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Ionic Liquid-Based Reversible Metal Electrodeposition for
Adaptive Radiative Thermoregulation Under Extreme
Environments

Jiawei Liang, Chenxi Sui, Jiacheng Tian, Genesis Higueros, Ting-Hsuan Chen, Ronghui Wu,
Pei-Jan Hung, Yang Deng, Natalie Rozman, Willie John Padilla,* and Po-Chun Hsu*

This paper presents the development of an electrochemically-driven variable
emission thermoregulating device designed for efficient radiative heat
management across various temperature environments. Utilizing the ionic
liquid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4), the study
explores its thermal and electrochemical stability, low vapor pressure, and
excellent performance over a wide operational temperature range, making it
an ideal electrolyte. The device uses mid-infrared electrochromic technology,
employing ultra-wideband transparent conductive electrodes and reversible
metal electrodeposition to dynamically adjust thermal emissivity between 0.06
and 0.89. This capability allows for significant improvements in heat
management, offering a responsive and adaptable solution compared to
current systems. The findings suggest that such advanced materials and
mechanisms can enhance energy management in spacecraft, potentially
extending to other space fields requiring precise thermal control.
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1. Introduction

As the global population grows and energy
demand continues to rise, effective miti-
gation of energy consumption becomes an
increasingly urgent need.[1] Buildings and
infrastructure account for ≈40% of global
energy use,[2] and thermoregulation con-
stitutes a majority of this usage. However,
problems such as inefficient thermal man-
agement in these infrastructures result in
a significant waste of energy. Research sug-
gests that two-thirds of the world’s en-
ergy is dissipated in the form of heat.[3]

This energy loss is primarily due to out-
dated heating, ventilation, and air condi-
tioning (HVAC) systems, and poor build-
ing insulation,[4] which is not only wasteful
but also exacerbates environmental issues.
To solve these problems, we can re-

sort to radiative heat transfer and use the
characteristics of mid-infrared radiation (mid-IR) to improve
thermal management. Mid-infrared radiation, with wavelengths
ranging from 3 to 50 microns, aligns closely with the ther-
mal radiation wavelengths emitted by most objects in our
environment,[5] making it ideal for thermoregulation. In particu-
lar, in the “atmospheric window” regime of 8 to 14 microns, the
absorption is minimal, allowing terrestrial thermal radiation to
freely transmit into deep space.[6] Newmaterials have been devel-
oped to take advantage of the atmospheric window, which can be
incorporated with other multispectral engineering for maximiz-
ing heating/cooling performances. Among them, electrochromic
materials are a particularly promising type, as they can dynami-
cally modulate optical properties in response to an electrical sig-
nal, thereby controlling the amount of energy absorbed or emit-
ted, which is essential for adapting to the ever-changing environ-
ment and heating/cooling demands.[7–11] Recent advancements
in electrochromic technology have resulted in newmaterials and
devices with improved performance and durability.[12–16]

This study presents an electrochemically-driven variable emis-
sion thermoregulating technology, demonstrating its ability to
regulate temperature by modulating the mid-IR radiation in re-
sponse to electrical output. We successfully prove that our tech-
nology can achieve emissivity(𝜖) tuning between 0.06 and 0.89
(Δ𝜖 = 0.83), which has the potential for smart and adaptive build-
ing envelopes that can reduce the HVAC energy consumption.

Adv. Funct. Mater. 2025, 2419087 2419087 (1 of 8) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

http://www.afm-journal.de
mailto:pochunhsu@uchicago.edu
mailto:willie.padilla@duke.edu
https://doi.org/10.1002/adfm.202419087
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202419087&domain=pdf&date_stamp=2025-04-24


www.advancedsciencenews.com www.afm-journal.de

Figure 1. Concept and advantages of electrochromic mid-IR modulation system with an ionic liquid electrolyte. a) Visual concept of radiative ther-
moregulation b) Graphic demonstration of the electrochromic system. The whole technology can be electrochemically tuned between the heating mode
(Ag-deposited) and the cooling mode (Ag-stripped). UWB-TCE stands for ultra-wideband transparent conducting electrode. c) Thermal stability test of
ionic liquid 1-Butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4), DMSO, and Water. Only BMIMBF4 remains unchanged at these extreme tem-
peratures. d) Mass change of BMIMBF4, DMSO, and water in vacuum at 25 °C. e) Cyclic voltammograms on ITO with BMIMBF4, water, and DMSO.
The experiments were conducted at room temperature and the reference electrodes of water, DMSO, and BMIMBF4 are commercial Ag/AgCl (saturated
KCl solution) electrode, Ag/Ag+ (0.01 m AgNO3 in DMSO) electrode, and Pt wire, respectively. The scanning rate is 50 mV s−1.

