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ABSTRACT: Electrochromic devices are a key technology to
modulate optical and thermal energy for zero-energy buildings. With
the sun as the heat source and deep space as the cold source, it would
be beneﬁcial to accomplish wideband regulation and control both solar
and radiative heat simultaneously to obtain large heating and cooling
performance. Here, a ﬂexible ultra-wideband transparent conducting
electrode (UWB-TCE) with low sheet resistance (Rs = 22.4 ohm/sq)
and high optical transmittance (TUV−vis = 85.63%, Tnear‑IR = 87.85%,
and Tmid‑IR = 84.87%) has been demonstrated to realize an
electrochromic device that is capable of synergistic solar and radiative
heat management. Enabled by the UWB-TCE, the metal-based
electrochromic device can vary its emissivity between 0.12 and 0.94.
The device can also switch between solar heating mode (high solar
absorptivity and low thermal emissivity) and radiative cooling mode (low solar absorptivity and high thermal emissivity) by
controlling the optimal electrodeposition morphology for surface plasmon resonance. The optimal solar absorptivity (α) and
thermal emissivity (ε) of solar heating and radiative cooling mode are (α, ε) = (0.60, 0.20) and (0.33, 0.94), respectively. The
UWB-TCE and dual-band solar and mid-IR electrochromic device can bring vast opportunities for applications in heat
management, camouﬂage, display, and building energy eﬃciency.

A

thermal management are diﬀerent throughout the years, if not
months or days. An ideal building envelope for the future netzero-energy buildings3,29,30 should be capable of adapting its
optical and thermal property in response to diﬀerent
parameters such as ambient conditions, occupants’ demands,
and electricity supply.
To create a smart building envelope that can switch between
solar heating and radiative cooling, the device must be tunable
in a substantially wide bandwidth: from ultraviolet (∼300 nm
in wavelength) to mid-infrared (mid-IR, ∼25 μm for ambient
thermal radiation or ∼14 μm for atmospheric window).
Ideally, low solar absorptivity and high thermal emissivity
works in radiative cooling state, and high solar absorptivity and

s global warming and climate change worsen,
developing eﬀective heat management using renewable
energy instead of fossil fuels has become a pivotal
subject. Residential use accounts for more than 37% of
electricity consumption in the United States. For building
indoor temperature control, which alone accounts for more
than 15% of national energy consumption,1−3 solar heating and
radiative cooling are two of the most eﬀective sustainable
approaches. Solar heating is already a commercially successful
technology, thanks to decades of eﬀorts in both theory
development and experimental demonstration.4−11 In recent
years, subambient daytime radiative cooling was demonstrated
by photonic engineering of the materials that create high solar
reﬂectivity and high emissivity in the mid-infrared atmospheric
window.12−15 These seminal works have led to a series of
contributions reporting improved applicability, cost-eﬀectiveness, and system-level innovation.16−28
While both solar heating and radiative cooling can save
energy, their single functionality can be a potential barrier for
wide employment. Because of the seasonality of most regions
of the U.S. and major cities in the world, the optimal modes of
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Figure 1. Ultra-wideband transparent conducting electrode (UWB-TCE) for electrochromic synergistic solar and radiative heat
management. (a) Ideal absorptivity/emissivity spectra of a synergistic solar and radiative dynamic heat-managing device have exactly the
opposite requirement for heating and cooling modes. (b) To switch between solar heating and radiative cooling, the TCE must be
transparent to both solar and mid-IR radiation while being highly conductive. (c) Schematic of the proposed UWB-TCE. The monolayer
graphene provides uniform local conductance for charge transport, and the gold microgrid is responsible for long-range conductance with
only minimal shadow loss of transmittance.

