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Dynamically modulating the infrared emissivity of materials is of great importance in various appli-
cations (e.g., thermal camouflage and radiative cooling). Even though graphene-based materials (such as
multilayer graphene, MLG) have shown great potential in active control of emissivity, the device lifetime
is rather short, while low-cost large-scale production is difficult to achieve. Herein, graphene aerogels
(GAs) with high porosity are prepared by a simple hydrothermal method, and used as electrode in an
infrared emissivity modulator with a sandwiched structure. It is demonstrated that the emissivity of GA
can be tuned through ion intercalation by electrostatic gating. The modulation depth of GA is compara-
ble to that of MLG, but device lifetime is much longer. This is likely due to the porous structure of GA
formed by a continuous three-dimensional MLG network, which makes it easier for ion transport, while
allowing effective charge transfer from anions adsorbed on or intercalated into MLG to carbons. Due to
a change in surface roughness of GA upon compressing, the emissivity of GA can be further tuned by
compressive strain, which provides additional freedom in control of emissivity. The observations offer a
promising avenue for the preparation of large-scale emissivity modulators at low cost, which is beneficial

for practical applications.
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I. INTRODUCTION

Controlling the infrared emissivity of materials has
attracted great attention, due to its potential in various
applications, such as radiative cooling [1,2] and thermal
camouflage [3]. By tuning the structure of a material, for
example poly(vinylidene fluoride-co-hexafluoropropene)
[4] and cellulose nanofibers [5], it is possible to achieve
continuous subambient cooling even during daytime.
However, this lacks the capability to adjust the emis-
sivity dynamically. Several mechanisms, such as phase
transition (e.g., VO, [6], Ge,Sb,Tes [7]) and strain engi-
neering [8,9], have been proposed for active control of
emissivity. Nevertheless, there are still several challenges
(e.g., small operation temperature window, slow dynamic
response).

Graphene with zero band gap and linear band disper-
sion [10] can absorb photons in the range from visible
light to infrared. Due to the Pauli compulsion principle,
the interband and intraband transitions of charge carriers
can be reduced by regulating the Fermi level of graphene
through optical excitation [11] or doping [3]. lon inter-
calation is an effective method to provide a reversible
doping for carbon-based material [12]. Recently, it has
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been demonstrated that the emissivity of graphene-based
materials, such as multilayer graphene (MLG), can be
tuned reversibly through ion intercalation [13]. However,
the device lifetime is rather short (e.g., usually less than
1 h), due to structural damage of MLG induced by chem-
ical reaction between ionic liquids (ILs) and MLG [3] as
well as fast ion intercalation processes [14]. Several meth-
ods (e.g., using an IL with small molecular size [14])
have been explored to improve the device lifetime, with
limited success due to the characteristics of the MLG struc-
ture (e.g., weakening van der Waals interaction between
graphene layers due to presence of ILs). Furthermore,
MLG-based materials must be prepared using sophisti-
cated equipment, such as a chemical vapor deposition
system [15], with complicated processes (e.g., deposition
on a template followed by etching procedure [16]). There-
fore, it is rather difficult to synthesize these materials on
a large scale at low cost, hindering their application in
emissivity modulation.

Graphene aerogels (GAs), which can be prepared by a
simple hydrothermal method, consist of continuous three-
dimensional network structures formed by MLG, and pos-
sess unique properties, such as high specific surface area
and excellent elasticity [17,18]. Furthermore, the thermal
properties of GAs can be reversibly tuned by compres-
sive strain [17], which indicates that GAs are resilient to
external perturbation. For example, ions can transport in
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a GA without introducing irreversible damage to its struc-
ture. Hence, this study investigates the potential of GAs
as a functional material in an infrared emissivity modula-
tor. The results suggest that the emissivity of GAs can be
tuned by two factors, compressive strain and ion intercala-
tion. The modulation depth of a GA is comparable to that
of MLG, but the device lifetime is about five times longer.
The observations open a promising avenue for practical
applications of the emissivity modulator.

II. EXPERIMENT

Cylindrical GAs each with a height of 0.5 cm and a
radius of 1.0 cm are prepared by the hydrothermal method
[17]. In short, 45 ul of ethylenediamine and 12 ml of
a graphene oxide water dispersion (with a density of
3 mg/mL) are mixed and placed in an autoclave at 180 °C
for 2 h. The obtained hydrogel is washed and freeze-dried,
followed by an annealing at 3000 °C to form GA. Slices
with a thickness of about 600 um are cut from the cylin-
drical GA and compressed by a homemade compressor
(consisting of two parallel anvils constrained by a linear
bearing) with different pressures to obtain samples with
compressive strain of 0%, 33%, 60%, 70%, 80%, and 90%,
respectively. Note that the strain is quantified by AD/D,

where D is the original thickness of the sample and AD is
the change in thickness.

