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Actively controlling the infrared (IR) emissivity of materials is critical for numerous applications, such as
radiative cooling and thermal camouflage. Multilayer graphene (MLG) has shown significant potential as a
functional material with tunable IR emissivity. However, the poor long-term stability of currently reported
MLG-based IR modulators greatly limits their practical applications. Herein, ionic liquid gel electrolytes
(ILGPEs) are prepared and used as doping sources to assemble MLG-based IR modulators with a sand-
wich-like structure. The modulator lifetime is dramatically improved, while the modulation depth and
dynamic response are retained at levels comparable to those using pure ionic liquids. Microscopic struc-
tural analyses, including Raman spectroscopy and X-ray diffraction, are correlated with the ionic conduc-
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tivity of the ILGPE and the IR radiation of the MLG. The results indicate that the improvement in device
performance is likely due to an improved interface between the ILGPE and MLG, as well as limited ion
diffusion within the ILGPE, which preserves the structural integrity of the MLG. These findings shed light
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Introduction

According to the Stefan-Boltzmann law, a material’s radiative
energy can be modulated by altering either its surface tempera-
ture or emissivity. Compared to changing the surface tempera-
ture, modifying emissivity offers greater flexibility, efficiency,
and robustness."” Consequently, the reversible adjustment of
infrared (IR) emissivity holds significant importance for
various applications, such as thermal management,®™ radia-
tive cooling,®® and thermal camouflage.” ™"
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on the optimization of IR modulators based on ion intercalation.

Recent advances in adaptive thermal camouflage have
spurred interest in materials capable of responding to various
external stimuli. These include thermally induced phase
change materials,""® mechanically driven elastomeric
materials, electrochromic materials,">'® and wettability-
modulated materials."”” Furthermore, combining functional
materials with optical designs (e.g., tandem VO,-based Fabry-
Pérot cavities'®) or introducing dopants (e.g., W-Mg co-doping
of VO,') enables multispectral and temperature-adaptive
emissivity modulation. Nevertheless, among these materials,
graphene stands out as a promising candidate for IR emissivity
modulation, due to its linear dispersive energy band structure,
excellent conductivity, and flexibility.**>* It has been shown
that the Fermi level of graphene can be easily shifted by con-
trolling the carrier concentration (e.g., through electrostatic
gating) with ionic liquids (ILs) serving as effective doping
sources.>® While it is known that such shift effectively changes
graphene’s optical band gap and IR emissivity, researchers
have further studied emissivity modulators with varying back
electrodes,”>**** investigated the effects of different ILs on
emissivity tuning,*® demonstrated non-volatile and reversible
tunability from visible to microwave wavelengths,>” achieved
continuous IR emissivity modulation using pulsed voltages,*®
and examined various factors, such as the number of graphene
layers," surface morphology®® and long-term stability.>

While these studies highlight the promise of ILs for
graphene-based IR modulators, they also reveal a critical

This journal is © The Royal Society of Chemistry 2025
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challenge: the short lifespan of ion-intercalated graphene due
to structural damage caused by the high diffusivity of pure
ILs.>*?%26728 1t has been reported that altering the structure of
host materials (e.g., replacing MLG with a graphene aerogel)
could increase the modulator lifetime.*® However, changing
the host materials introduces other issues (e.g., spatial inhom-
ogeneity). Meanwhile, modifying the properties of guest
materials (e.g., introducing molecular components into ILs)
offers an alternative approach to improve the performance of
related devices.*!