considered. Indeed, the challenge to accomplish wideband and
opposite emissivity modulation (Figure 1a) is nontrivial. Most
pioneering works, although original and inspiring, showed
suboptimal optical property combination, i.e., low thermal
emissivity at radiative cooling state or high thermal emissivity
at solar heating state.55,56 A roll-to-roll device was recently
reported to be able to eﬀectively switch between solar heating
and subambient daytime radiative cooling by mechanically
moving the heating/cooling ﬁlm and creating reversible
thermal contact.57 Nonetheless, the working principle involves
moving parts and may need further research for wide
employment in buildings.
One major missing piece to realize an electrochromic device
that manages both sunlight and thermal radiation is the
transparent conducting electrode (TCE). In the last 10 years,
great progress has been made in both fundamental research
and fabrication technology.58−62 As shown in Figure 1b, only
when the TCE is transparent to both solar and mid-IR

low thermal emissivity works resulting in solar heating (Figure
1a). Note that absorptivity equals emissivity according to
Kirchhoﬀ’s radiation law. Electrochromic devices (ECDs) are a
promising technology for a smart building envelope for netzero energy buildings. Substantial progress has been made in
various aspects, ranging from fundamental materials and
photonic science to system-level ﬁeld testing and commercialization. In particular, metal- and oxide-based ECDs both have
show exciting performance and functionality as smart windows
in the past decade,31−39 and polymer-based ECDs are
appealing for the variety of color choices and ﬂexibility.40−42
Other types of smart windows with triggers from temperature,
photon, or mechanical strain also have unique advantages and
suitable application scenarios.43−49 Nevertheless, the tunable
wavelength range was mainly for the solar spectrum, and the
advantage of mid-IR tuning has been overlooked. On the other
hand, ECDs speciﬁcally designed for mid-IR have been
reported,50−54 but the solar heat gain modulation was not
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Figure 2. Ultra-wideband transparent conducting electrode (UWB-TCE) and its characteristics. (a) Wideband transmittance spectra of
UWTCE and other types of TCE from 0.2 to 20 μm. (b) TCE performance of sheet resistance versus transmittance in UV−vis, NIR, and
MIR wavelength regimes. (c) Raman spectra of diﬀerent layers of graphene on the electrode. (d) UV−vis, NIR, and MIR transmittance of
diﬀerent layers graphene on the electrode. (e) Cyclic bending test with bending radius of 1 cm.

heating and radiative cooling mode are (α, ε) = (0.60, 0.20)
and (0.33, 0.94), respectively. With the high transmittance in
both solar and thermal radiation regimes, our UWB-TCE can
be a new key component for an electrically tunable device in
multispectral thermal energy management and display and ﬁnd
useful applications in areas such as sustainability, energy,
consumer electronics, military and civil applications, and
personal health.
Graphene has been regarded as a promising TCE material
because of its high carrier mobility and angstrom-level
thickness.63−65 The unique Dirac cone band structure of
monolayer graphene results in a constant and wavelengthindependent transmittance of T ≈ 1 − πα = 1 −

radiation can the underlying electrochromic components be
eﬀective; otherwise, the performance will always be limited by
the TCE. Take indium tin oxide (ITO) for example: ITO has
decent transmittance in the visible and near-IR region that can
allow the control of sunlight. However, ITO is opaque and
highly reﬂective in mid-IR and therefore has a low emissivity/
absorptivity (Kirchhoﬀ’s law). As a result, the overall thermal
emissivity will always be low, limiting the cooling performance.
Similar argument applies for materials that are opaque and
highly absorptive, too. Here, we designed and demonstrated an
ultra-wideband transparent conducting electrode (UWB-TCE)
with low sheet resistance and high optical transmittance in the
wavelength of 0.2−20 μm to allow the underlying active
material to fully perform its solar/radiative heat management
by varying the electrochemical potential. The UWB-TCE is
composed of monolayer graphene, gold microgrid, and
polyethylene (PE) membrane (Figure 1c). Monolayer
graphene and gold microgrid can provide local and longrange conductance, respectively, which guarantee uniform
property change and low ohmic loss. PE ﬁlm is an IRtransparent ﬂexible substrate. With the UWB-TCE as the
working electrode, we demonstrate the plasmonic ECD using
Ag−Cu solution as the electrochromic material system. For
mid-IR radiative tuning only, the ECD can vary its emissivity
(weighted average by 300 K blackbody radiation) between
0.12 and 0.94. This large emissivity contrast of 0.82 is among
the highest reported values to date. The ultra-wideband
transmittance further allows us to vary between solar heating
and radiative cooling via controlling plasmonic absorption. The
solar absorptivity (α) and thermal emissivity (ε) of solar

