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ABSTRACT: One of the hallmarks of the current efforts in the
field of thermal energy is heat transfer enhancement. Ionanofluids
(INFs), a combination of nanomaterials and ionic liquids (ILs), are
an appealing category of thermal fluids. In this work, we introduce
sustainable INFs composed of carbon dots derived from Bombyx
mori silk fibroin (SF) dispersed in a mixture of 1-butyl-3-
methylimidazolium chloride (IL1) and 1-(4-sulfobutyl)-3-methyl-
imidazolium triflate (IL2). The syntheses were performed at mild
conditions, with reaction times of 3, 4, and 5 h, and without
purification steps. The INFs display room-temperature emission in
the visible spectral range with quantum yield values up to 0.09 and
are essentially viscous fluids (G″ > G′). A marked shear thinning
behavior is observed at high shear rates, particularly for the systems
SFIL1IL2-3h and SFIL1IL2-4h. The INFs demonstrate relatively high heat capacity and thermal conductivity values in comparison to
state-of-the-art INFs. Under suitable illumination conditions, the INFs can convert light into heat in an efficient manner, with
photothermal conversion efficiencies of up to 28%, similar to other reported INFs. SFIL1IL2-5h exhibits remarkable stability over
time within the range of working temperatures. This work paves the way for the development of new thermal fluids for enhanced
heat transfer technologies using sustainable synthesis routes and natural raw precursor materials.
KEYWORDS: ionanofluids, silk fibroin, carbon dots, imidazolium ionic liquids, thermal fluids

■ INTRODUCTION
In recent decades, society has been facing serious global
problems associated with world population growth, accelerated
industrialization, expanding economies, and concomitant rising
energy demand. The consequences have been dramatic, the
gradual exhaustion of fossil fuel sources, the instability in oil
and natural gas markets, the increasing release of greenhouse
gas (GHG) emissions, the depletion of the ozone layer, and
the melting of polar ice caps being major concerns. To add to
this critical scenario, over the last few decades, the world has
seen growing signs of climate change most probably linked to
human activities. The steady rise of average global temper-
atures, together with the increasing frequency and severity of
extreme weather events, pose serious hazards to energy
infrastructures. If temperature thresholds are exceeded, energy
supply to populations may be threatened in the future.1 The
increasing water scarcity, especially in dry climate regions, also
affects dramatically all those activities of the energy sector
relying on water cooling systems, such as mining, fuel
production, hydropower generation, and nuclear power plants.

As we write, the world finds itself in a global energy crisis as a
consequence of the aftermath of the Covid-19 pandemic and
the huge uncertainties associated with the ongoing armed
conflicts in Europe and Africa.
Solar energy, a clean, abundant, endless, and freely accessible

energy source, offers tremendous opportunities for achieving
the transition to a clean and environmentally friendly
renewable energy economy. Advances in solar energy
technology have enabled its transformation from a niche
business into a mature industry. However, although solar
thermal and solar photovoltaic (PV) technologies have
witnessed remarkable progress over the last decades, in terms
of overall thermal performance they have both reached a limit,
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largely due to technical setbacks related to heat transfer
phenomena.2 It is known that from 25 to 80 °C,3 the solar PV
panel’s efficiency starts decreasing by ca. 0.4−0.5% for each
degree rise in temperature.4,5 This effect is caused by the use of
conventional working fluids (e.g., water and oils) which do not
provide suitable thermophysical behavior. Yet, this technical
drawback is not exclusive to the domain of solar energy. The
need to fulfill the current cutting-edge technological require-
ments in terms of heat transfer has become a challenging topic
in most engineering domains. Nowadays, more than ever, heat
dissipation, heat harvesting, heat storage, heat transportation,
and cooling represent paramount problems. Solving them will
hopefully help find a way to tackle the energy crisis while
meeting industrial, domestic, transportation, and electronics
energy demands while mitigating environmental impacts and
lowering costs.
In this context, one of the most promising solutions has

emerged from the advent of nanofluids. Nanofluids, a
breakthrough concept pioneered by Lee et al.,6 are colloidal
mixtures of nanometer-sized solid particles dispersed in a base
fluid. In general, the base fluid is a low-viscosity liquid, like
water, or a high-viscosity liquid, such as ethylene glycol (EG),
mineral oil, or a mixture of liquids (e.g., EG−water or
propylene glycol−water). Unlike conventional mixtures, nano-
fluids exhibit enhanced thermophysical properties, such as an
abnormal heat capacity boost at low nanoparticle concen-
tration7 and a thermal conductivity conspicuously higher than
that of the base fluid. Heat capacity and thermal conductivity
but also viscosity and density are vital properties that dictate
the usefulness of a nanofluid as a heat transfer fluid. The
tremendous technological potential of nanofluids in a very
wide array of thermal applications ranging from heat transfer
devices to solar energy applications was immediately
recognized.8,9 In recent years, significant advances have been
made in the use of nanofluids in solar collectors,10−12 heat
exchangers,13,14 refrigeration systems,15 radiators,16 thermal
storage systems,17 solar thermal conversion,18 and electronic
cooling.19

The quest for the development of low-cost systems from
renewable raw materials, and the use of sustainable and green
syntheses, led to a resourceful and extremely attractive new
category of nanofluids classed as ionanofluids (INFs).20 INFs,
considered by many as the next generation of heat transfer
fluids, are composed of nanomaterials (usually metals and their
oxides and carbon nanostructured materials, mostly tubes,
fullerenes, and spheres) dispersed in a base fluid that can only
include ionic liquids (ILs) or a mixture of an IL and water. The
use of carbon dots (CDs) has been considerably less
explored.21−23 ILs have unique attributes, which include an
eco-friendly character, a safe nature, recyclability, non-
flammability at ambient temperature, negligible vapor pressure,
excellent thermophysical properties (e.g., high thermal
stability, high volumetric heat capacity, and wide viscosity
range) compatible with the requisites of heat transfer fluids,
and great versatility in terms of chemical composition (cation−
anion structure with endless possibilities of combination),
enabling the fine-tuning of their structure and tailoring of the
properties to satisfy task-specific applications. Fukushima et
al.24 were the first to mix carbon nanotubes (CNTs) with ILs
to produce a gel at room temperature which was termed
“bucky gel”. Awareness of the tremendous potential of INFs
urged the study of these alternative fluids,25 and to date, this

class of thermal fluids has not ceased to attract the attention of
the scientific community.26,27

