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Abstract

Thermography detects mid-infrared radiation from surfaces based on the Stefan—
Boltzmann law, mapping surface temperatures and potentially revealing subsurface
thermal activity. Recent developments offer an alternative strategy to traditional camera-
based improvements: a thermal imaging sensitizer (TIS) coating whose emissivity
increases sharply with rise in local temperature, amplifying small thermal variations into
high-contrast signals.

Existing TIS structures are nanofabricated solid membranes and face significant challenges
in fabrication complexity. Here, we present a solution-processed, liquid form of TIS—
termed as temperature-adaptive radiative paint (TARP)—to address these limitations.
TARP offers drastically reduced fabrication costs, scalability to large areas, applicability
to curved surfaces, and an extended operating temperature range, while maintaining the
function of temperature amplification. Application of TARP enhances small temperature
contrast by more than three times, substantially improving ambient thermography and
enabling broader applications such as detection of structural defects and hot spots in
electronic components.

Key Words: Vanadium dioxide, phase change materials, thermography, paint, plasmonics



Thermography uses infrared (IR) cameras to map the temperature distribution of object
surface by detecting mid-IR thermal radiation'. The infrared temperature (Tjg) is calculated
from the detected radiation using the Stefan—Boltzmann law. For calibration, a constant,
wavelength-integrated emissivity ( &y ) is typically preset for IR cameras, which is
commonly set to ~0.95, the approximate emissivity of most non-metallic materials. This
assumption enables temperature readings in most practical applications.

However, if the actual emissivity (&) differs substantially from &, or even becomes strongly
temperature-dependent, Tjg will deviate from the true temperature T. Following the
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For conventional materials, emissivity remains nearly constant over moderate temperature
ranges (~20 °C), so dTigr/dT is only weakly temperature dependent. However, by
combining phase-change materials with photonic structures, one can design a coating
whose emissivity increases sharply with temperature within the temperature window of
phase transition. As a result, such a sharply rising £(T) amplifies the small variation in
actual surface temperature (d7) into a larger contrast of dTjg seen by the camera, and
dTir/dT far exceeds one (Figure 1B). The distribution of true surface temperature, 7(x, y),
can be accurately retrieved by calibrating the recorded map of Tig (x, y) through dTg/dT.
This emissivity-engineered amplification allows detection of subtle temperature surface
variations that would otherwise fall below the camera’s temperature resolution, thereby
improving the effective resolution of thermography by a factor of dTjg/dT.

Vanadium dioxide (VO2), known for its thermally induced metal-insulator transition (MIT)
at 67 °C, has been widely investigated for emissivity engineering, with several material
structures reported to date > One notable example is a thermal imaging sensitizer (TIS)
based on VOq-integrated Fabry - Pérot (FP) resonators. The structure exhibits sharp rise in
emissivity (from ~0.3 to ~0.8) within a narrow temperature window (typically 1 — 2 °C)
around the MIT, resulting in a pronounced dTjg/dT ratio and enabling millikelvin-
resolved thermography near room temperature 2. However, these FP-based TIS structures
are limited in scalability and broader applicability. Their fabrication typically relies on
expensive materials and complex nanofabrication processes, limiting both cost-
effectiveness and scalability for large-area applications. Moreover, the emissivity switch is
highly sensitive to the dielectric spacer thickness, a strict requirement imposed by the FP
resonance mechanism °. The stringent thickness requirement brings significant challenges
for large-scale fabrication and limits the potential for further structural optimization. In
addition, their high dTjg/dT ratio comes at the cost of a narrow operational temperature
range around the MIT temperature, unsuitable for scenarios that require sensitivity over a
wider temperature range. To address these limitations, horizontal optical antenna designs
have been developed as an alternative to FP structures, removing the strict requirement for
spacer thickness control. In addition, the use of roll-to-roll printing offers much higher
scalability and reduced fabrication cost °. Despite these advantages, the approach still uses



nanofabricated, periodic templates, and yields TIS in the form of un-stretchable, solid-state
membrane. Recently, a solution-processed VO2/polymer composite with temperature-
adaptive emissivity was reported; however, the emissivity changes only by ~ 0.15 around
67 °C, limiting their practical applications '°. It would be highly desirable to develop a TIS,
with performance comparable to nanofabricated structures, in liquid form that can be
painted to any surface, including curved ones, for the broadest range of outdoor
applications.