πe 2
ℏc

= 1 − 2.3% = 97.7%.66 This broadband multispectral
feature makes monolayer graphene the most ideal material
for UWB-TCE. The gold microgrid is 10 μm in width with 1
mm spacing; therefore, the shadow loss is only 2%. According
to the wire mesh screen model,67 this small shadow loss can
also be regarded as wavelength-independent up to the cutoﬀ
wavelength that is on the order of 1 mm in free space or 0.3
THz in the radio frequency domain. Meanwhile, the gold
microgrid can signiﬁcantly reduce the long-range sheet
resistance, which is essential for fast and eﬃcient electrochromic switching. The choice of microgrid geometry is
apparently the outcome of optimization among electrochemical reaction kinetics, electromagnetic wave transmittance, and materials’ intrinsic properties, and we anticipate our
proof-of-concept demonstration in solar and mid-IR synergistic
heat management contains broader impact for other electromagnetic wavelengths and applications. Finally, PE ﬁlm is
3908
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Figure 3. Radiative heat management achieved by UWB-TCE and metal-based electrochromism. (a) Schematic diagram of the IR
electrochromic device. Because of the broadband transmittance of UWB-TCE, the emissivity is determined by the underlying electrolyte/
metal at the cooling/heating mode. (b) Thermal images and (c) emissivity spectra of the device at cooling and heating modes. (d) Weightedaverage emissivity at cooling and heating states versus cycles. The deposition charge density was 125 mC/cm2 in heating state in (b−d). (e)
Controlling the devices at diﬀerent emissivities (λ = 10 μm). The deposition charge density for emissivity of 0.1, 0.4, and 0.7 were 125, 60,
and 35 mC/cm2, respectively. The calculated radiative heat-transfer coeﬃcients are shown as the secondary y-axis. (f) Total heat-transfer
coeﬃcients measured by the guard heater method in an environmental chamber.

mesh with smaller hole sizes.69 Our UWB-TCE shows the
ﬂattest spectrum with slow decay in the deep UV and narrow
absorption peaks in mid-IR, both caused by the PE substrate. It
is worth noting that this decrease of transmittance, while
insigniﬁcant, can be further mitigated by removing the
impurities and increasing the molecular weight and chain
orientation,70 thereby further boosting the performance of
UWB-TCE.
In Figure 2b, we further measured the sheet resistance (Rs)
and made the Rs−T plot for various TCEs. The transmittance
is represented based on three bands: UV−visible (0.2−0.78
μm), near-IR (0.78−1.6 μm), and mid-IR (2.5−20 μm), which
are weight-averaged based on AM1.5 hemispherical solar
radiation (ASTM G-173)71 or 300 K blackbody radiation via
Planck’s law. All three data points of UWB-TCE are in the
upper left area, representing the best overall performance: Rs =
22.4 ohm/sq, TUV−vis = 85.63%, Tnear‑IR = 87.85%, and Tmid‑IR =
84.87%. If the PE substrate eﬀect is eliminated, the

chosen as the substrate for its broadband transmittance from
visible light to mid-IR. Its mechanical ﬂexibility and low cost
are also important features for large-scale adoption, similar to
roll-to-roll low-emissivity window ﬁlms for retroﬁtting
applications.
The broadband transmittance of our UWB-TCE can be
clearly shown by comparing with other common TCEs with
approximately the same sheet resistance of 22−25 ohm/sq. As
shown in Figure 2a, ITO/glass, the most common TCE,
exhibits the cutoﬀ below 350 nm of ultraviolet (UV) because
of interband absorption.68 The transmittance is higher in the
visible light range but then begins to decline at near-IR because
of reﬂection loss by free carriers. The transmittance is nearly
zero at mid-IR. AgNW/PE has a ﬂatter spectrum, but the
overall value is much lower in the visible regime at around
70%, which also decreases as the wavelength increases. On the
basis of scanning electron microscopy (SEM) images (Figure
S1), the decrease is likely caused by the reﬂection of AgNW
3909
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Figure 4. Experimental demonstration of synergistic solar and mid-IR radiative heat management. (a) Schematic of the electrochromic
device working principle. The emissivity is determined by the layer beneath the UWB-TCE, and the solar reﬂectivity is determined by the Ag
back reﬂector at the stripped state and by the Ag nanoparticles at the coated state. (b) The visible (bottom row) and infrared (top row)
images of device at cooling and heating states. The cooling mode behaves as a high-emissivity solar reﬂector, and the heating mode behaves
as a low-emissivity solar absorber. (c) SEM images and (d) solar and mid-IR absorptivity/emissivity spectra. (e) weighted-average
absorptivity/emissivity of the deposited metals on UWB-TCE ﬁlm at diﬀerent charge densities. (f) Spectra of solar absorption and infrared
emittance of device at the cooling and heating states. Solar absorptivity (λ = 550 nm) and infrared emissivity (λ = 10 μm) at cooling and
heating states by controlling device with several cycles with 0.5 nm thickness of Pt (g) and 0.75 nm thickness of Pt (h). The electrodeposited
charge density is 75 mC/cm2 in the heating state for panels b, f, g, and h.