Recently, some of us introduced a straightforward, clean,
fast, cheap, single-step, and versatile method for producing self-
standing, water-soluble, viscous, reusable CD-based INFs with
self-improving conductivity, thermotropy around 30−40 °C,
and ultraviolet (UV) radiation-blocking ability.22 Glucose was
the raw material selected for the synthesis of the CDs, whereas
the base fluid chosen was the benign and commercially
available 1-butyl-3-methylimidazolium chloride ([Bmim][Cl])
IL, playing the dual role of reaction media and functionaliza-
tion molecule. The glucose/[Bmim][Cl] INF was employed in
a thermotropic device (TTD) with surface plasmon resonance
effect (SPRE)-boosted performance and in an integrated
thermo-electro-optical device, both enabling modulation of
solar light and heat.22 The integrated device operated either in
thermotropic or electrochromic modes, offering impressive
memory effect, excellent cycling stability, and colossal
coloration efficiency. A similar approach was subsequently
employed for the development of an analogous INF derived
from biomass waste (chitin from crab shells).23 In the latter
case, the homemade 1-tosylate-3-methylimidazolium triflate IL
was added to facilitate the cleavage of the glycoside bonds
present in chitin. All these features render this class of high-
performance thermosensitive INFs potentially attractive not
only for smart window technology but also for the energy
coatings sector and for heat transfer systems, among other
fields.
Herein, inspired by the two aforementioned works,22,23 we

extend our sustainable INF strategy by employing a natural
protein as raw material for the production of the CDs. Our
choice fell on silk fibroin (SF), the core protein of silk fibers
originating from Bombyx mori (B. mori) cocoons, because of
the great potential of silk-derived materials for energy devices.
Some of us reported the first SF28- and cocoon29,30-based
separators for lithium batteries, proposed novel highly
conductive SF-based electrolytes,31 and developed a new
solvent platform for SF.32 To the best of our knowledge, the
use of protein-based biomass derivatives as a carbon source for
the synthesis of CDs under mild conditions in an IL medium is
unprecedented. Usually the CD syntheses from proteins
require a hydrothermal treatment at high temperature and
pressure,33 a strong acid medium,34 or microwave (MW)
irradiation.35 All of these methods include subsequent
purification steps, which are simply avoided in the present
processing of the SF-derived INFs, an aspect that represents a
major advantage if scaling up is envisaged. At last, it is worth
mentioning that the preparation of CDs from SF under the
mild conditions proposed here contrasts markedly with those
reported in the literature, since solely the hydrothermal
treatment36 and MW irradiation37 were previously attempted.
Thus, in the present work, we develop a new family of INFs

composed of CDs derived from B. mori-based SF and a mixture
of ILs comprising [Bmim][Cl] and 1-(4-sulfobutyl)-3-methyl-
imidazolium triflate ([SBmim][Trif]). The latter IL, employed
as the acid catalyst for different organic reactions,38,39 was
added to induce the acid hydrolysis and degradation of the
protein into smaller peptides and then into the amino acids,
which are the building blocks for the CDs’ formation. The
structure, size, shape, and surface functional groups of the CDs
are investigated. The rheological properties of the INFs are
studied and the optical features of the INFs and of the
corresponding dilute aqueous solutions are examined. At last,
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the potential of the INFs for thermal energy applications is
evaluated.

■ EXPERIMENTAL SECTION
Materials and Chemicals. B. mori cocoons were supplied by

APPACDM from Castelo Branco (Portugal). 1-Butyl-3-methylimida-
zolium chloride ([Bmim][Cl], IL1, Acros Organics, 98%), 1-(4-
sulfobutyl)-3-methylimidazolium triflate ([SBmim][Trif], IL2,
BLDpharm, 98.46%), anhydrous sodium carbonate (Na2CO3,
Sigma-Aldrich, 99.9%), anhydrous lithium bromide (LiBr, Thermo
Scientific, 99%), n-decane (Sigma-Aldrich ≥99%), and squalene
(Sigma-Aldrich ≥99%) were used as received unless stated otherwise.
Slide-A-Lyzer G2 dialysis cassettes (molecular-weight cutoff of 3.5
kDa) were purchased from Thermo Fisher Scientific. High-purity
Milli-Q water (resistivity 18 MΩ cm, Interlab System Purist UV set)
was used in all aqueous solutions.

Preparation of Solid SF. To obtain SF from B. mori silk cocoons,
the degumming method reported by Rockwood et al.40 was adopted.
Briefly, a mass of 5 g of B. mori silkworm cocoons was cut into small
pieces and cleaned. The chopped pieces were transferred into a
boiling 0.02 M Na2CO3 aqueous solution with a volume of 2 L where
they remained for 30 min. The fibers were removed from this solution
and rinsed in water to remove excess Na2CO3. After repeating the last
step thrice, the fibers were squeezed and dried in an oven at 60 °C. To
prepare the SF solution, a 9.3 M LiBr aqueous solution with a volume
of 20.5 mL was added to the SF fibers and maintained for 4 h at 60 °C
until all the fibers were dissolved. The LiBr−silk solution was
transferred to a dialysis cassette (3500 kDa) and dialyzed against
ultrapure water. The dialyzed silk solution was centrifuged twice at
4000 rpm for 20 min to remove any solid impurities. The
concentration of the final SF solution was determined by measuring
the dry weight (6.8 w/v %). To prepare SF powder for further studies,
the solution was lyophilized. Frozen samples were placed in a
lyophilizer for 7 days until complete drying. The resulting SF was
stored at 4 °C.