Here, we present a solution-processed, nanoparticles based TIS termed Temperature-
Adaptive Radiative Paint (TARP). TARP can be prepared at low cost and large quantity
and readily applied onto any solid surfaces to sensitize thermal imaging. It is composed of
VO2 or W-doped VO2 (WiV1.02) nanoparticles embedded in an infrared-transparent
polymer matrix of ethylene-propylene-diene monomer (EPDM). As illustrated in Figure
1A, TARP dynamically modulates its emissivity (€) in response to temperature changes,
enabled by the thermally driven MIT of the VO: particles. Thermography measurements
demonstrate that TARP made with VO: exhibits a peak value of dTjg/dT ~4 at around
70 °C. In comparison, doping VO2 with 1.5% tungsten shifts the peak to ~28 °C while still
maintaining a remarkable peak value of dTjg/dT > 3, making it more suitable for
applications near room temperature (Figure 1C). Unlike nanofabricated or roll-to-roll
patterned structures, the VO particles are distributed randomly in TARP, eliminating the
need for precise control of spacer layer thickness or inter-unit distance. This is because €
switches in TARP with a mechanism distinctly different from prior approaches: near-field
coupling among adjacent nanoparticles.
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Figure 1. Thermal imaging sensitized by TARP. (A) Schematic illustration of enhanced
thermal resolution enabled by TARP. As the object is heated through the MIT, the VO2
particles in TARP transition from an insulating (I) phase to a metallic (M) phase, increasing
the emissivity. (B) In comparison to conventional materials with constant emissivity, TARP
exhibits a step-like emissivity switch across the MIT, in which Tj rises sharply with 7. (C)



The measured apparent infrared temperature ( Tig , top), corresponding thermal
amplification (dTjg/d7, middle) and emissivity (e(T), bottom) as a function of actual
temperature (7) for TARP coatings made with VO2 and WxV1.,02 (x = 1.5%).

TARP preparation. The intrinsic MIT temperature (Ty;r) of VO2 is approximately

67 °C, which can be reduced by tungsten doping (W) to fit different applications. For
example, doping with 1.5% W reduces Tyt to about 28 °C, making it suitable for
ambient applications '!. In the insulating (I) state at lower temperatures, the particles are
largely transparent to mid-IR in the 8-14 um wavelength range ", and incoming IR
radiation will transmit through the VO particles and matrix with negligible absorption
and get reflected by the underlying low-¢ substrate, which is typically a metal layer such
as aluminum. In contrast, when VO transitions to the metallic (M) state at high
temperatures, strong interparticle plasmonic resonance will be activated '*. Consequently,
the system undertakes a sharp increase in mid-IR absorbance (A) and hence emissivity,
according to Kirchhoff’s law of radiation'®. This step-like emissivity switch of TARP,
depicted in Figure 1B (left), drives a drastic increase in the surface thermal radiation
upon a small rise in temperature, leading to a steep rise in Tjg. As shown in Figure 1B
(right), the enhanced dTig /dT boosts thermal imaging sensitivity compared to
conventional, constant-emissivity materials.

TARP is composed of VO2 nanoparticles suspended in a polymer matrix. To accommodate
both IR transparency and processibility, the matrix is prepared by dissolving ethylene-
propylene-diene monomer (EPDM) in mineral spirits. Due to its predominant C—C and C—
H bonds, EPDM has minimal vibrational absorption across the 8—14 pm atmospheric
window (Figure S1), maximally avoiding optical loss in the spectral range of interest '°. In
contrast to other polyolefins such as polyethylene and polypropylene, EPDM is readily
soluble in hydrocarbon solvents such as toluene and mineral spirits, enabling solution-
phase processing. Moreover, EPDM is an industrially available material with excellent
thermal stability, environmental resistance, and mechanical flexibility, making it an
effective binder for scalable and durable coatings'®. Mineral spirits, a low-aromatic
petroleum-derived solvent consisting primarily of C7—C12 aliphatic hydrocarbons, is used
to dissolve EPDM. It is widely used in commercial paint systems due to its volatility and
solvation power ! and its reduced aromatic content enhances user safety and
environmental compatibility relative to conventional aromatic hydrocarbon solvents '°.