In addition, we employed an ionic liquid as the solvent, en-
abling efficient and reliable performance over a wide tempera-
ture range due to its low volatility and high thermal stability.
Thermal capability is crucial in building applications where ex-
treme temperature conditions are common, from the freezing
cold of winter to the sweltering heat of summer. Inmore extreme
cases, such as spacecraft applications, ionic liquid robustness is
indispensable.

2. Device Structure

Figure 1a illustrates how the thermoregulating
electrochemically-driven variable emission device (Thermo-
EVED) enables the building to manage thermal stability by
applying an electrical bias. The mid-IR electrochromic appa-
ratus, as depicted in Figure 1b, consists of the ultra-wideband
transparent conductive electrode (UWB-TCE), a silver foil as
the counter electrode, and the AgBF4, BMIMBF4 solution as
the electrolyte. The UWB-TCE is a Pt-modified monolayer
graphene with gold microgrids, where the structure is optimized
to achieve high mid-IR transmissivity and both short- and
long-range electrical conductivity.[11,17] The high transmissivity
of the UWB-TCE allows the underlying high IR-absorbing
electrolyte (Figure S1, Supporting Information) to exhibit high
emissivity at the stripped (no metal) state, which corresponds to
the cooling state with enhanced radiative heat exchange. Here,
we apply Kirchhoff’s Law, which asserts that, at thermodynamic
equilibrium, emissivity must equal absorptivity (𝜖 = 𝛼).[18] As

the silver gradually deposits onto the transparent electrode,
the Ag nanoparticles electroplate on the Pt-modified graphene,
creating a thicker and denser metal layer, which increases the IR
reflectivity and contributes to the low-𝜖 heating state, reducing
the radiative heat loss.

3. Ionic Liquid Electrolyte System

To enable the technology to function properly across a wide range
of temperatures, the electrolyte must possess excellent thermal
stability. Compared to conventional electrolytes like DMSO and
water, ionic liquids have gained considerable attention as a sus-
tainable class of green solvents due to their unique physico-
chemical properties. Among ionic liquids, BMIMBF4 exhibits
good properties on i) thermal stability,[19–21] ii) electrochemical
stability,[22,23] and iii) low vapor pressure,[19,21,24] which makes it
a versatile solvent for a broad range of applications. BMIMBF4
can operate across a wide temperature range, maintaining dura-
bility from −71 °C to 300 °C.[25] We performed an experiment
by heating the same volume of BMIMBF4, water, and DMSO to
190, 100, and 190 °C, respectively, for 20 min and then cooled
to 25 °C. The results show that BMIMBF4 underwent minimal
changes after the heating test, demonstrating its notable ther-
mal stability, while DMSO and water both had significant evap-
orative mass loss (Figure 1c). At low temperatures of −30 °C,
BMIMBF4 maintained its liquid state, whichwas essential for fast
ion transport; however, water and DMSO freeze at these temper-
atures. Moreover, the low vapor pressure of BMIMBF4 is another
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Figure 2. Device for measuring the emissivity and results. a) The Thermo-EVED for emissivity measurement. (1)–(4) are the assembling procedures.
b) The configuration of measuring reflectivity with a diffuse gold integrating sphere in Fourier-transform infrared spectroscopy (FTIR). c) Emissivity
spectra as the function of electrodeposited charge capacity. d) Weighted-average emissivity at cooling and heating states versus switching cycles.