INF Synthesis. The synthesis was inspired by previous works
reported in the literature.21,41 Briefly, 2 g of IL1 was placed in a 50 mL
round-bottom flask and was maintained for 30 min at 80 °C with
constant magnetic stirring. Then, 0.2 g of mechanically crushed SF
powder was added to IL1 and maintained for 1 h at 100 °C until
complete SF dissolution. Afterward, 0.2 g of pure IL2 was added to the
mixture and left to react for 3 h at 80 °C. Two other syntheses were
performed in which the only change introduced was extending the
reaction time to 4 and 5 h (Scheme 1). The samples were designated
SFIL1IL2-3h, SFIL1IL2-4h, and SFIL1IL2-5h, respectively. After
cooling, the resulting products demonstrated viscous consistency,
yellowish hue under visible light, and blue, violet, and pink color
under UV irradiation of 365 nm, respectively (Scheme S1).

Characterization. High-resolution transmission electron micros-
copy (TEM) images were recorded at the Iberian Nanotechnology
Laboratory (INL)-Portugal using a double-corrected FEI Titan G3
Cubed Themis working at an acceleration voltage of 200 kV. The
samples (previously diluted 1/20 in water) were prepared by drop-
casting the solution onto a 400 mesh Cu grid containing a continuous
carbon support film (Ted Pella ref 01824). The samples were
incubated for 3 min on the grid, and then the solution was blotted off.

Attenuated total reflectance/Fourier transform infrared (ATR/
FTIR) spectra of the INFs and the IL1IL2 mixture were recorded in a
Shimadzu IRAffinity 1 s Fourier transform infrared spectrophotom-
eter equipped with a diamond crystal. Before measurement, a small
amount of each sample was transferred to the diamond crystal and
pressed. The spectra were recorded at room temperature in the
4000−400 cm−1 range by averaging 64 scans with a resolution of 4
cm−1. Data was processed using LabSolutions IR software.

X-ray photoelectron spectroscopy (XPS) spectra were obtained on
an ESCALAB 250Xi (ThermoFisherScientific) with a hemispherical
analyzer at INL. The X-ray source was monochromated Al Kα (hν =
1486.68 eV) radiation, operated at 220 W and 14.6 kV, and the spot
size set at 650 mm. The XPS spectra were collected at pass energies of
100 and 40 eV for survey spectra and individual elements,
respectively. The energy step for individual elements was 0.1 eV.
The XPS band envelope analysis was performed using the iterative
least-squares curve-fitting procedure in PeakFit software.42 The best
fit of the experimental data was obtained by varying the frequency,
bandwidth, and intensity of the bands. Band fitting was conducted
using a Voigt function, using a linear baseline correction with a
tolerance of 0.2%. The standard errors of the curve-fitting procedure
were less than 0.002. The samples were drop-cast on gold-coated Si
wafers and mounted on a 20 × 50 mm sample holder (Thermo Fisher
Scientific).

The TGA curves were recorded in a NETZSCH STA 449F3
thermal analyzer equipped with Proteus software under a nitrogen
atmosphere (20 cm3 min−1 flow rate), with a heating rate of 10 °C
min−1. Before measurement, the sample, with a mass of 5 mg, was
transferred to an open alumina (Al2O3) crucible.

The rheological assays were monitored under steady and oscillatory
modes in a HAAKE MARS III rheometer (Thermo Fisher Scientific,
Karlsruhe, Germany) set with a plate−plate geometry (35 mm, 1 mm
gap). A Peltier unit was used to ensure strict temperature control,
while a solvent trap was employed to prevent moisture absorption.
The storage modulus (G′), the loss modulus (G″), and the complex
viscosity (η*) were assessed by dynamic oscillatory assays performed
in a frequency range of 0.01−50 Hz within the linear viscoelastic
regime (the selected stress was 2 Pa). Nonlinear rotational assays
were performed by varying the applied shear rate (γ̇) from 0.1 to 150
s−1. The viscoelastic parameters G′, G″, and η* were also evaluated
with temperature sweep assays from 25 to 80 °C and back to 25 °C.
The heating rate was set to 2 °C min−1, while the cooling rate was 4-

Scheme 1. Representation of the Synthesis of the INFs
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fold lower (0.5 °C min−1) to ensure thermal equilibrium. A constant
stress (2 Pa) and frequency (1 Hz) were applied in both heating and
cooling ramps.

UV−visible absorption spectra were recorded with a UV−vis
spectrophotometer (U-4100) using a 10 mm path quartz cuvette. The
aqueous solutions were prepared by dissolving 20 mg of the sample in
6 mL of distilled water (0.33% weight).

Transmittance spectra were recorded in the 400−1650 nm range
using a DH Mini UV−vis−NIR Light Source from Ocean Optics.
Aqueous solutions were prepared by dissolving different contents of
IL1IL2 mixture or SFIL1IL2-3h (0.33, 0.66, 1.00, 1.33, and 1.66% w) in
6 mL of water.

The photoluminescence spectra were recorded at room temper-
ature with a modular double-grating excitation spectrofluorimeter
with a TRIAX 320 emission monochromator (Fluorolog-3, Horiba
Scientific) coupled to an R928 Hamamatsu photomultiplier. The
excitation source was a 450 W Xe arc lamp. The emission spectra
were corrected for detection and the optical spectral response of the
spectrofluorimeter, and the excitation spectra were corrected for the
spectral distribution of the lamp intensity using a photodiode
reference detector. The absolute emission quantum yield (Φ) values
were measured at room temperature using a C9920-02 Hamamatsu
system. The method is accurate within 10%.

Specific heat capacities were obtained via the isothermal step
method with a Micro DSCIII differential scanning calorimeter from
Setaram, France. Calibration was performed using a Joule effect
calibration vessel (Setaram) and checked using n-decane and squalene
as heat capacity standards, their Cp values being taken from the
literature.43,44 Background noise of the Micro DSCIII was less than 3
μW. The standard uncertainty in Cp experimental values is estimated
to be 0.002 J g−1 K−1, as previously reported by Marques et al.45

Thermal conductivity measurements were performed in a liquid
nitrogen cryostat using the 3ω method in a homemade setup.46 The
heater/sensor was a Pt resistance (1 mm long, 10 μm wide, and 100
nm thick) deposited by optical lithography on a low-thermal
conductivity glass. For the measurements, a small amount of the
sample (≈100 μg) was deposited on top of the platinum resistance,
and thermal conductivity was measured during thermal scan rates of 1
K min−1 from the 3ω voltage at 76 and 362 Hz [linearity of 3ω vs
ln(2ω) was verified between 10 Hz and ≈500 Hz]. Unfortunately, the
only statistically significant data of this parameter were obtained at
room temperature (25 °C) since, at higher ones, the ILs degraded the
Pt line leading to signal fluctuations that did not allow us to achieve
suitable reproducibility.