It has been demonstrated that ionic liquid gel electrolytes
(ILGPEs), a hybrid of ILs and solid polymers, offer enhanced
safety, thermal stability, and electrode/electrolyte interface
performance, compared to their liquid and solid
counterparts.’’** Common gel polymers include polyvinyl
alcohol (PVA), polymethyl methacrylate (PMMA), polyvinyli-
dene fluoride (PVDF), and polyvinylidene fluoride-hexafluoro-
propylene copolymer (PVDF-HFP).>**° Some key parameters of
ILGPEs prepared using different gel polymers are shown in ESI
S1.f Generally, ILGPEs prepared with PVDF and PVDF-HFP
exhibit higher ionic conductivity and a wider electrochemical
stability window (ESW) than those using PVA and PMMA,***'
likely due to the presence of a fluorinated structure.
Furthermore, PVDF-HFP provides better thermal stability than
the other polymers, while HFP reduces the reactivity of F~,
which enhances liquid electrolyte retention and improves the
interface stability between the electrode and electrolyte.”” It
has been proven that ILGPEs effectively improve performance
for batteries.**>*3” However, there are few reports investi-
gating the application of ILGPE in IR modulators.

In this study, ILGPEs are synthesized using PVDF-HFP and
two ionic liquids, namely 1-hexyl-3-methylimidazolium bis[(tri-
fluoromethyl)sulfonylJimide (HMIM]NTY,) as well as 1-allyl-3-methyl-
imidazolium bis[(trifluoromethyl)sulfonyl]imide ([AMIM|NTY,). The
prepared ILGPEs are utilized to assemble IR modulators,
which tune the emissivity of multilayer graphene (MLG)
through electrostatic gating. The experimental characterizations
(e.g., Raman spectroscopy, X-ray diffraction and thermal
imaging) reveal the effects of IL concentration on the modulator
performance (e.g., device stability). The results show that the
modulator lifetime can be significantly improved, while the
modulation depth and dynamic response are maintained, by
replacing IL with ILGPE in the modulators.

Experimental section
Preparation of MLG

The MLG deposited on nickel by chemical vapor deposition
(purchased from Changzhou Zooxi Electronic Technology Co.,
Ltd) was etched in an 8% ferric chloride solution for 12 hours
to remove the nickel. Then, the etched MLG was washed
repeatedly with deionized water. Finally, the MLG was col-
lected using a Celgard 2325 separator (25 pm thick, polypropyl-
ene-polyethylene-polypropylene, Celgard Inc.) and dried in an
oven at 60 °C.

This journal is © The Royal Society of Chemistry 2025
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Preparation of ILGPE

The ILGPEs were prepared by mixing ILs (either [HMIM]|NTf,
or [AMIM|NTY,, from Lanzhou Institute of Chemical Physics,
China.) with PVDF-HFP (Guangdong Wengjiang Chemical
Reagent Co., Ltd, China) and N,N-dimethylformamide (DMF)
(Shanghai Jizhi Biochemical Technology Co., Ltd, China, with
a purity of 99%). The masses of PVDF-HFP and DMF were kept
constant (i.e., 0.2 g and 2.0 g, respectively), while the mass of
ILs was varied from 0.8 to 1.6 g to prepare ILGPEs with
different concentrations. In this paper, the concentration of
the ILGPE is defined as the mass ratio of IL to PVDF-HFP. For
example, the ILGPE with a concentration of 6 was prepared
using 1.2 g ILs. The mixture was magnetically stirred at 1000
rpm for 2 hours. Finally, the solution was cast into a
polytetrafluoroethylene (PTFE) mold and placed in an oven at
80 °C for 6 hours. As shown in ESI S2,1 the prepared ILGPE
is flexible and transparent. Note that, unless otherwise speci-
fied, ILGPE refers to the gel polymer electrolyte made using
[HMIM]NT,.

Device assembly

MLG (supported on a Celgard separator) and metal copper foil
(99%, Alfa Aesar Inc.) served as the top (positive) and back
(negative) electrodes, respectively. The ILGPE was placed in
between to provide an ionic intercalation source for the MLG-
based IR modulator.

Thermal imaging

Thermal images and videos were recorded in situ using an
infrared camera (A655sc, Teledyne FLIR, USA) with a spectral
range of 7.5-14 pm. The ambient temperature (7,) and the real
temperature of the modulator (Tx) were measured using ther-
mocouples. Voltage was applied to the MLG-based modulator
using an electrochemical workstation (CHI660E, Shanghai
Chenhua Instruments Co., Ltd, China).