Based on previous work [19], the samples as well
as a polished Cu foil (99%, Alfa Aesar Inc.), a
Celgard 2325 separator (25 wm thick, polypropylene-
polyethylene-polypropylene, Celgard Inc.) and ionic lig-
uids ((HMIm]NTY,) are used to prepare the infrared emis-
sivity modulator with a sandwiched structure.

The emissivity modulator is laid on a hot plate (V-
2020T, VECTECH Inc.) to simulate working temperature,
while two thermocouples are used to monitor the temper-
ature of the GA and the ambient temperature. A power
source (DP155, MESTEK Inc.) provides a direct-current
voltage between two electrodes of the modulator for gat-
ing ion intercalation, while a signal generator (Tektronix
AFG3101C) is used for cyclic tests. A Tix500 thermal
camera (model Ti450, Fluke Inc., spectral range from 7.5
to 14 um) is deployed to capture the thermal images of the
modulators, as shown in Fig. 1(a). Note that the emissiv-
ity is set to 1 in the thermal camera, and the temperature
of GAs measured by a thermocouple is 69 °C, while the
ambient temperature is 25 °C. Furthermore, infrared spec-
tra of MLG are investigated using a Fourier transform
infrared spectrometer (IS50, Thermo Fisher Scientific).
Meanwhile, the sheet resistance of graphene aerogels is
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FIG. 1. (a) Schematic diagram of the infrared emissivity modulator, in which the separator and IL are sandwiched by Cu foil and
GA. After applying a bias, ions in IL are intercalated into GA. (b) Thermal images of GA with 60% strain before (left panel) and after
(right panel) applying a bias voltage. The color bar indicates the reddish area is of higher apparent temperature, while the blueish area
is of lower temperature. (c) The initial and final emissivity of GA in a modulator with IL, and the modulation depth as a function of
strain. For comparison, the initial emissivity of GA without the presence of IL is depicted.
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measured by a four-point probe system (HP-504). The
electrochemical surface area (ECSA) of GAs is inves-
tigated using a potentiostat (CHI660E, CH Instruments,
Inc.) in cyclic voltammetry mode.

The GA samples are extracted from the modulators for
microscopic analysis. Cross-section structural changes of
GA are studied by scanning electron microscopy (SEM)
with a Carl Zeiss FE-SEM Sigma HD, while the crystal
structures are characterized by x-ray diffraction (XRD) at
ambient conditions (MAXima XRD-7000) with a Cu K«
excitation source and Raman spectroscopy (Wltec alpha
300RA) using the 488 nm line of an Ar™ laser. The surface
roughness of the samples is measured by laser confocal
microscopy (LSM 800, Zeiss Sigma).

IT1. RESULTS AND DISCUSSION

The infrared emissivity of GA with various uniaxial
compressive strains is investigated using a modulator with
sandwiched structure (i.e., GA/separator-IL/Cu), as shown
in Fig. 1(a). The apparent temperature (71g) of GA with
60% strain, obtained by a thermal camera, decreases from
67.7 to 56.3°C after applying a 2.6-V bias voltage, as
shown in Fig. 1(b). Similar behaviors are observed for GA
with or without strain, as depicted by thermal images (Sup-
plemental Material, Sec. S1 [20]). Note that the change in
Tr is not homogeneous in space, which is likely due to
nonuniformity in surface morphology of the samples. Usu-
ally, integrated emissivity (¢), which takes into account
overall infrared radiation captured by a thermal camera,
is used to quantitatively assess the ability of a material
in regulating infrared radiation [15]. This parameter reg-
ulates the overall signal received by an infrared sensor,
and closely correlates with the performance of a material
in practical applications (e.g., thermal camouflage). Gen-
erally, the infrared radiation from an object captured by a
thermal camera consists of two parts: the emission from
the object itself and the background emission reflected by
the object. Hence, the value of ¢ is derived as [14]

B Sk (1)
e

where Ty and T, are the real temperature of GA and

ambient temperature, respectively. The uncertainty of ¢ is

estimated to be +0.02.