Irradiation experiments were done using a setup consisting of a
Teflon petri dish with a diameter of 5.1 cm where ca. 3 g of the
sample (except for water used as a control, 6 g) was deposited. For
irradiation experiments, the dish was set at a distance of 8 cm from
the solar simulator (ABET SunLite model 11002, Abet Technologies,
USA) equipped with a 100 W Xe arc lamp and 1.5G filter, which was
calibrated to achieve an intensity of 1 Sun. After turning on the light
source for 2 h and turning it off for another 2 h, temperature changes
upon irradiation were measured using a Fluke TIS75-30 Hz Fluke
Thermal Imager with Fluke Connect & IR-Fusion technology with
320 × 240 resolution. For the reusability test, the sample was
irradiated for 1 h with the light source on and then remained for 90
min with the light source off.

The bulk temperature distribution of the INFs was accessed by
irradiating 2 mL of each sample in quartz cuvettes with a Oriel
Illumination system (model APEX2-XE, Oriel Instruments, USA)
equipped with a xenon lamp of 100 W. Samples were located at a
distance of ca. 3 cm and irradiated at ca. 1 cm from the upper liquid
surface. The bulk temperature distribution was evaluated at different
time intervals (from 30 s up to 5 min) using a thermal imaging camera
(FLIR E75, FLIR Systems, USA).

The photothermal conversion efficiency (ηpc) of the INFs was
evaluated using two different models. In the first one, ηpc was
calculated by considering only the useful energy absorbed by the INFs
regarding the incident radiation without considering the heat
dissipation to the environment by using the following equation

= m c T
I A tpc
nf nf

0 (1)

where mnf, cnf, ΔT, I0, A, and Δt are the mass and specific heat of the
INF, the difference between the initial and the instantaneous
temperatures, the heat flux of the incident solar (W m−2), the
irradiated area (m2), and the time exposed to light radiation (s),
respectively. The above model does not consider thermal losses from
the INFs and, thus, ηpc decreases with increasing operating
temperature due to incremental thermal losses. In the second
model, the energy conservation equation, including the loss term, is
written as47

+ =m c T
t

Q I Ad
dnf nf loss o (2)

where Qloss is the thermal loss to the surroundings, which is a function
of temperature, and can be expressed as

Figure 1. TEM images of the CDs in the INFs: (a) SFIL1IL2-3h, (b) SFIL1IL2-4h, and (c) SFIL1IL2-5h. Inset images show the histogram size
distribution of the CDs and high-resolution TEM images of individual CDs showing lattice fringes with the corresponding d-spacing determined by
FFT analysis.
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= [ ]Q hA T t T( ( ) )loss loss amb (3)

where h is the heat transfer coefficient, Aloss is the surface area of heat
dissipation, T(t) is the temperature of the nanofluids at time t, and
Tamb is the ambient temperature. Thus, revising eq 2, this can be
expressed as

= [ ]T
t

AI
m c

B T t Td
d

( ( ) )0

nf nf
amb (4)

where B is the rate constant of heat dissipation. At the equilibrium
stage, that is, when the photothermal heating equals the thermal
dissipation, = 0T

t
d
d

and thus

= [ ]AI
m c

B T T0

nf nf
eq amb (5)

where Teq is the equilibrium temperature. B can be derived from the

slope of the linear plot of
i
k
jjj y

{
zzzln T t T

T T
( ) amb

eq amb
vs t when the heat input

becomes zero as the solar simulator is shut down. Therefore, the
photothermal efficiency ηpc can be derived as

=
[ ]Bm c T T

AI

( )
pc

nf nf eq amb

0 (6)

■ RESULTS AND DISCUSSION
Characterization of the CDs. The TEM images shown in

Figure 1a−c demonstrate that regardless of the reaction time,
CDs with a uniform and nearly spherical shape are observed in
all three INFs. The average diameters deduced for the CDs
obtained with reaction times of 3, 4, and 5 h are 3.82 ± 0.86,
2.47 ± 0.60, and 2.10 ± 0.80 nm, respectively (Figure 1a−c).
The decrease in the CD size with the increase in reaction time
may be due to the loss of functional groups or to the loss of
crystallinity.48 High-resolution TEM measurements revealed
well-resolved lattice fringes with an interplanar spacing of 0.21

Figure 2. (a) ATR/FTIR and (b) XPS survey spectra of the SFIL1IL2-3h (red line), SFIL1IL2-4h (blue line), and SFIL1IL2-5h (green line) INFs
and of the IL1IL2 mixture (black line). In (b), the elemental composition (in %) is indicated over the respective peak. XPS spectra of the (c) C 1s,
(d) N 1s, (e) O 1s, and (f) S 2p peaks of SFIL1IL2-3h, where blank dots are XPS raw data and the black line is the fitting curve (see Experimental
Section for details).
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nm (insets of Figure 1), which corresponds to the (100)
diffraction planes of graphene.41

The mid-infrared ATR/FTIR spectra of the INFs and of the
IL1IL2 mixture are represented in Figure S1. In the 1900−1000
cm−1 region (Figure 2a), the bands detected at 1566 and 1465
cm−1 correspond to the characteristic vibrations of the skeleton
structure of the imidazolium ring,49 whereas that at 1165 cm−1

is assigned to the bending vibration of the CH groups and
asymmetric CF stretching vibration.50 The bands at 1263 and
1031 cm−1 are associated with the asymmetric and symmetric
stretching vibrations of SO3 groups, respectively.