The optimal VO particle size was calculated through electromagnetic simulations (Figure
S2) and produced with high-energy ball milling under controlled conditions!”. EPDM was
dissolved in mineral spirits to produce a uniform polymer solution, into which the milled
VO:2 nanoparticles were incorporated through extended stirring and sonication to ensure
uniform and stable dispersion. The resulted formulation was bar-coated onto metal-coated
substrates to form a uniform film with controlled thickness on the order of 2.5um (Figure
2A, 2B). This process eliminates the need for lithographic patterning or vacuum deposition,
allowing low-cost and scalable manufacturing.

The morphology of the ball-milled VO2 nanoparticles and the TARP coating was examined
by scanning electron microscopy (SEM). The VO:2 nanoparticles have diameters of several
hundred nanometers (Figure 2C, top) and are observed to be homogeneously distributed



throughout the EPDM matrix (Figure 2C, bottom), confirming uniform and random
embedding and film integrity.
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Figure 2. Preparation and morphological characterization of TARP. (A) Schematic
illustration of the fabrication workflow. Rough VO: powder is first processed via ball
milling to produce fine VO2 nanoparticles. These are then mixed with an EPDM polymer
solution (prepared in mineral spirits) and ultrasonicated to form a homogeneous TARP
suspension. The suspension is applied to substrate using spin-coating or bar-coating
method to form uniform TARP films. (B) Photographs showing the prepared TARP
suspension (left), the bar-coating process onto a substrate (middle), and the resulted, dried
TARP film (right). (C) Scanning electron microscopy (SEM) images of the milled VO2
nanoparticles and surface morphology of the prepared TARP film.

Performance characterization and working mechanism. Thermographic
characterization was performed with an IR camera which provides the IR temperature
readouts (T1g) based on the assumption of a constant target emissivity of 0.95. For a
surface with constant emissivity, the relationship between Tjg and T is expected to be
approximately linear. Thus, the emergence of a step-like feature in the Tig—T curve
indicates a sharp rise in the emissivity of TARP (Figure 1C). Taking the derivative of the
Tir profile with respect to T yields the dT1r/dT curve, which quantifies TARP’s ability
to amplify small temperature variations. As shown in Figure 1B, TARP fabricated with
pure VO2 delivers a peak amplification of dT1g/dT > 4 near 75 °C, and maintains values
above 3 within the temperature range of 70 — 80 °C. In comparison, TARP with WV 1.
<02 (x=1.5%) achieves a peak above 3 around 28 °C and stays above 2.5 within 25 —

32 °C. These results demonstrate effective enhancement of thermal imaging sensitivity
over a relatively broad temperature range.



Spectral reflectance (A, T) was measured using a Fourier transform infrared (FTIR)
spectrometer. Given that TARP is coated on a totally opaque substrate, the spectral thermal
emissivity (4, T) was calculated as 1 — (A, T). The effective integrated emissivity £(T)
was determined by integrating (A, T) weighted by the blackbody spectral radiance
B(4,T) according to:

_ Je@,TBQAT)dA
e(T) = [ BAT) dA (2)

The integration wavelength range spans 8-14 um, which corresponds to the typical
operating range of IR camera. From FTIR spectra (Figure 3D, 3E) and &(T) profile (Figure
1C, bottom), a clear trend of progressively increasing emissivity is observed as the
temperature rises above the Ty of VO2 or WxV1.xO2 in the TARP. For TARP made with
undoped VO2, &(T) increases from 0.26 at temperatures below ~60 °C to 0.88 at
temperatures above ~80 °C. With 1.5% of tungsten doping, the £(T) transition is shifted to
a lower temperature range that starts at ~20 °C, while retaining a pronounced emissivity
switch from 0.30 to 0.85.

To elucidate the emissivity switching mechanism of TARP, finite-element simulations
were performed using a model geometry in which VO2 nanoparticles are embedded within
an EPDM matrix and arranged in a periodic array with subwavelength gaps. This structure
is positioned atop a mid-infrared reflector made of Al-deposited Polyethylene terephthalate
(PET) film (Figure 3A).

When temperature T is below Ty, the VO2 particles are in the insulating phase and
exhibit low absorption in the thermal IR range (8-14 pm), leading to a low emissivity.
Above Tyr, VO2 transitions to the metal phase with a large imaginary part of permittivity
in the mid-IR *. In this state, the closely spaced particles—separated by nanoscale gaps
which are significantly smaller than the wavelength of interest—support strong near-field
electromagnetic coupling '*2!. This near-field interaction leads to spatial confinement of
electromagnetic fields between adjacent particles, markedly enhancing light—matter
interaction and driving efficient broadband absorption, which results in high emissivity at
high 7. As shown in Figure 3B, absorption hotspots are concentrated at the particle edges
facing each other, where field confinement is strongest. Consequently, the simulated
spectral emissivity (Figure 3C) exhibits a broad absorption band across the wavelength
range, activated upon the phase transition to the M state.