Sample characterization

The morphology of the MLG films was investigated using scan-
ning electron microscopy (SEM, Carl Zeiss FE-SEM Sigma HD).
The crystal structure of MLG before and after ion intercalation
characterized by X-ray diffraction (XRD, MAXima
XRD-7000) with a Cu K, excitation source and Raman spec-
troscopy (WITec alpha 300 RA) with 488 nm line of an Ar' laser
at room temperature. The thermal stability of ILGPEs was
determined using a thermogravimetric analyzer (Mettler
Toledo TGA2). The ESW was characterized by linear sweep vol-
tammetry (LSV) at a scan rate of 1 mV s, while the conduc-
tivity of ILGPEs was determined by electrochemical impedance
spectroscopy (EIS) using the electrochemical workstation.

was

Results and discussion

Fig. 1(a) depicts the structure of the sandwich-like modulator
and the setup for thermal imaging. The modulator consists of
four layers: back electrode (i.e., the metal copper foil), ILGPE
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Fig. 1 Structure and performance of the MLG-based IR modulator. (a) Schematic diagram of the modulator; (b) thermal images of the modulator
before and after applying a bias voltage; (c) the emissivity of MLG as a function of time, when different concentrations of ILGPEs are used as the
doping sources; (d) modulation depth and (e) dynamic response of the modulator plotted against the ILGPE concentration, with the results of pure

IL as references.

as the ion source, Celgard separator, and front electrode (i.e.,
MLG). Note that copper foil is commonly used as the back
electrode in an emissivity modulator,>**> because it provides
good electrical conductivity (ensuring efficient charge trans-
port) and possesses low emissivity (minimizing interference
with the MLG emissivity measurement). Furthermore, copper
is significantly cheaper than noble metals like gold, making it
an attractive option for large-scale fabrication. Meanwhile, the
modulator without a Celgard separator exhibits similar per-
formance (e.g., modulation depth) to that with Celgard, as
shown in ESI S3,7 since ILGPE can function as a separator in
the modulator to prevent short-circuiting. However, it remains
challenging to directly transfer an intact MLG onto ILGPE.
Hence, in this study, the Celgard separator is retained to facili-
tate easier modulator fabrication (ie., providing physical
support for MLG).

The modulator sits on a hotplate set to a temperature of
70 °C during the study. Note that the ILGPE is thermally stable
at this temperature, as evidenced by thermogravimetric analyses
shown in ESI S4,1 where no obvious mass loss or decomposition
occurs before reaching 380 °C. The bias voltage is applied to the
device using the electrochemical workstation, while the current
is recorded during the ion insertion and extraction processes.
The thermal images are recorded in situ, from which the appar-
ent temperature of the modulator (Tyg) is extracted.

Fig. 1(b) shows representative thermal images of the modu-
lator. After applying a bias voltage of 3 V, the color of MLG uni-
formly changes from green to blue, indicating a decrease in
Tir. Note that the yellowish and bluish colors represent high
and low Tig, respectively. It is worth noting that the ILGPE is
electrochemically stable at this voltage, as evidenced by LSV
shown in ESI S5.F

Further analysis shows that the average Ty in the rectangu-
lar region drops from 53.5 °C to 36.9 °C, after applying the
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bias voltage. This indicates that the emissivity of MLG can be
adjusted from the high state to the low state using ILGPE as
the doping source. The dynamic modulation of the MLG
thermal radiation is further illustrated in ESI Videos V1.}

In order to quantitatively analyze the changes in thermal
radiation of the modulator, the infrared emissivity of MLG (¢)
is calculated using the formula®

Tr* — To*
="
TRd — Tyt

(1)

The uncertainty in the ¢ is estimated to be +0.04. Fig. 1(c)
shows the evolution of the ¢ over time ¢ for different concen-
trations of ILGPE. A bias of +3 V is supplied at ¢ = 0 s. Overall,
€ decreases dramatically for all samples after applying the bias
voltage. This exponential decrease in ¢ is likely due to the
increased dopant concentration in the MLG during the char-
ging process. Additional thermal images of the modulator
with different ILGPE concentrations are provided in ESI S6.}