Due to the spatial inhomogeneity, the lowest ¢ of the
samples is shown in Fig. 1(c). The initial emissivity of GA
(i.e., without a bias voltage) is nearly unchanged (approxi-
mately 0.88) when the strain is less than 60%, then quickly
drops to 0.71 with a strain of 90%. A set of GAs with the
same strains but no ILs is characterized at the same condi-
tions (e.g., with the same 7y and 7). The results [marked
as red dots in Fig. 1(c)] agree well with the results obtained
from samples with ILs. This suggests that the change in the

initial emissivity is not due to the presence of ILs, but more
likely is associated with the strain.

Applying a bias voltage drives ions in the ILs toward
the GA, as shown in Fig. 1(a). Some of the anions adsorb
on or intercalate into graphene layers in the GA, and trans-
fer charges to carbons in graphene, which greatly increases
the charge density of the GA. This results in an increase
of Fermi level, which changes the interband and intraband
transitions of charge carriers (e.g., electrons) [3]. There-
fore, the emissivity of GA decreases upon applying a bias
voltage. The charge transfer between anions and carbons
also leads to a decrease in the sheet resistance of GA.
The change in the sheet resistance grows from 9% to 15%
when strain increases from 0% to 70%, but drops to 8%
with a further increase in strain (e.g., 90%), as depicted
in the Supplemental Material, Sec. S2 [20]. The modu-
lation depth is positively correlated with the decrease of
sheet resistance. Similar results have been observed in a
modulator using MLG as electrode [13]. Interestingly, the
modulation depth (i.e., the difference between the initial
and final emissivity) does not monotonically decrease as
the strain increases, which is likely due to a change in
the ECSA. Nevertheless, the maximum modulation depth
(approximately 0.40 with a 60% strain) is comparable
to the results obtained with a modulator using the same
ILs but MLG as electrode [14], and better than those for
freestanding graphene fabric film [16]. As shown in the
Supplemental Material, Sec. S3 [20], the emissivity of GA
can be reversibly tuned by adjusting the bias voltage, and
maintained at a value not greater than the lowest value
plus 0.1 for about 2 h, which is nearly five times longer
than that of a modulator using MLG (e.g., approximately
26 min [14]). Meanwhile, the emissivity of MLG-based
modulator ion intercalation can be determined at a tem-
perature from 300 to 340 K, with a dynamic response rate
of 0.15 s7! (e.g., the emissivity changes from 0.55 to 0.1
in 3 s) [3,19,21]. Since the operation temperature win-
dow in this type of modulator is mainly determined by
ionic liquids and separator, the GA-based modulator can
effectively tune infrared emissivity in a similar tempera-
ture window. However, it should be pointed out that the
dynamic response rate of GA is much slower than that of
MLG, which is likely due to larger thickness and porosity
of GA. Hence, GA might not be ideal for applications that
require fast-dynamic response. Nevertheless, using GA as
electrode provides a better performance than using MLG,
while offering the possibility for producing a large-scale
modulator at low cost.

To shed light on the change in the initial emissivity,
the morphology and surface roughness of GA are inves-
tigated by laser confocal microscopy. The results shown
in Fig. 2(a) suggest that the surface roughness of GA
decreases with increasing strain. The root-mean-square
roughness (Sq) of GA quickly drops from 58 to 26 um,
when the strain increases to 60%, then reaches a plateau
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(a) Surface morphology of GA with 0%, 33%, 60%, 70%, 80%, and 90% strain. The roughness of samples is assessed in

terms of the root-mean-square value (Sq). (b) Linear profiles of the corresponding GA samples extracted from the marked arrows.

of around 11 um with a strain larger than 80%. Note that
the uncertainty of Sq is £2 um. This agrees well with the
change in the initial emissivity, e.g., from 0.88 to 0.71 as
the strain increases from 60% to 90%. It has been reported
that 10-um-pitch crumpled graphene offers midinfrared
emissivity control at wavelengths of 7-19 um [8]. There-
fore, it is not surprising that significant modulation of the
emissivity derived from the signal of the thermal camera is
only observed with strain larger than 60%.