important property that minimizes solvent loss due to evapora-
tion and ensures the permanence of the electrolyte over an ex-
tended period.[26] It can also be a keymerit for space applications.
As shown in Figure 1d, the same amount of DMSO, water, and
BMIMBF4 were placed into a vacuum chamber at the temper-
ature of 26 °C, and their masses were recorded every day. It is
observed that both DMSO and water had decreased in weight,
whereas BMIMBF4 maintained its original mass for an extended
duration. Figure 1e further compares the electrochemical stabil-
ity of BMIMBF4 with water and DMSO. The plot demonstrates
that both BMIMBF4 and DMSO exhibit minimal electrochemical
current density from −1 to 1 V versus Ag and Pt wire, respec-
tively, showing good electrochemical permanence In contrast,
water has the hydrogen evolution reaction (HER), contributing
to the downward slope at the cathodic potential.[27] Overall, the
unique physicochemical properties of BMIMBF4 make it an ex-
cellent solvent for various applications, particularly those requir-
ing thermal, vacuum, and electrochemical stability.

4. Method of Measuring Emissivity and Results

We further investigated the instrument’s emissivity tuning per-
formance.Wefirst designed and 3Dprinted an apparatus for seal-
ing the electrochemical cell. The 3D printing material is polylac-
tic acid. The apparatus consists of upper and lower parts with O-
rings and screws, as shown in Figure 2a. The entire assembly pro-
cess is conducted inside a glove box filled with argon, where the
moisture and oxygen content is kept below 1 ppm. The inclusion
of an O-ring seals the entire device, minimizing the atmospheric

influence when the Thermo-EVED is measured outside the glove
box. The electrochemical cell is a two-electrode system, with sil-
ver foil as the counter electrode. The silver foil is affixed by using
epoxy, ensuring a stable connection. The electrolyte is carefully
filled into the cell, followed by the working electrode placed on
the top. The cell holder and upper casing are then combined and
screwed together. We then use cyclic voltammetry (CV) to iden-
tify water and oxygen in the system. The CV plot under water- and
oxygen-free conditions is shown in Figure 3a, and the CV curve
in the atmospheric environment is shown in Figure S2 (Support-
ing Information) for comparison. We measured the reflectivity
and used Kirchhoff’s law to calculate the emissivity (Figure 2b).
The details are in the Supporting Information.
Figure 2c illustrates how the electrodeposited charge capac-

ity affects the emissivity of the Thermo-EVED. As the cathodic
current flows to the working electrode, silver ions are reduced,
which results in a silver film on the electrode,[28,29]leading to an
increase in its reflectivity and therefore a decrease in emissivity.
Notably, the electrochromic system can operate at various emis-
sivity levels, providing continuous and delicate radiative ther-
moregulation. Figure 2c demonstrates that the Thermo-EVED
’s wavelength average emissivity can be maintained at levels of
0.9, 0.35, and 0.1 by adjusting the electrodeposited charge capac-
ity to 0 (blue curve), 12.5 (light blue), and 100 (red) mC cm−2,
respectively.
During the electroplating process, the silver particles de-

posited on the working electrode are initially sparse and dis-
crete. As more silver is reduced and electrodeposited, the sil-
ver nuclei begin to reach the percolation threshold,[30] the in-
dividual particles merge into an interconnected metallic mesh,
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Figure 3. Emissivity tuning mechanism and characterization analysis. a) Cyclic voltammogram of BMIMBF4 electrolyte using Ag as a pseudo-reference
electrode. The scan rate is 50 mV s−1 with a silver foil as the counter electrode and UWB-TCE as the working electrode. b) XRD and c) XPS analysis of
the electrodeposited film. d) SEM image and EDS mapping of the deposited Ag film. e) SEM image at different charge capacities.