Notably, simulations conducted on systems with realistic TARP model (Figure S3) with
same film thickness and volume fraction yield similar results, confirming that the
emissivity switching is governed by interparticle photonic activities rather than by long-
range periodicity. Moreover, comparing the simulated TARP model and measured spectral
emissivity profile of real TARP (Figure 3D, 3E) reveals a very similar curve shape and
switching trend, indicating the robustness of the simulation.
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Figure 3. Working mechanism of TARP. (A) Schematic illustration of the emissivity
switching mechanism in TARP. (B) Simulated unit cell showing the mid-IR
electromagnetic power loss distribution at low and high temperatures. The absorption
hotspot is localized at the subwavelength-scale gap between adjacent VO2 particles,
where confinement of the electromagnetic field significantly enhances absorption in the
metallic state. The wavelength of the incident light is 10 um. (C) Numerically calculated
spectral emissivity of TARP in the mid-IR region, comparing high-temperature (M state)
and low-temperature (I state) responses, with Ae representing the change in spectral
emissivity. (D, E) FTIR-resolved temperature-dependent infrared spectra of TARP made
with VO2 (D) and WxV1.,02 (x=1.5%, E). Shaded regions indicate the wavelength ranges
used for integrated emissivity calculations.

Demonstration of applications. Thermography is widely employed for the inspection of
power electronics, offering non-invasive, real-time monitoring of temperature distribution
22 In high-voltage transmission lines, for example, thermal imaging facilitates early
detection of structural and electrical anomalies—such as broken strands, corroded
conductors, or high-resistance contact points—by identifying localized hotspots?. Early-



stage detection enables timely intervention, reduces maintenance costs, and mitigates the
risk of fire or catastrophic failure, thereby extending the service lifetime of critical
infrastructure. Under standard operating conditions, the surface temperature of
transmission cables typically hovers around 65 °C. Localized defects often result in modest
temperature increases that fall within the emissivity switching range of VO2-based TARP
coatings. Based on this insight, we designed a demonstration to showcase the potential of
TARP for early detection of hotspots in transmission lines.

A schematic of the experimental setup is presented in Figure 4A. Two identical stainless-
steel strips were prepared, each with an artificially introduced indent on the backside to
mimic hidden defects in power transmission lines. One strip was coated with TARP, while
the other was coated with conventional black acrylic paint to serve as a reference with
constant emissivity of 0.95. Both samples were connected in series to a direct current (DC)
source to induce resistive (Joule) heating. The defect region, having higher electrical
resistance, exhibited more local heating relative to the normal region. For the TARP-coated
sample, this subtle temperature difference was significantly amplified, producing an
enhanced contrast of Tjg with respect to the normal region.

At low currents, the temperature across both the defect and normal regions remained
below the phase-transition threshold of VO, resulting in minimal emissivity difference
and indistinct thermal contrast. As the current increases, the temperature of the defect
region on the TARP-coated strip enters the temperature window (60-70 °C) of MIT of the
VO particles, while the normal region remains below it. This induced a phase transition
in the TARP coated on the defect region, boosting emissivity there. Consequently, a clear
Tir contrast becomes observable in the thermal image (Figure 4B). Upon further
increasing of the current, the normal region eventually also exceeds the transition
temperature window. As a result, the emissivity became uniformly high in both the defect
and normal regions.
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Figure 4. Thermographic detection of hotspots in power electronics using TARP. (A)
Schematic of the experimental setup showing two stainless-steel strips with backside
indents, coated with either TARP or black paint, and connected to a DC current source.
The dented regions exhibit localized Joule heating due to increased electrical resistance.
(B) Optical image of the experimental setup and corresponding IR thermographs acquired
at increasing current levels (1.0 A, 1.2 A, 1.4 A), demonstrating localized emissivity
switching in the TARP-coated strip which increases thermal contrast. (C) T;g profile of
defect and normal regions on both strips as a function of applied DC current (/). As
indicated by the black dashed line, at / =1.2 A, TARP-coated strip displays a substantially
greater temperature contrast (4T = 12 ° C) compared to that of the black paint
(AT;r = 4 °C) near the VO2 phase transition threshold.