51 Regarding
the INF signature, the band at 1663 cm−1 is the most evident
fingerprint of the SF chains, being attributed to the vibration
mode of the amide I group.31,52 In addition to the amide I
band (1750−1585 cm−1), the amide II (1585−1485 cm−1)
and amide III (1285−1195 cm−1) bands are usually also used
to characterize the conformations of the SF protein.31,52 In the
present case, the latter two bands are overlapped with vibration
modes associated with the mixture of ILs, and only one
shoulder at 1520 cm−1 (absent in the spectrum of the IL1IL2
mixture) can be assigned to the presence of the amide II mode.

The above spectral evidence led us to the conclusion that the
degradation of the SF chains was not complete.
The XPS survey spectra of the INFs and the neat IL1IL2

mixture represented in Figure 2b allow us to distinguish seven
peaks at 688.59, 531.76, 401.74, 286.56, 283.24, 197.13, and
168.16 eV, corresponding to F 1s, O 1s, N 1s, C 1s, Cl 1s, Cl
2p, and S 2p, respectively. The elemental composition of each
sample reveals the same S/Cl weight ratio (around 1/6). As
expected, the amounts of C, N, and O increase in the INFs
compared to those in the IL1IL2 mixture.
The XPS spectra of C 1s, O 1s, N 1s, and S 2p for the INF

synthesized with a 3 h reaction are shown in Figure 2c−f. In
the high-resolution C 1s spectrum (Figure 2c), the signals of
seven distinct carbon states distinguished at 284.8, 285.3,
285.8, 286.2, 287.7, 287.3, and 292.9 eV are ascribed to C�C,
C−C, C−S, C−O/C−N, C�O/C�N/C�C−N, N−C�
N/O�C−N, and C(Trif) groups, respectively.21,53,54 The
high-resolution N 1s spectrum (Figure 2d) was deconvoluted
into two peaks at 399.7 and 401.7 eV, which represent N 1s
states in N−H/C−N and C�N groups, respectively.55 The O
1s spectrum shown in Figure 3e displays three peaks at 531.3,
532.1, and 532.9 eV, which are attributed to S�O, C�O, and

Figure 3. (a) Storage (red line), loss (blue line) moduli, and complex viscosity (black line) as a function of the oscillatory frequency for the sample
prepared with SFIL1IL2-4h. (b) Viscoelastic parameters G′ (red bars) and G″ (blue bars) at 1 Hz for the different reaction times. The neat IL1IL2
mixture is included for comparison. The dynamic frequency sweep tests were performed at 20 °C with the constant stress of 2 Pa. (c) Flow curves
at 20 °C of the INFs SFIL1IL2-3h (red symbols); SFIL1IL2-4h (blue symbols); and SFIL1IL2-5h (green symbols). The neat mixture of ILs (black
symbols) is also shown for comparison. (d) Viscoelastic parameters G′ (red symbols), G″ (blue symbols), and complex viscosity (black symbols) as
a function of the temperature cycle from 25 to 80 °C and back to 25 °C. The heating rate was defined as 2 °C min−1, whereas the cooling rate was
set to 0.5 °C min−1. Constant stress (2 Pa) and frequency (1 Hz) were applied in both ramps.
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C−OH/C−O−C groups, respectively.56 The high-resolution S
2p spectrum (Figure 2f) was deconvoluted into three peaks at
167.6, 168.4, and 169.5 eV, corresponding to the following
different forms of sulfur: −C−SOx, where x = 2, 3, and 4,
respectively.21,57

The high-resolution XPS spectra of the other two INFs,
reproduced in Figure S2, exhibit the same deconvoluted bands
for the different elements. In contrast, the high-resolution C1s
spectrum of the neat IL1IL2 mixture, also reported in Figure
S2, reveals the absence of the deconvoluted band of C�C at
284.8 eV but the presence of the expected C�C−N band at
287.1 eV.54 Therefore, the emergence of a new band
characteristic of the C�C bond in the high-resolution XPS
spectra of the INFs corroborates the TEM findings and, thus,
the existence of CDs. We emphasize that the SF XPS spectrum
does not contain the C�C band either.58−61 In addition, the
high-resolution O 1s and N 1s spectra of the neat IL1IL2
mixture only display a single band, as typically found for ILs. In
the case of the O 1s spectrum, this band, which was attributed
to the S�O bond, appears at 532.1 eV, and in the N 1s
spectrum, the band that emerges at 402.1 eV is associated with
the C−N and C�N bonds.54

To get insight into the thermal stability of the INFs, TGA
analyses were performed. The resulting TGA curves,
reproduced in Figure S3, reveal that the thermal decom-
position of SFIL1IL2-3h, SFIL1IL2-4h, SFIL1IL2-5h, and IL1IL2
mixture is a two-stage process. It is noteworthy that the four
curves are practically coincident. The first stage, which occurs
below 160 °C, involves the release of water (approximately 7,
9, 8, and 9%, respectively). The second stage encompasses a
major thermal degradation with onset at 253, 254, 255, and
254 °C, respectively. This thermal event is characteristic of the
decomposition of imidazolium-based ILs, as reported by Han
et al.62 The thermal degradation of SF residues, which is
reported to occur between 250 and 400 °C,63 might also
contribute to this sharp and significant weight loss observed.

Rheological Survey of the INFs. The physical properties
of the INFs play a key role, dictating their application.
Rheometry is of great value with regard to the evaluation of the
interplay between force, time, and deformation of matter. This
is crucial in many areas, ranging from the in-depth materials
characterization and support to complementary research
methods up to product/process development and optimiza-
tion. In this regard, nanotechnology considerably benefits from
rheological insight. Nanodispersions, such as INFs, typically

exhibit complex rheological features, which may be boosted by
other effects, such as nanoparticle morphology, temperature, or
solvent composition.64−68