PE substrate as references. The increased intensity ratio of G
to 2D band (IG/I2D) and the upshift of 2D band position, as
shown in Figure S3 and Table S1, which conﬁrm the increase
in the number of graphene layer.72 As the number of layers
increases, transmittance decreases stepwise as expected (Figure
2d). Although a greater number of layers decreases the local

transmittance will become 94.24%, 95.56%, and 96.62%,
respectively.
We further investigated the eﬀect of the number of graphene
layers on the electrical sheet resistance and optical properties
of UWB-TCE. Figure 2c shows the Raman spectra of UWBTCE of diﬀerent layer numbers as well as pure graphene and
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geous for thermoregulation. The heating mode spectrum
exhibits the same characteristic absorption peaks of PE.
Figure 3d shows the IR-electrochromic device can maintain
large emissivity contrast for up to 200 cycles and retained 80%
of the value after 350 cycles. We note the low-emissivity state
degrades more than the high-emissivity state, which may be
due to irreversible formation of metal chlorides or oxides.
Furthermore, the electrochromic device can operate in various
emissivities, which is a great advantage for providing
continuous and high-precision radiative thermoregulation. As
shown in Figure 3e, the device’s emissivity can be maintained
at 0.1, 0.4, and 0.7 by controlling the electrodeposited charge
density to 125, 60, and 35 mC/cm2, respectively. The radiative
heat-transfer coeﬃcients can be calculated by

resistance, the beneﬁt is outweigh by the optical loss because
the gold microgrid is already responsible for most of the
electron transport at the device level. In practice, for radiative
cooling, suppressing solar absorptivity is essential because of
the high intensity of solar radiation; therefore, it is more
desirable to choose transmittance over sheet resistance.
Moreover, if ohmic loss became critical, reducing the spacing
of the gold grid is still the preferred solution because it will
increase the device reﬂectance rather than absorption. Finally,
the material choice combination provides UWB-TCE with
mechanical ﬂexibility. The sheet resistance remained stable
during 600 bending cycles at the radius of 1 cm (Figure 2e).
As demonstrated in the previous comparison with ITO and
AgNW (Figure 2a), the mid-IR transmittance of UWB-TCE is
indeed a remarkable feature. Therefore, we ﬁrst demonstrate
its utility to regulate infrared radiation by the metal-based
electrochromism using UWB-TCE as the working electrode,
ITO glass as the counter electrode, and gel electrolyte
containing silver and copper ions. A small quantity of copper
ions was added to be codeposited with silver, which facilitate
reversible deposition through Cu+ mediation.37−39 The
electrochemical reaction loop is closed by the Br3−/Br−
redox couple supplied by tetrabutylammonium bromide
(TBABr). We note that a recent study54 used Ag-based
electrochromism for thermal camouﬂage using percolating
semicontinuous Pt ﬁlm as the electrode.
The initial state of the device (stripped state) is shown in
Figure 3a. Because UWB-TCE is transparent in mid-IR, the
emissivity is determined by the underlying electrolyte. Most
polar solvents, including DMSO and water, are strongly IRactive and absorbing. As the Kirchhoﬀ’s radiation law states
that spectral absorptivity and spectral emissivity are equal at
thermal equilibrium, the stripped state has high emissivity
because of the electrolyte and thus works in the radiative
cooling mode. Note the choice of the ITO/glass does not
inﬂuence the emissivity tuning because all the mid-IR
emissivity is determined by the IR-absorbing (and thus IRemitting) electrolyte.
The device can be switched from cooling (high-ε) to heating
(low-ε) by electrodepositing metal onto the UBW-TCE.
Three-electrode cyclic voltammetry was implemented to
investigate the electrochemical potentials of metal deposition
and dissolution. As illustrated in (Figure S2), when the
potential exceeds 1.5 V during the negative potential sweep,
the cathodic current begins to increase sharply, which was
attributed to the deposition of Cu and Ag. As a result, silver
and copper metals were codeposited gradually to form a thin
layer of metals. The low-emissivity metal layer therefore
dominates the device radiative property and decreases the
thermal radiation signiﬁcantly, as captured by the thermal
camera (Figure 3b and Supporting Information video). This
mode is the heating state because of the suppression of
radiative heat loss. When a positive voltage (+0.1 V) is applied
to the UWB-TCE, the Ag−Cu metals are oxidized to ions and
dissolved into the electrolyte, and the device goes back to the
initial cooling state. Fourier-transform infrared spectroscopy
(FTIR) was used to characterize the emissivity (absorptivity)
spectra of the device at two modes. Because the device is IRopaque, we measured the reﬂectivity (ρ) and calculate the
absorptivity (α) by α = 1 − ρ, and Kirchhoﬀ’s law is used again
to obtain the emissivity, i.e., ε = α. Both heating and cooling
modes show broadband emissivity spectra, which is advanta-