Moreover, thermography offers a non-destructive means for detecting subsurface structural
defects of a wall by monitoring spatial temperature variation on its surface >*%°. Internal
anomalies such as voids or cracks can locally perturb thermal conduction or heat capacity,
generating measurable temperature gradients. By analyzing these thermal signatures,
thermography enables early detection of hidden defects without invasive probing, making
thermography a valuable diagnostic tool across aerospace, civil engineering, and
manufacturing quality control.

To evaluate the potential of TARP in improving detectability of subsurface defects, a
model experiment was conducted using a wood board (thickness ~5mm) containing a
concealed groove (depth ~3mm and width ~1mm) on its backside. As schematically shown



in Figure 5A, the wood board was placed on a hot plate to simulate a perpendicular
temperature gradient, representing temperature differences between (for example) indoor
and outdoor environments. The embedded groove introduces a small air gap, whose low
thermal conductivity relative to the surrounding wood suppresses heat transfer and results
in a slightly reduced surface temperature directly above the groove (Figure S4).

As shown in Figure 5B, a layer of TARP fabricated using WxV1.O2 (x = 1.5%), with a
phase transition temperature near 28 °C, was coated onto a low-emissivity Al/PET foil and
subsequently laminated across the top surface of the wood board, spanning the groove
(indicated by the green dotted line). The top image in Figure 5B shows the laminated region
(labeled “covered by TARP”) adjacent to a bare wood surface (“naked surface”), enabling
direct comparison. The bottom image displays the underside of the board with the groove.

The system was heated slightly above room temperature to operate within the emissivity
switching range (2532 °C) of the TARP. As shown in the infrared image (Figure 5C), the
naked wood surface exhibits a small, barely detectable T}z contrast of ~0.5 °C at the groove
location. In contrast, the TARP-coated region shows an amplified T} contrast of ~1.5 °C,
rendering the backside groove clearly visible in the thermal image. These results
demonstrate the capability of TARP enhancing thermographic sensitivity to subsurface
structural defects.
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Figure 5. Demonstration of TARP for thermal imaging of concealed structural defects. (A)
Schematic of experimental configuration (side view). A groove is introduced on the bottom
surface of a wood board, which is then placed on a hot plate to generate a vertical thermal
gradient. The top surface is partially covered with a TARP coating laminated onto AI/PET.
(B) Optical image showing the location of the subsurface groove (the green dotted line)
and IR imaging field of view (red dashed box). (C) Infrared thermograph. The TARP-
coated region exhibits enhanced IR temperature contrast (AT;g =~ 1.5 °C), enabling clear
visualization of the hidden groove, whereas the uncoated region shows only weak contrast
(ATig = 0.5°C).

In this work, we have developed a temperature-adaptive radiative paint (TARP) that is fully
solution-processable from low-cost materials and compatible with scalable coating
techniques. TARP switches thermal emissivity from a low value at low temperatures to a
high value at high temperatures with a change in emissivity at least ~0.55, whereas the
switch temperature is tunable from 67 °C to near room temperature. The emissivity-
switching behavior arises from near-field photonic resonance among VO2 or W.V1.02
nanoparticles randomly embedded in an infrared-transparent polymer matrix. This
mechanism eliminates the need for lithographic patterning or periodic photonic structures
typically required in prior temperature-adaptive radiative designs.



The TARP coating improves sensitivity of infrared imaging by amplifying small
temperature variations, achieving dTjr/dT of 3 ~4 over a temperature window of
approximately 10 °C. The performance enables thermographic applications that demand
high temperature sensitivity in diverse operating conditions. Proof-of-concept experiments
demonstrate the effectiveness of TARP for thermographic inspection of power electronics
components and concealed structural defects.

The emissivity-switching performance of TARP could be further improved by using VO2
or WxV1x0O2 nanoparticles with higher quality and narrower distribution in size and
composition. Enhanced switching sharpness would allow TARP to achieve higher
amplification factor, expanding its applicability to cases that demand high thermographic
sensitivity. In addition, further electromagnetic simulations may provide insights into
optimal particle geometry and distribution configuration. Integrated with a solar reflecting
layer on the top, TARP may also play an important role in the field of smart radiative
cooling.
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