To quantitatively analyze the impact of ILGPE on the modu-
lator performance, the modulation depth Aeg, defined as the
difference between the maximum value of & (emax) and the
minimum value of ¢ (emin), is plotted against the ILGPE con-
centration, as shown in Fig. 1(d). Clearly, Ae remains roughly
constant at 0.43 across different ILGPE concentrations, which
is similar to the reported value of 0.42 for modulators using
pure IL.>*?°® Hence, the ability to tune ¢ is retained when the
doping source is switched from pure IL to ILGPE.
Furthermore, it is observed that ILGPE concentrations below 4
are not effective for IR modulation, as the high polymer
content leads to a low ionic conductivity and poor interface
between the ILGPE and MLG, which prevents efficient ion
transport.

This journal is © The Royal Society of Chemistry 2025
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Moreover, the dynamic response (Dg), another key property
of the modulator is defined as:*'

_ €max — €min

Dr = AL (2)
where At is the time required to reduce the modulator emis-
sivity from éepax to €min. The uncertainty of Dy is estimated
to be +0.05 s™'. Fig. 1(e) depicts the relationship between Dy
and ILGPE concentration. Clearly, an optimal value is
reached with a moderate ILGPE concentration. For example,
when the ILGPE concentration is 6, the Dy reaches a
maximum value of 0.25 s, which is 2.5 times that of pure
IL (0.1 s™* (ref. 23 and 26)). Increasing the IL content leads
to a higher ion concentration in the ILGPE, as evidenced by
the increase in ionic conductivity of ILGPE with higher IL
content, derived from the corresponding Nyquist plots, as
shown in ESI S7.1 Furthermore, the XRD analyses of ILGPEs,
shown in ESI S8, reveal that the amorphousness of the
polymer matrix increases with increasing IL content. This
creates more conduction sites for efficient ion transport,*
thereby improving ionic conductivity. Nevertheless, with
higher IL content, more charges can be transferred to the
MLG in the same period of time under the same bias
voltage, which facilitates a quicker reduction in e. However,
further increasing the IL content may lead to ion pairing or
clustering,** as well as disrupt ion pathways in the gel elec-
trolyte, thus causing a decrease in Dy and, in extreme cases,
IL leakage similar to that observed in pure IL. Note that,
when the ILGPE concentration exceeds 8, it becomes challen-
ging to form a complete and continuous ILGPE.

Long-term stability (i.e., modulator lifetime) is one of the
most critical properties for practical application of modulators.
Hence, the modulators were subjected to cyclic voltage testing,
where a voltage of 3 V was applied for 10 s, followed by 0 V for
10 s. A selection of cycles from the cyclic test for the modulator
with an ILGPE concentration of 6 is shown in Fig. 2(a), allow-
ing for easy tracking of the change in modulation of &. The
variation in e over the initial 500 s is shown in the inset of
Fig. 2(a), whereas the complete cyclic test is depicted in the
ESI S9.f Additionally, dynamic modulation of the MLG
thermal radiation is further demonstrated in ESI Videos V2.7
As expected, the ¢ changes between the high and low states
with the application of the bias voltage. Interestingly, the value

(a) (b) 045
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of ¢ in the high state decreases with increasing cycle number,
while the value in the low state decreases initially, but gradu-
ally increases after approximately 1000 cycles. The Ae for each
cycle shown in Fig. 2(a) is calculated and plotted in Fig. 2(b).
Clearly, the modulator operates stably for up to around 1000
cycles, which corresponds to approximately 6 hours. However,
the modulator performance degrades dramatically beyond this
point. The Ae for modulators with other ILGPE concentrations
in the cyclic tests are shown in ESI $10.}