Figure 3a displays a typical frequency (freq) sweep
mechanical spectrum for the sample SFIL1IL2-4h. As can be
seen, G″ is always higher than G′, suggesting that this sample is
essentially viscous over the entire frequency range studied.
Similar behavior has been found in other systems.69,70 The
moduli follow a scaling; G′ ∝ freq2, whereas G″ ∝ freq, which
is observed for polymer melts and viscous solutions.71 The
complex viscosity is found to reach a Newtonian plateau at low
frequencies. For easier comparison, G′ and G″ were replotted
at a constant frequency (1 Hz) for the different reaction times
considered (Figure 3b). The first striking observation is that all
the INFs present higher G′ and G″ than the neat mixture of
ILs. The presence of CDs affects the flow of the ILs, and this
has been described for related systems.64 The viscoelastic
parameters G′ and G″ increase when the reaction time
increases from SFIL1IL2-3h to SFIL1IL2-4h. Further increase in
the reaction time (SFIL1IL2-5h) results in poorer G′ and G″,
meaning that the sample became more fluid-like.
Nonlinear rotational tests were performed and flow curves

were obtained for all the samples (Figure 3c). In agreement
with the dynamic oscillatory tests, the neat IL1IL2 mixture
presents the lowest viscosity. It is essentially Newtonian, but a
shear thinning behavior (barely perceptible in the log-scale) is
observed at higher shear rates. Similar behavior is evident for
the INFs synthesized for longer periods (i.e., 5 h). The
synthesized SFIL1IL2-3h and SFIL1IL2-4h present the highest
apparent viscosity and a marked shear thinning behavior over
the shear rate window (from 10 to 150 s−1). SFIL1IL2-4h
presents the highest viscosity in agreement with the dynamic
oscillatory tests (Figure 3a).
These novel INFs show a decrease in the viscoelastic

parameters upon heating (Figure 3d). Such behavior is
essentially reversible upon cooling, with a minor hysteresis
observed. Since the cooling rate (0.5 °C min−1) was four times
lower than the heating rate (2 °C min−1), it is reasonable to
assume that energy dissipation and thermal equilibrium were
achieved, and hence, the observed hysteresis has a different
reasoning. Due to the inherent complexity of these systems,
interparticle and IL ion interactions and reorganization are
expected to be strongly dependent on temperature. Therefore,
such effects should be also manifested in the observed
hysteresis.72 Moreover, these complex fluids are very sensitive

Figure 4. (a) Room-temperature UV−visible absorption spectra for the aqueous solutions of SFIL1IL2-3h (red line), SFIL1IL2-4h (blue line), and
SFIL1IL2-5h (green line). The inset is an enlargement of the 400−700 nm spectral region. *Peak from the transition of the equipment lamp. (b)
From left to right: physical appearance of IL1IL2, SFIL1IL2-3h, SFIL1IL2-4h, and SFIL1IL2-5h.
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to shear history and moisture adsorption, and it is realistic to
expect a small contribution of both these aspects in the
detected hysteresis, despite the use of a solvent trap.

Optical Properties of the INFs. The optical properties of
IL1, IL2, and the corresponding mixture and those of the INFs
based on SF-derived CDs were characterized using UV−visible
absorption and photoluminescence spectroscopy.
The UV−visible absorption spectrum of the IL1IL2 aqueous

solution shows a weak broadband centered at around 310 nm
(Figure S4), which can be ascribed to the π−π* transitions

within the imidazolium units. On the other hand, the UV−
visible absorption spectra of dilute aqueous solutions of
SFIL1IL2-3h, SFIL1IL2-4h, and SFIL1IL2-5h display strong
absorption peaks centered at 276 nm, which are ascribed to the
π−π* transition of C�C groups in the sp2 domain73,74

(Figure 4). The UV−visible data are consistent with the band
detected at 1566 cm−1 in the ATR/FTIR spectra attributed to
the C�C vibrational modes of the imidazolium ring (Figures
2a and S1) and with the signal at 284.8 eV in the XPS spectra
(Figures 2c and S2a). The weak absorption bands discerned in

Figure 5. Emission spectra of the INFs (left column) and corresponding aqueous solutions (right column): (a,b) SFIL1IL2-3h, (c,d) SFIL1IL2-4h,
and (e,f) SFIL1IL2-5h.
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the 300−370 nm spectral region (Figure S4) are attributed to
n−π* transitions of the C�O/C�N groups.75 The latter
finding is in agreement with the band at 1663 cm−1 in ATR/
FTIR spectra (Figures 2a and S1), assigned to the SF amide
groups, and with the 287.7 eV peak in the C 1s XPS spectra
(Figures 2c and S2a). In the lower energy region (Figure S4),
the appearance of the broad and weak absorption bands
indicates that the three INFs possess different surface states.76

This long-tailed absorption band becomes more evident with
the increase in the reaction time as a result of the presence of
more functional groups from IL1 and IL2 at the surface of the
CDs (inset of Figure 4a).77 The color change from light yellow
to yellow for the INFs synthesized with reaction times of 3−5
h is a manifestation of this effect (Figure 4b).
The excitation and emission spectra of IL1, IL2, and IL1IL2,

represented in Figure S5, reveal weak luminescence. The IL1
solution shows excitation-independent emission at about 330
nm and excitation-dependent emission with the successive
increasing excitation wavelength. In contrast, the IL2 solution
solely displays the excitation-dependent emission feature in the
longer spectral region. Accordingly, the bands at around 340
nm in the mixture IL1IL2 can be attributed to the emission
from IL1 and the excitation-dependent emission bands can be
ascribed to the emission of IL1 and IL2.
The INFs obtained at different reaction times are viscous

solutions that exhibit, as noted above, a yellowish hue under
visible light. Under UV irradiation of 365 nm, SFIL1IL2-3h
shows blue color due to the dominant emission at around 400
nm (Figure 5a). For SFIL1IL2-4h (Figure 5c) and SFIL1IL2-5h
(Figure 5e), the emission is a combination of the emission
bands at 400 and around 575 nm (Scheme 1).
The emission spectra of the INFs in bulk and in aqueous