resulting in a sudden drop in emissivity. This explains why a de-
crease in emissivity is observed when the charge density reaches
12.5 mC cm−2. However, as the electroplating continues and
the silver layer becomes thicker, the emissivity stabilizes and
changes little. Therefore, between charge densities of 12.5 to 50
mC cm−2, there is still a decrease in emissivity, but it is relatively
small.
We further tested the cycle life of the Thermo-EVED, as shown

in Figure 2d. The emissivity contrast began atmore than 80% and
degraded to≈60% after 100 cycles. It is important to note that the
heating state (low-𝜖) degrades more rapidly than the cooling state
(high-𝜖). This could be due to the corrosive effect of bromide ions
on the gold grid, causing it to break and increase the resistance
of the working electrode over time, as shown in Figure S3 (Sup-
porting Information).[31] As a result, the silver deposition process
becomes more challenging, and the silver film on the working
electrode becomes less dense, leading to a decrease in emissiv-
ity. To assess the long-term stability of the deposited silver layer
in the heating state, we performed extended cycling tests and
monitored the emissivity evolution over 350 cycles, as shown in
Figure S4 (Supporting Information). To enhance electrode dura-
bility and mitigate bromide-induced corrosion, we increased the
gold microgrid thickness from 200 to 600 nm and applied a 6 nm
Pt coating to the surface. The thicker gold layer provides greater
structural stability, while the Pt coating enhances corrosion re-
sistance. Despite these improvements, emissivity in the heating
state gradually increases over time. In contrast, the cooling state
remains stable, indicating effective stripping. On the other hand,
the emissivity of the cooling state remains relatively unchanged
since bromide ions can corrode silver,[31] and any remaining
silver on the electrode can be corroded by the bromide in the
electrolyte.

5. Elemental Characterization and Mid-IR
Tunability Analysis

Cyclic voltammetry (CV) is used to analyze the reaction dur-
ing electrodeposition to further investigate the emissivity tuning
mechanism. Scanning electron microscope (SEM), X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDS) are used to characterize the
surface morphology and elemental composition of the electrode-
posited metal film. The electrochemical properties of the elec-
trolyte, which comprises the ionic liquid BMIMBF4, AgBF4, and
tetrabutylammonium bromide (TBAB), were investigated inside
a glove box. Three-electrode CV was implemented to investigate
the electrochemical potentials of metal deposition and dissolu-
tion. UWB-TCE was used as the working electrode, Ag foil was
employed as the counter electrode, and silver wire was used as
the reference electrode. As depicted in Figure 3a, the ionic liquid
displays an electrochemical window of at least 3 V, ranging from
−1.5 to +1.5 V versus Ag reference. The anodic current increase
at a potential of ≈−0.1 V is attributed to the oxidation of the sil-
ver present on the working electrode, while the cathodic current
decrease at a potential of ≈0 V corresponds to the reduction of
the silver. The electrochemical redox reaction mechanisms for
the electrodeposition and dealloying of Ag ions in the electrolyte
proceeded as follows:
Ag reduction reaction:

AgBr1−nn + e− → Ag + nBr− (1)

Oxidation of the Ag:

Ag → Ag+ + e− (2)
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Ag+ + nBr− → AgBr1−nn (3)

The formation and dissolution of the silver mirror can
be explained by the electrochemical reduction and oxidation
processes of Ag ions in the electrolyte solution. When Ag+

complex ions (AgX1−n
n ) are electrochemically reduced to silver,

forming a bright mirror film with low emissivity.[32] This film
then undergoes oxidation when the voltage polarity is reversed.
The presence of Br− in the electrolyte solution is essential forme-
diating the oxidative deposition of Ag since the oxidation poten-
tials associated with 3Br− to Br3−, which is 1.5 V,[32] are higher
than that of electroplated metal Ag to Ag+. This allows the de-
posited Ag to be fully oxidized to Ag+ through the mediation of
Br−, increasing spectral transmittance. We compared two differ-
ent electrolytes and showed the images in Figure S5 (Supporting
Information).
The composition of the electrodeposited metal film was char-