To further analyze the change in surface structure, the
linear profiles (marked as white arrows) of corresponding
samples are depicted in Fig. 2(b). Clearly, some areas of
the sample are smoother than others. For example, if the
whole profile of GA with 60% strain is evenly divided
into 100 pieces, the standard deviation of height for each
piece varies between 4 and 16 um. This likely originates
from the sample preparation (e.g., cutting a slice of GA
and compressing it to a set value), and contributes to the
spatial inhomogeneity of Tig observed in Fig. 1(b). Further
research is underway to improve the spatial homogeneity
in tuning emissivity by optimizing the sample preparation
procedure.

The cross-section structures of the samples are investi-
gated by SEM, as shown in Fig. 3(a). GA consists of a
continuous three-dimensional structure formed by MLG,
which is consistent with our previous report [17]. Qual-
itatively, the porous structure of GA gradually becomes
a layer structure with increasing strain. The porosity of

samples, estimated by a false-color mapping (e.g., taking
all pixels with grayness less than 100 as the area occupied
by pores, as detailed in the Supplemental Material, Sec.
S4 [20]), changes from 56% to 20%, while the average
pore diameter changes from approximately 50 to approxi-
mately 10 um, respectively. This indicates that the resisting
force induced by capillary pressure increases with increas-
ing strain and could make it harder for ILs to transport
in GA. Furthermore, excessive strain might lead to struc-
tural change that prevents ILs from accessing some internal
space in GA.

The surface area of GA is further determined with an
electrochemical measurement of the double layer capaci-
tance (Cq). If assuming that the capacitance of an ideal
flat surface of the electrode (GA) with the same ILs is a
constant (Cys), ECSA can be derived as [22]

ECSA = @
Cs

)

Hence, the ECSA of the samples can be revealed using
a potentiostat in cyclic voltammetry mode in a narrow
non-Faraday reaction potential window [23], as detailed
in the Supplemental Material, Sec. S5 [20]. The value of
Cq increases from 4.0 uF/cm? for GA without strain to
6.5 uF/cm? for GA with a 60% strain, but decreases to
4.7 uF/cm? when the strain increases to 90%. The change
in ECSA shows a strongly positive correlation with the

034003-4



TUNING INFRARED EMISSIVITY OF GRAPHENE...

PHYS. REV. APPLIED 18, 034003 (2022)

(a) Strain Porosity (b) L . (c)
_ . . Before ion intercalation After ion intercalation
T T T T N T N T N T T I
Strain ai
) Raw data Strain Celgard + Rawdata
0% Celgard Fit 0% S Fit
I Residual jL I Residual
—F—— > — 7
Zz 60% , G | 60%
8 Gr: aphlte (002) 3
B .8
o 3 Graphite (002)
. 3 A 2
= =
g L J/L g A
i 5 > —a —
| Z T —
1 ﬁ t i
p——— (A s : T ; i "
20 22 24 28 20 22 24 26 28

20 (deg)

FIG. 3.

20 (deg)

(a) Cross-section SEM images of GA with 0%, 60%, and 90% strain, while the porosity of each sample is estimated by

a MATLAB code based on false-color mapping. XRD patterns of GA with 0%, 60%, and 90% strain (b) before and (c) after ion

intercalation, as well as curve fits for the dominant features.

change in modulation depth with a Pearson correlation of
0.99 and two-tailed significance of 7.5 x 107>,

Generally, the ECSA represents the area of an electrode
that is available for an electrochemical reaction. Hence, it
is commonly used to assess catalytic activity of materials
[23]. Here, it is correlated with the effective area of GA,
which interacts with ionic liquids. A higher value suggests
that more internal surface of GA is accessible to ionic lig-
uids, which allows anions to be adsorbed, and therefore
provides a better chance for charges to be transferred from
ionic liquid to GA. It is reported that the modulation depth
is proportional to the amount of transferred charge [24].
Therefore, it is not surprising that a greater ECSA leads to a
larger modulation depth. Meanwhile, it was reported in our
previous study that the thermal conductivity of GA in the
in-plane direction increases with increasing strain (espe-
cially for values larger than 80%), which is likely due to
more overlapping between adjacent graphene sheets [17].
This suggests that, at high strain level (e.g., 90%), some
of the internal area of GA is blocked (i.e., harder to reach
for anions in IL), which is also supported by SEM images
and decrease of porosity shown in Fig. 3(a). Therefore, the
value of ECSA dramatically decreases when the strain is
larger than 80%.