In this study, the modulator is considered inoperable when
the Ae falls below 0.1. At this circumstance, the difference in
thermal images of the modulator before and after applying the
bias voltage becomes negligible. The lifetime for modulator
with varying ILGPE concentrations is shown in Fig. 2(c). For
the modulator using pure IL, the modulator lifetime is around
50 cycles, which is slightly lower than the previously reported
value of 160 cycles*® (as indicated by the blue point in
Fig. 2(c)). The deviation may be attributed to the difference in
the applied voltage. The literature uses a bias of 2.75 V, while
this study uses a higher voltage of 3 V. The higher voltage may
accelerate ionic intercalation into MLG, potentially causing
more structural damage. Nevertheless, the modulator lifetime
increases greatly to over 600 cycles when ILGPE is used as the
doping source. A similar improvement in modulator lifetime is
also observed for the ILGPE prepared using [AMIM]NTS,, as
shown in ESI S11.1 This suggests that the strategy of improving
modulator stability by replacing pure IL with ILGPE is appli-
cable to other ILs.

Generally, the short lifetime of emissivity modulators using
pure ILs is due to several factors: oxidation defects on MLG
caused by air exposure at elevated temperatures,”® side reac-
tions between MLG and ions in ILs,”> and intercalation-
induced structural damage (e.g., increased interlayer spacing,
weakened van der Waals forces between graphene layers).>**°
These factors result in structural distortions (e.g., swelling,
delamination) and, in extreme cases, IL leakage, which greatly
degrade modulator performance. Unlike pure IL, ILGPE incor-
porates a polymer matrix that plays a crucial role in improving
the stability of the IR modulator. The polymer network phys-
ically retains the ionic liquid, preventing leakage while also
limiting direct contact between reactive species and the elec-
trode (MLG) surface.*® This minimizes unwanted side reac-
tions at the electrode. Additionally, the ILGPE formulation
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Fig. 2 Long-term stability of the modulator. (a) Cyclic test of the MLG-based IR modulator with an ILGPE concentration of 6, with the inset demon-
strating the emissivity of MLG changing over time during the initial 500 s; (b) evolution of modulation depth as a function of cycle number; (c) corre-

lation between modulator lifetime and ILGPE concentration.
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enables controlled ion mobility, reducing excessive ionic redis-
tribution that could otherwise lead to performance degra-
dation. Therefore, replacing IL with ILGPE improves modu-
lator stability.

Furthermore, there is an optimal ILGPE concentration for
achieving the maximum modulator lifetime. In this study, the
maximum lifetime (i.e., 1100 cycles, approximately 7 times
that of pure IL) is observed at an ILGPE concentration of 6. As
demonstrated in other studies, chemical reactions between IL
and MLG as well as intercalation-induced structural damage of
MLG, contribute to a reduced modulator lifetime.>***” By lim-
iting the amount of IL in the ILGPE, the modulator lifetime
can be extended. However, a low IL content (i.e., high polymer
content) may reduce the ESW*' and lead to poor interfacial
contact between the ILGPE and MLG, which increases inter-
facial resistance and uneven current distribution, in turn accel-
erating degradation processes.*® This is also evident from the
inability to fabricate a functional modulator with an ILGPE
concentration lower than 4. Meanwhile, other factors, such as
increasing internal resistance due to low ionic conductivity
and the higher risk of side reactions due to a narrower ESW,
may contribute to a reduced modulator lifetime when the
ILGPE concentration is too low.”> On the other hand, as dis-
cussed in the relationship between ILGPE concentration and
dynamic response, excessive IL content can reduce modulator
lifetime by compromising the structure of the gel polymer elec-
trolyte and MLG.

To better understand the ion transport in ILGPE, the EIS of
ILGPE with a concentration of 6 is measured at different temp-
eratures. In the high-frequency region of the Nyquist plot, as
shown in ESI S12,} the intercept of the curve with the real axis
(2") corresponds to the intrinsic resistance of the ILGPE (R).