hradiative = 4σεT 3

where σ is the Stefan−Boltzmann constant, ε the thermal
emissivity of device, and T the average of the device surface
temperature and the ambient temperature.
To experimentally demonstrate the radiative thermal
property, we used the guard heater method in a temperature-controlled chamber to measure the total heat-transfer
coeﬃcients which include both radiation and natural
convection. The total heat-transfer coeﬃcients of cooling and
heating modes were 11.02 and 7.31 W/(m2·K) respectively. If
we assume the temperature diﬀerence between the object and
the ambience is 10 °C, then the ECD can eﬀectively modulate
the heat ﬂux by 37.1 W/m2. As a rule-of-thumb comparison,
this amount of thermoregulation is more than one-third of the
human body metabolic heat rate (∼100 W/m2) or a typical
cooling load for a modern house (one ton of air conditioning
per 400 sq ft), which indicate its substantial impact on these
applications. The advantage can be further emphasized by
noting the modulated heat ﬂux is through controlling the
“valve” of heat loss rather than directly pumping the thermal
power in/out of the object, so the operational power
consumption is only for switching states or compensating for
non-Faradaic capacity loss, rather than for constantly supplying
heat/work.
The metal-based electrochromism not only has exceptional
emissivity modulation capability but can also perform solar/
mid-IR dual-band synergistic thermoregulation after implementing two modiﬁcations: metal morphology optimization
and solar reﬂector (Figure 4a). When the electrodeposited
metal is discontinuous with proper particle sizes and
distribution, it becomes a plasmonic selective absorber.73,74
Speciﬁcally, random metal nanoparticles and nanoclusters
result in broadband localized surface plasmon resonance that is
strongly absorbing in the solar spectrum. For mid-IR that has
much longer wavelengths, the optical properties are dictated by
the eﬀective medium theory, which means the emissivity
(absorptivity) is lower by the metallic component. For
radiative cooling, a silver mirror is deposited onto the backside
of the ITO glass counter electrode and serves as the solar
reﬂector. The mid-IR emissivity is still determined by the
electrolyte. The overall eﬀect is a high-emissivity solar reﬂector,
the same as the passive daytime radiative coolers. Essentially,
the solar/mid-IR ECD operates between the stripped state and
the metal nanoparticle state, and the back reﬂector rejects the
solar heat gain to promote daytime cooling.
As shown in Figure 4b, when the working electrode is
stripped (transparent), the underlying silver mirror can reﬂect
visible light and show the blue letter “D”, meanwhile, thermal
3911
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how to delay the percolation threshold so that the metal ﬁlm
can be darker at high mass loading would be a possible
direction. Besides solar and mid-IR broadband tuning,
individual control of visible color and/or the near-IR property
via plasmonic resonance will also be of great practical
interest.33,74
It should be noted that our UWB-TCE can also apply to
other types of electrochromic devices after proper device
engineering and surface treatment, which can bring a plethora
of future opportunities. The electrochromic device must also
have a wholistic consideration for other performance metrics
such as switching eﬃciency, speed, durability, and real heat
transport optimization. We anticipate that further development
of the graphene UWB-TCE, reversible metal electrodeposition,
and photonic structure design can lead to more powerful
multispectral and multimodal heat management that can ﬁnd
immense applications for sustainable energy, wearable devices,
green buildings, and consumer electronics.