To further investigate the structural change in GA after
compression and ion intercalation, the XRD patterns of
the samples are shown in Figs. 3(b) and 3(c) over a 20

diffraction range of 20°—28°. Note that all patterns are nor-
malized to the intensity of the feature at 21.6°. Generally,
all patterns possess at least three features: two features at
21.6° and 24.1° are from the separator (i.e., Celgard), and
feature 4 at around 26.6° originates from graphite or mul-
tilayer graphene (002) [14]. The curve fits suggest that at
least two Voigt functions are needed to obtain a reason-
able fit for feature 4 from GA without strain, but only one
Voigt function is sufficient for GA with 60% or 90% strain.
Meanwhile, the intensity of feature A (/) increases from
0.04 for GA without strain to 0.25 for GA with 90% strain.
This indicates that the graphene layers stack in a much
more ordered manner as the strain increases.

After ion intercalation, /4 of GA with strain dramatically
decreases (e.g., from 0.25 to 0.09 for GA with 90% strain),
while the full width at half maximum (FWHM) of feature
A increases greatly (from 0.26° to 0.72°). However, I, of
GA without strain does not change significantly (e.g., from
0.04 to 0.05). This suggests that introducing ILs damages
the stacking order of graphene layers.

However, unlike MLG, there is no significant increase
of defects in GA upon ion intercalation. This is evident
from the Raman spectra of GAs before and after ion
intercalation, as shown in Fig. 4(a). Note that the spec-
tra are normalized to [0, 1] for easier comparison of the
change in spectral intensity. The spectra of pristine GA
only possess two dominant features, G at 1590 cm™!
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(a) Raman spectra of GA with 0%, 60%, and 90% strain before and after ion intercalation. Note that the spectra are normal-

ized to [0, 1] and shifted vertically for better comparison. (b) Spectral intensity ratio of 2D and G features for samples before and after

ion intercalation.

and 2D around 2740 cm~!, which suggests a sample
with high crystallinity [25]. Neither compression nor ion
intercalation leads to much increase in spectral intensity
around 1370 cm™', which is associated with D band, acti-
vated by defects in the double-resonance Raman scattering
[26]. Therefore, the structure of GAs at the atomic level
remains relatively unchanged upon compression and ion
intercalation.

Interestingly, the intensity ratio between 2D and G fea-
tures (/2p/ls) increases with increasing strain. Since the 2D
feature originates from the overtone of in-plane transverse
optical phonons around the K point and is activated by
triple-resonance Raman scattering, its intensity and shape
are sensitive to the stacking order of graphene layers,
defects, and strain [26]. The evolution of the 2D fea-
ture suggests that there is higher structural order in GA
after compression [14], which is consistent with the XRD
observations.

Furthermore, the I,p/I; ratio decreases after ion inter-
calation. Since there is no significant D feature presence
in the Raman spectra, the change in /,p/l; is not likely
due to an increase of defect density. It should be pointed
out that the 2D feature is contributed by both electron-
phonon and electron-electron scattering. For a low doping
level, the electron-electron scattering is sensitive to the
charge carrier concentration [27]. Therefore, the decrease
of I,p/ls indicates an increase in doping level, which is
consistent with observations of change in sheet resistance

(Supplemental Material, Sec. S2 [20]) and emissivity of
GA [Fig. 1(¢)].

Unlike other graphene-based materials (e.g., MLG), the
porous structure of GA makes it easier for ILs to trans-
port in the electrode, and offers better resilience to ion
intercalation (e.g., resulting in less structural damage). Fur-
thermore, the charges can be transferred to carbons not
only from anions intercalated into graphene layers, but also
from anions adsorbed on the three-dimensional network
structures formed by MLG in GA. Therefore, the device
lifetime is greatly improved, while a comparable modu-
lation depth is obtained. Based on the comparison of GA
with and without strain, a moderate strain is beneficial for
providing sufficient area for anions in ILs to access car-
bons in GA, without introducing excessive resisting force
induced by capillary pressure.

IV. CONCLUSION

This study demonstrates that the emissivity of GA can
be tuned through ion intercalation by electrostatic gat-
ing. Moreover, the excellent elastic properties of GA offer
an additional dimension (i.e., tuning strain) in modulat-
ing emissivity. A comparison study of GA with different
stains suggests that a moderate compressive strain pro-
vides the best performance in dynamically controlling the
emissivity of GA, which is comparable with or superior
to other graphene-based materials (e.g., MLG) in terms
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of the modulation depth and device lifetime. The easiness
of large-scale production of GA at low cost makes it a
promising candidate as an electrode in infrared emissivity
modulators.
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