View Article Online
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The ionic conductivity () of ILGPE was calculated using the
formula®’
L
= 3
C=3g 3)

where L is the thickness of the ILGPE, and S is the geometric
area of the electrode/electrolyte interface. The logarithm of ¢
(log o) is approximately inversely proportional to temperature,
as shown in Fig. 3(a). This relationship fits well with the
typical Arrhenius model, as suggested in many studies.?”>*™>
Hence, the ion mobility of ILGPE is lower than that of pure IL,
especially at low temperatures. As suggested by previous
studies,”® rapid ion transport may compromise the structural
integrity of the electrode (ie., MLG). Hence, reducing ion
mobility helps to improve the modulator lifetime.

To further confirm the mechanism underlying the
improved performance of the modulator, MLG samples were
extracted from the modulators after applying a bias voltage
and investigated using SEM and Raman spectroscopy. The
SEM images, shown in ESI S13,t reveal that fewer defects are
present in the MLGs using ILGPE as the doping source, com-
pared to those using pure IL. To better understand the
changes in the microscopic structure of MLG, Raman spectra
of MLG extracted from failed modulators with different con-
centrations of ILGPE are shown in Fig. 3(b), with the spectra of
pristine MLG and MLG with pure IL used as references. The
features around 1355 cm™" and 1585 cm™" are assigned to the
D and G bands of MLG, respectively. The D band is associated
with defects or impurities in graphene,® while the G band
corresponds to the zone-center vibration of carbon atoms
within the graphene planes.>® The spectrum of pristine MLG
exhibits a sharp G band with a negligible D band, which rep-
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resents high-quality graphene. However, an observable D band
appears in all spectra of MLG extracted from the failed modu-
lators. This confirms that the structure of MLG is compro-
mised after extensive ion intercalation. Furthermore, the
degradation of the structural integrity of MLG is further evi-
denced by changes in XRD patterns shown in ESI S14.1 The
intensity of the MLG (002) peak at 26.5° decreases with an
increasing number of cycles. This suggests that the stacking
structure of graphene layers in MLG is gradually disrupted due
to the insertion of ions (e.g., [NTf,]").

Moreover, the D band is more prominent in the MLG with
pure IL, compared to the MLG with ILGPE. To quantitatively
evaluate the defect density in MLG, the Raman spectra are
fitted using multiple Voigt functions, as shown in Fig. 3(b).
The intensity ratio of the D band to the G band (Ip/lg) is
derived and used as an indicator for the defect density of
MLG.?® The I/l is plotted against the ILGPE concentration,
as shown in Fig. 3(c). Clearly, the Ip/I; values for MLGs with
ILGPE are significantly smaller than those of MLG with pure
IL. Therefore, replacing pure IL with ILGPE effectively reduces
the defect density in MLG, induced by ion intercalation. This
contributes to the improvement of modulator lifetime, which
is consistent with the results shown in Fig. 2(c). For instance,
the Ip/I; value reaches a minimum at an ILGPE concentration
of 6, which aligns with the maximum modulator lifetime.

Conclusion

In this study, ILGPEs with different IL content, prepared using
ionic liquids ([HMIM|NTf, and [AMIM|NTf,) and PVDF-HFP,
are deployed as doping sources for regulating the IR emissivity
of MLG through electrostatic gating. The modulator lifetime of
the MLG-based IR modulator is dramatically improved, while
the modulation depth and dynamic response are maintained.
It is found that a moderate amount of IL (i.e., the ILGPE with a
concentration of 6) offers the best results, likely due to an
optimal balance between ionic conductivity and interfacial
properties of the ILGPE. Microscopic structure analyses of
MLG, revealed by Raman spectroscopy and XRD, suggest that
the enhancement in long-term stability is attributed to better
preservation of the structural integrity of MLG, when ILGPE is
used, compared to pure IL. This is due to the limited free
diffusion of IL in the ILGPE, which in turn results in less
damage to the MLG structure caused by ion intercalation.
These results pave a novel avenue for optimizing IR modu-
lators based on ion intercalation, which holds great potential
for applications in thermal management and adaptive
camouflage.
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