acterized by X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD). XRD analysis reveals peaks at 38.19°, 46.18°,
67.44°, and 77.70° on the ultra-wideband transparent electrode,
which can be assigned to Ag (111), Ag (200), Ag (220), and Ag
(311),[33] as shown in Figure 3b. In Figure 3c, the peaks at 368.12
and 374.18 eV in the Ag 3d scan confirm the existence of the
metallic Ag (0).[34] Figure 3d shows the morphology and elemen-
tal mapping by SEM and EDS, indicating dense and uniform sil-
ver plating. Figure 3e shows the temporal evolution of the work-
ing electrode surface as the charge capacity increases. It can be
seen that as the charge capacity elevates, the silver particles on
the UWB-TCE surface become larger and denser. The SEM im-
ages also effectively illustrate the impact of temperature on sil-
ver electrodeposition, as shown in Figure S6 (Supporting Infor-
mation). At −2 °C, the deposition results in large, sparsely dis-
tributed silver particles, indicating slow nucleation and growth
due to reduced ion mobility. At room temperature, a more uni-
form and densely packed distribution of smaller particles is ob-
served, suggesting an optimal balance between nucleation and
growth. In contrast, high-temperature electrodeposition leads to
a significantly increased particle density with smaller, intercon-
nected clusters, highlighting an enhanced nucleation rate and
rapid deposition kinetics. These findings visually demonstrate
how temperature influences the morphology and distribution of
silver particles, making it a crucial factor in controlling electrode-
position outcomes.

6. Electrochromic Device Performance at Different
Temperatures and Mechanical Properties

The unique property of ionic liquid allows us to further study its
capability to operate within a wide temperature range. Figure 4a
shows the life cycle test of the Thermo-EVED in different ambi-
ent conditions. The initial state of the Thermo-EVED exhibited
equivalent emissivity in both the heating and cooling states at
75, 25, and −2 °C. After 100 cycles, the emissivity of the heating
state at 75 °C remains the lowest among the three working tem-
peratures. During the low-temperature test, it was observed that
the electroplating process becamemuchmore difficult due to the
low conductivity of the electrolyte, as shown in Figure 4b. As a re-
sult, at the 100th cycle of the cycle life test, the low current flow

impeded the electrodeposition process, and a dense silver film
could not be adequately formed, leading to a higher emissivity
compared to the ambient temperature conditions.
To experimentally demonstrate our technology’s thermoregu-

lation capability, we perform thermal imaging on our variable
emittance prototype and other control samples at various tem-
peratures. Electroplating was employed to adjust the emissiv-
ity, as depicted in Figure 4c. Three distinct sets of material pa-
rameters were tested: high-𝜖 material, low-𝜖 material, and our
Thermo-EVED with tunable emissivity. Throughout the experi-
ments, we controlled the deposition process to maintain the IR-
apparent temperature at 38 °C. As the actual hot plate temper-
ature increased, we observed a gradual rise in temperature for
both the high-𝜖 and low-𝜖 states. Notably, in the modulated-𝜖
state, the temperature indeed remained constant, as illustrated
in Figure 4d. These results demonstrate the device’s capability
to regulate the material’s reflectance to maintain the radiative
heat flux, thereby stabilizing the system heat balance. By effec-
tively modulating the emissivity, our technology offers potential
applications in thermal management and control systems. Fi-
nally, as shown in Figure 4e the material choice combination
provides UWB-TCE with mechanical flexibility. The sheet resis-
tance remained stable during 500 bending cycles at the radius of
0.67 cm as shown in Figure 4f. Such bending performance is ben-
eficial for conformal bonding with minimal thermal interface re-
sistance. A bending test was conducted on the electrochromic de-
vice, as shown in Figure 4g, demonstrating its structural integrity
at a bending radius of 0.4 cm and confirming its mechanical flex-
ibility. Infrared thermal imaging shown in Figure 4h further re-
veals that the devicemaintains its cooling and heating states even
when deformed.

7. Outlook and Future Prospects

Based on the unique properties of the ionic liquid electrolyte,
our device offers promising applications for space stations where
proper temperature management is critical. The temperature in
outer space exhibits dramatic fluctuations, influenced heavily by
location and exposure to sunlight.[35–37] Thus, thermal control is
an important aspect of spacecraft design. However, current ther-
mal control systems on the space station have limitations in their
ability to respond quickly to changing temperature conditions.
They also have problems such as significant power consumption
and heavy weight.[38,39]