solution at different excitation wavelengths are reproduced in
Figure 5. In the case of SFIL1IL2-3h, when the excitation
wavelengths are changed from 330 to 450 nm, all the emission
spectra show broad bands with the maximum peaks shifting
from 400 to 570 nm and the emission intensity decreasing
(Figure 5a). The red-shift of the emission wavelength with
increasing excitation wavelength indicates the excitation-
dependent feature of these INFs. The different surface state
energy levels from the various functional groups on the surface
of INFs result in various emissive traps that dominate the
different emission bands by changing the excitation wave-
lengths.78 The same luminescence trend is observed for
SFIL1IL2-4h (Figure 5c) and SFIL1IL2-5h (Figure 5e). The
sizes of the INFs are seen to have a negligible effect on the
main emission wavelength. For instance, the emission peaks
are located at around 435 nm upon excitation at 370 nm for
the three INFs.
To inspect the passivation effect provided by the IL bearing

a −SO3H group and other hydrophilic groups on the surface of
CDs, the emission spectra of the INFs’ dilute aqueous
solutions were also measured at room temperature. It can be
inferred from Figure 5b,d,f that similarly to the situation found
in the case of the bulk INFs, all the emission spectra from the
aqueous solutions show excitation-dependent behavior char-
acterized by a red-shift of the emission wavelength and a
decrease in the emission intensity.
The excitation spectra for the INFs and corresponding

aqueous solutions are given in Figure S6 (left column and right
column, respectively). For the INFs, the excitation wavelengths
are at 290, 300−400, and 430 nm, corresponding to the main
spectral regions in the UV−visible absorption spectra,

indicating that the excitation is from the CD absorption in
the INFs. The fact that the main excitation bands for the IL1Il2
mixture are located below 400 nm (Figure S5e) further
reinforces the fact that the emissions of the INFs originate
from CDs.
The values of the absolute quantum yield (Φ) for the INFs

and corresponding aqueous solutions are listed in Table 1. The

functional groups belonging to IL1 and IL2 are believed to be
bonded to the surface of the CDs by either coordination or
electrostatic interactions and can modify the surface defects,
leading to more effective radiative recombination of surface-
confined electrons and holes, thus increasing the Φ values.79

Upon increasing the reaction time from 3 to 4 h, the values of
Φ increased from 0.05 ± 0.01 to 0.09 ± 0.01, excited at 410
nm. The latter value is comparable to that reported for the
MW-assisted synthesis of SF-based CDs73 but higher than that
obtained for cellulose-derived CDs using acidic IL as a
catalyst.21 When the reaction time was further extended to 5 h,
the Φ value decreased slightly, changing from 0.09 ± 0.01 to
0.08 ± 0.01 excited at 410 nm, probably due to the loss of
functional groups which accompanied the decrease in the CD
size (2.10 ± 0.80 nm), thereby demonstrating the passivation
role exerted by the ILs on the luminescence properties. The
very low Φ values (around 0.01) measured for the aqueous
solution samples are tentatively correlated with the loss of
most functional groups as there are many defects on the
surface of the bare CDs.

Thermal Features of the INFs. The heat capacities of the
IL1IL2 mixture and SFIL1IL2-3h as a function of temperature,
shown in Figure 6a, allow inferring that the heat capacity (Cp)
increases with temperature. Out of the set of the three INFs,
the SFIL1IL2-3h was chosen for the Cp measurements on
account of its best performance under solar-simulated radiation
(Figure 6b). Similar values for both IL1IL2 mixture and
SFIL1IL2-3h INF were obtained in the initial 285−298 K (12−
25 °C) range. Above this interval, a subtle decrease in Cp is
observed, which is more pronounced for the IL1IL2 mixture,
with a minimum at 308 K (35 °C). At higher temperatures, Cp
rises continuously until the maximum temperature analyzed is
reached. The observed behavior of Cp has been related mainly
to the modification of the interactions between nanoparticle
surfaces and IL ions with temperature, since their complex
nature (hydrogen bonding, van der Waals interactions,
electrostatic forces, etc.) can lead to rearrangements in the
organization of IL ions in the vicinity of the nanoparticle
surfaces. For example, layering of IL molecules around such
surfaces due to adsorption as a semisolid layer with better

Table 1. Absolute Emission Quantum Yield (Φ) Values as a
Function of the Excitation Wavelength (λexc) for the INFs

sample λexc (nm) Φ

INF aqueous solution

SFIL1L2-3h 410 0.05 ± 0.01 0.01
500 0.06 ± 0.01 <0.01
600 0.01 ± 0.01 <0.01

SFIL1L2-4h 410 0.09 ± 0.01 0.01
500 0.08 ± 0.01 <0.01
600 0.06 ± 0.01 <0.01

SFIL1L2-5h 250 <0.01 0.003
410 0.08 ± 0.01 <0.01
500 0.08 ± 0.01 <0.01
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thermal properties and/or the development of strong over-
lapping interactions between adjacent mesolayers have been
reported.80 In particular, previous works have shown that the
IL semisolid-like liquid ordering onto the surface of the
nanoparticles would be the most common mechanism, as also
observed for CNTs,81,82 boron nitride,83 graphene,84 and

alumina nanoparticles,85 among others. The anomalous event

discerned around 308 K (35 °C) can be attributed to the

reversible thermotropic transition undergone by [Bmim]-

[Cl],86 related to a change in the conformation of the butyl

chain from trans−trans to trans−gauche.87

Figure 6. (a) Variation of Cp with temperature within the 12−72 °C interval. (b) Heating−cooling curves upon irradiation at a fluency of 1 Sun.