imaging shows the high emissivity. Note the higher nominal IR
temperature indicates higher radiosity/emissivity rather than
true temperature. As negative bias is applied to the UWB-TCE,
electrodeposition begins, and Ag nanoparticles start to
nucleate. Before the Ag grows into a thin ﬁlm as in Figure
4a, there exists an optimal state where the deposit is very close
to the percolation threshold, which exhibits both plasmonic
absorption of visible light and classical Drude metal reﬂection
of mid-IR radiation.75,76 As a result, the device appears black
and cannot show the blue letter “D” anymore, and its thermal
image also shows low emissivity (high reﬂectivity). These
visible and IR photos in Figure 4b clearly demonstrate the
synergistic solar and mid-IR radiative heat management.
We further study the near-percolation phenomenon by
correlating the surface morphology (Figure 4c) with optical
measurement results (Figure 4d,e). Indeed, as the deposited
Ag increases from 0 to 280 mC/cm2, the nanoparticles
gradually grow and merge into a percolating porous ﬁlm. On
the basis of eﬀective medium approximations (EMA) theory,77
for long-wavelength light such as mid-IR, the electrodeposited
silver can be seen as a whole, so the emissivity decreases
monotonically as the more Ag is deposited (Figure 4e, red).
On the other hand, the solar absorptivity shows a nonmonotonic “volcano” shape, which increases initially from 0.34
(0 mC/cm2) to 0.76 (56 mC/cm2) and 0.75 (83 mC/cm2)
and ﬁnally decreases to 0.55 (280 mC/cm2). The outcome is
that the device has both high solar absorption and low mid-IR
emissivity between 56 and 83 mC/cm2, which corresponds to
the heating mode. Finally, to demonstrate the electrochromic
dual-band synergistic heat management, we switched the
device between 0 and 75 mC/cm2 and measured the solar
absorption and infrared emissivity spectra and time series
(Figure 4f,g). The device exhibits a decent switching speed and
contrast of 0.74 in mid-IR and 0.27 in solar bands. Although
the solar reﬂectivity at the cooling mode is not high enough to
accomplish subambient cooling, the current performance of
the solar-mid-IR dual-band synergistic heat modulation
provides a promising design platform for further development
in both interfacial electrochemistry and device thermal
engineering.
In summary, we successfully demonstrated a graphene-based
UWB-TCE with ultra-wideband (0.2−20 μm) high transparency and low sheet resistance, which is the key missing
component to accomplish electrochromic devices for both IR
tuning and synergistic solar and mid-IR dual-band heat
management. The electrochromic device is based on reversible
metal deposition, which exhibited high contrast in the mid-IR
range (2.5−18 μm) and good cycling performance (>360
cycles) for thermal radiation tuning. The large tunable
apparent temperature range of ∼15 °C under 40 °C
environment makes it attractive in thermal regulation and
energy saving. The synergistic solar/mid-IR dual-band tuning
is accomplished by optimizing between near-percolation
plasmonic solar absorption and eﬀective medium approximation mid-IR reﬂection, which dynamically switches between
solar heating and radiative cooling with contrast in solar and
mid-IR wavelengths of 0.27 and 0.74, respectively. As the ﬁrst
demonstration of UWB-TCE and electrochromic synergistic
solar/mid-IR device, the current solar absorptivity is not yet
low enough to produce subambient cooling.15−28 Further
improvement of electrolytes and other components’ properties
or incorporating optical scatterers would be needed to boost
the cooling performance. On the other hand, for solar heating,
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