There are three fundamental heat transfer mechanisms: con-
duction, convection, and radiation.[40] Because space is essen-
tially a vacuum, lacking a medium for conduction and convec-
tion, radiation becomes the only heat transfer method. Our study
introduces an electrochemically-driven variable emission ther-
moregulating prototype that operates effectively across a broad
temperature range. This technology can adjust its emissivity
from 0.06 to 0.89 (Δ𝜖 = 0.83), showing significant promise for
integration into spacecraft thermal control systems, as shown in
Figure 5. It offers marked improvements in responsiveness and
adaptability over existing methods, which could be used in the
spacecraft.
This research uses BMIMBF4, an ionic liquid electrolyte, to

demonstrate a radiative thermoregulator for extreme conditions.
The exceptional thermal stability, electrochemical stability, and
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Figure 4. Device test on different temperatures and mechanical properties. a) Weighted-average emissivity at cooling and heating states versus cycles
at 75, 25, and −2 °C. b) The current density in the cycle life test at 75, 25, and −2°C, which illustrates the positive correlation between electrochemical
activity and temperature. c) Thermal images of the electrochromic devices at different emissivities and hot plate temperatures. Note the modulated
emissivity means the Thermo-EVED is actively controlled to stabilize the radiative heat loss. d) The average apparent temperatures measured by the
thermal camera. e) Picture of the bending test configuration. f) Cyclic bending test with a bending radius of 0.67 cm. g) Picture of the bending test of
the device. h) Thermal images of the electrochromic device at bending conditions.

Figure 5. Conceptual schematics of radiative thermoregulation in space.
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low vapor pressure of BMIMBF4 make it well-suited for these
applications. During the electroplating process, the tunability of
Ag deposition is demonstrated, showcasing a thermal emissivity
contrast of 0.83 and long-term durability. Furthermore, the
morphology of the electrodeposited metal on the electrode is
characterized using XRD, SEM, and XPS analysis. The study
demonstrates the performance of the electrochromic technology
at temperatures ranging from −2 to 75 °C while maintaining
a thermal emissivity contrast of 0.83. By varying the emissivity,
the radiative heat flux can be maintained, thereby stabilizing the
thermal environment of the device in interest. These findings
have implications for the design of probes and instruments
intended for outer space applications and contribute to a
deeper understanding of metal electrodeposition in ionic liquid
electrolytes.

8. Experimental Section
Chemicals: 1-Butyl-3-methylimidazolium tetrafluoroborate

(BMIMBF4), silver tetrafluoroborate (AgBF4), tetrabutylammonium
bromide (TBA-Br) were purchased from Aldrich and used without further
purification. The silver wire and silver film were obtained from BASi
company.

Synthesis of Electrodes: To synthesize the optical thin film, the photore-
sist was spin-coated on graphene-copper foil for 3000 RPM in 30 s and
grown on the silicon plate. After spinning, the sample was baked at 90 °C
for 1 min on a hotplate. The sample was put into the MA6 Mask Aligner
and exposed to UV light for 13.5 s. Then, the sample was washed and
heated at 90 °C for 2 min in the oven. E-beam & Thermal Metal Evapora-
tor (Kurt Lesker PVD 75) was used for evaporating Au and Cr with thick-
nesses of 20 and 2 nm, respectively. Finally, graphene was transferred from
the copper foil to PE film through a hot pressmachine, and the copper was
eroded by iron (III) chloride.

Preparation of Electrolytes: The electrolyte was prepared by stirring 1-
Butyl-3-methylimidazolium tetrafluoroborate (10.0mL) with silver tetraflu-
oroborate (50.0mm) at 25 °C for 3 h. Tetrabutylammonium bromide (TBA-
Br) (60.0 mmol) was then added to the mixture and the stirring continued
for 4 h at 65 °C.

Electrochemistry: The electrochromic performance tests were con-
ducted via VMP3 (BioLogic Inc.). For the constant potential electrodepo-
sition process, the potential was −0.5 V (vs Ag wire) for the 3-electrode
system. For the constant potential stripping process, the potential was
+0.5 V for the 3-electrode cell (vs Ag wire). The cyclic voltammetry test
was scanned at a rate of 50 mV s−1.

Characterization: Fourier transform infrared (FT-IR) spectra were
obtained on a Specode 75 model spectrometer in the range of
400−4000 cm−1. Themorphology of Ag nanoparticles on the electrodewas
observed by a scanning electron microscope (Apreo S by ThermoFisher
Scientific). The current−voltage measurements were performed on Auto-
lab PGSTAT 302N electrochemical workstation.
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