90˚ 29 28 28 29 

 

     for Figure 4C. 

Trad,env~ -32˚C 
Azimuthal angle (φ) 

0˚ 90˚ 180˚ 270˚ 

Zenith angle 

(θ) 

0˚ -60˚C -60˚C -60 ˚C -60˚C 

18˚ -60˚C -55˚C -60 ˚C -60˚C 

36˚ -53˚C -46˚C -48 ˚C -45˚C 

54˚ -32˚C -35˚C -36 ˚C -40˚C 

72˚ 14˚C 13˚C 14 ˚C 5˚C 

90˚ 15˚C 16˚C 14 ˚C 16˚C 
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Figure S5: Visible photographs corresponding to the thermographs presented in Figures 3c-d of main text.  
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7. Additional Tests under the Sun and Power Savings Calculations 

Figure S6 shows the setup for testing the performances of lithiated and delithiated poly(ethene)-coated 

LTO-on-Al under the sun. Both the unmodified setup, and a modified setup with additional layers of 

solar-reflective, infrared-transparent, nanoporous polyethylene separator are shown. The nanoporous 

polyethene was used because it scatters and reflects sunlight, and behaves as a transparent effective 

medium in the LWIR wavelengths. Covering the LTO with the nanoporous polyethylene separator results 

in increased solar reflectance. And under an incident solar intensity of ~ 805 Wm
-2

, the L (Li7Ti5O12) and 

DL states (Li4Ti5O12) state stay ~ 0.7 and 3.9°C below the ambient temperature. While this is observed 

with a solar intensity less than its peak daytime value (~ 950 Wm
-2

), the sub-ambient temperature of the 

DL state is quite significant, since even during the summer, the solar intensity incident on flat rooftops 

stays below ~ 800 Wm
-2

 for a significant fraction of the day in many regions of the world. An example is 

shown in Figure S7. With regard to this investigation, the demonstration shows that the temperature range 

covered by the L and DL states of the LTO-on-Al electrodes can be narrowed and/or shifted by 

incorporating additional layers over the LTO – making it versatile and tuneable (for example, to different 

climates).  

Power savings calculations: LTO versus Concrete with Solar Reflectance ~ 0.5 

On average, the average daily insolation on an area that receives a fair amount of sunlight is about 4 kWH 

m
-2

.
[6]

 Assuming a uniform solar absorptance across angles, a concrete surface with solar reflectance ~0.5 

therefore absorbs about 2 kWh m
-2

 of solar energy/ day. The white DL state of LTO on Al, on the other 

hand, has a solar reflectance of about 0.89, and this absorbs about 0.4 kWh m
-2

 of solar energy/day. The 

black L state, which has a solar reflectance of about 0.12, absorbs about 3.6 kWh m
-2

 of solar energy/day. 

It follows that for a rooftop water tank, depending on the season of the year and the required temperature, 

the difference in solar absorptance between the concrete and LTO could correspond to a heating or 
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cooling cost reduction of > 1.6 kWh m
-2

 (taking heater/cooler efficiencies into account) per day, if the 

walls of the water tank were covered with and LTO.  

 

Figure S6. (a) Photograph of the setup presented in Figure 4 of the main text. (b) Photograph of the modified setup 

showing the additional solar-reflective, infrared-transparent nanoporous polyethylene layer on top of the LTO. (c) 

Temperature-time plots of the L and DL states of the LTO-on-Al, and the ambient air within the modified setup.  
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Figure S7. Variation of the daytime solar intensity in New York City, USA during the onset (March 21) and peak 

(June 21) of summer, and the peak of winter (December 21). 

 

8. Demonstration of Proof-of-concept Device with an LTO electrode 

integrated into a Pouch-cell and Effect of Liquid Electrolyte on Optical 

Performance 

A similar process to that for making LTO-on-Al electrodes for device optimization (as described in the 

‘Experimental Section’ was followed to put Li4Ti5O12 nanoparticles on a fine, microporous stainless-steel 

mesh. The cell was then assembled as described in the ‘Experimental Section’, with the LTO electrode 

facing outward from the cell (Figure S8). Polyethylene was used as a cover on the ‘LTO-side’.  
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Figure S8. A simple proof-of-concept device in its (a) delithiated and (b) lithiated state. In this design, LTO 

particles on a fine stainless-steel mesh and poly(ethene) cover was used as the LTO anode alongside a porous 

poly(ethene) separator and lithium cathode.  

To test how the presence of electrolyte affects the performance of LTO in liquid electrolyte-based 

electrochromic devices, electrodes were wetted with diethyl carbonate (DEC) and covered with Barium 

fluoride. DEC is a major component in lithium battery electrolytes. LiPF6 salt was not added as it 

comprises a small fraction (≲10%) of the whole electrolyte and is not air-stable. Since no change was 

observed in the visible wavelengths upon wetting, the samples had their reflectances measured in the 

infrared wavelengths. The results are presented in Figure S9 and Table S4. As shown, the reflectance of 

the delithiated state drops slightly upon wetting with the electrolyte (from 0.82 to 0.77 in the MWIR and 

0.36 to 0.35 in the LWIR). The emissive lithiated state, on the other hand, stays essentially unchanged. 

ΔƐMWIR between delithiated and lithiated state changes from 0.68 to 0.62, and ΔƐLWIR changes from 0.24 

to 0.23. These small changes may arise from two factors. First, electrode materials are closely packed 

(e.g. ~60-70 volume % in batteries). Second, the thickness of electrode is small (5-20 μm). The two 

factors mean that only a small amount of organic electrolyte is present in the LTO layer, so optical 

performance is not significantly impacted. The results indicate that an appropriately designed organic 

electrolyte-based LTO electrochromic cell can achieve a good optical performance, making it attractive 

for device applications. 
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Figure S9. Infrared reflectance spectra of lithiated and delithiated LTO nanoparticles on Al, when dry, and when 

wetted with DEC. 

Table S4. ΔƐMWIR and ΔƐLWIR of LTO nanoparticles on Al, before and after wetting with DEC. 

 ΔƐMWIR ΔƐLWIR 

Dry State 0.68 0.24 

After wetting with DEC 0.62 0.23 
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