(c) Variation of photothermal conversion efficiency (ηpc) with temperature. (d) Plot of
i
k
jjj y

{
zzzln T t T

T T
( ) amb

eq amb
vs t for the cooling stage of the light-induced

heating−cooling cycles. Pure water (cyanide symbols), IL1IL2 mixture (black line/symbols), SFIL1IL2-3h (red line/symbols); SFIL1IL2-4h (blue
line/symbols) and SFIL1IL2-5h (green line/symbols). (e) Schematic representation of the mechanism of absorption/emission of light and heat
generation of the INFs. CB and VB stand for conduction band and valence band, respectively.
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The thermal conductivities of the IL1IL2 mixture and
SFIL1IL2-3h at 25 °C were found to be 0.18 ± 0.02 and
0.23 ± 0.03 W m−1 K−1, respectively. Both values are larger
than those obtained for other INFs composed of, for example,
CNTs/1-octyl-3-methylimidazolium hexafluorophosphate
([Omim][PF6]) + 1-octadecyl-3-methylimidazolium hexa-
fluorophosphate ([Odmim][PF6]) and CNTs/[Omim][PF6]
+ 1-octadecyl-3-methylimidazolium tetrafluoroborate
([Odmim][BF4]),

27 CNTs/[P66614][N(CN)2], CNTs/1-
ethyl-3-methylimidazolium thiocyanate ([Emim][SCN]),
CNTs/[Bmim][SCN],88 Al2O3/[Emim]Cl,89 MgO/[Emim]-
[N(CN)2] and MgO/1-ethyl-3-methylimidazolium tricyano-
methanide ([Emim][TCM]),90 or fullerene/[Emim][SCN],
graphite/[Emim][SCN], graphene/[Emim][SCN], CNTs/
[Emim][SCN], and carbon black/[Emim][SCN].91 To
explain this evidence, it is important to recall that in general,
suspended nanoparticles substantially enhance the effective
thermal conductivity because the ratio of surface to volume is
high in comparison with suspension of micron-size solid
particles. This would be the case in our CDs, with very small
sizes of a few nanometers compared to CNTs, graphene, or
other nanoparticles, which exhibit much larger dimensions.
Hence, this would allow an enhancement of the interfacial
layer of ordered atoms of the base fluid near the boundary of
the solid nanoparticle, which can be considered as a thermal
bridge between base liquid and solid nanoparticle, concom-
itantly increasing the thermal conductivity of INFs. We cannot
discard either Brownian motion, which would be more
important for our smaller CDs, additionally increasing energy
transfer, an effect becoming more marked with the temperature
increase. Nevertheless, the exact knowledge of the involved
intermolecular interactions and organization of layers, among
other factors, should be precisely known in order to acquire a
full understanding of the achieved thermal conductivity values.
The heating and cooling profiles of the three synthesized

INFs (SFIL1IL2-3h, SFIL1IL2-4h, and SFIL1IL2-5h), and the
base nanofluid, i.e., the IL1IL2 mixture, and pure water as
controls were examined under illumination at an irradiation of
1 Sun (i.e., 1120 W m−2). Figure S7 shows the heating−
cooling setup employed for SFIL1IL2-3h. Figure 6b demon-
strates that the temperature rapidly increased under the solar-
simulated radiation and then progressively reached a steady
state due to the increasing importance of heat dissipation as
the temperature differences between the INF and the
surrounding environment increased.92 Finally, the temperature
dropped quickly to room temperature after the light irradiation
source was turned off. The observed behavior can be explained
as follows. When the INF is exposed to a light irradiation
source, it absorbs the incident light and converts it into heat at
a constant rate. Then, the INF temperature quickly rises as the
heat dissipation rate is very low due to the initial negligible
temperature difference between the INF and the surrounding
environment. As such a temperature difference increases
during heating, heat dissipation becomes more significant
(the so-called heating stage).47 When the INF temperature
reaches its equilibrium value (Teq), the heat generation rate
equals the heat dissipation rate. After turning off the excitation,
heat dissipation becomes predominant, causing the INF to
cool down back to ambient temperature. From the light
heating experiments, we conclude that the different INFs reach
the thermal equilibrium at ca. 120 min, with maximal
temperature increases of ca. 36.7, 34.4, and 33.0 °C for
SFIL1IL2-3h, SFIL1IL2-4h, and SFIL1IL2-5h, respectively,

compared to ca. 27.0 and 23.7 °C for the IL1IL2 mixture and
pure water, respectively (Figure 6b). These facts confirm the
successful light absorbance and subsequent conversion of light
into heat provided by the SF-based INFs.
It is of interest to discuss at this stage the reason for the

larger temperature increment (ΔT) found for the IL1IL2
mixture with respect to water under the irradiation test
performed (Figure 6b). Figure 6a demonstrates that the Cp
values of the IL1IL2 mixture are within ca. 1.78−1.88 J K−1 g−1

in the 283−345 K temperature interval here measured,
whereas the Cp of water is barely constant at 4.21−4.18 J
K−1 g−1 over the same temperature range. Considering that the
Cp is defined as the energy required to raise the temperature 1
K in 1 g of material, we may then expect that a similar
illumination energy input which is transformed into heat after
relaxation would involve a larger ΔT for the IL1IL2 mixture
than for pure water. Also, it must be noted that the IL1IL2
mixture shows a weak absorption maximum, peaking at ca. 310
nm, and a strong absorption increase at shorter wavelengths
(far-UV) from ca. 245 nm (Figure S5e), as is also observed for
water which, it is worth remembering, has a rather low
absorption cross section. Moreover, there exist emission bands
at around 340 nm in the IL1IL2 mixture (Figure S5f) which can
be attributed to the emission from IL1, and the excitation-
dependent emission bands can be due to the emission of IL1
and IL2. This is, therefore, indicative of the more complex
optical behavior of the IL1IL2 mixture compared to water and
even to the independent IL1 and IL2. The latter also have
different optical properties, as observed, for example, in Figure
S5a−d, respectively. Thus, the ability of the IL1IL2 mixture to
gain light energy, promoting its relaxation through both
radiative and nonradiative mechanisms, is clearly a conse-
quence of its much more complex molecular composition and
organization compared to that of water molecules. The same
conclusions may be drawn from the comparison of the
transmittance spectrum of water with those of two series of
aqueous solutions with increasing concentrations of IL1IL2
mixture (Figure S8a) and SFIL1IL2-3h (Figure S8b). The
transmittance spectrum of water exhibits a plateau above 90%
between 400 and 950 nm and two characteristic absorption
peaks at 977 and 1200 nm (Figure S8a,b, black line). The
spectrum of the most dilute solution tested (IL1IL2/0.33%)
essentially coincides with the spectrum of water (Figure S8a,
cyanide line). When the concentration of the solution is
increased 2-fold (IL1IL2/0.66%), the spectrum suffers a
significant reduction (Figure S8a, green line). Minor trans-
mittance changes occur for IL1IL2/1.00% and IL1IL2/1.33%
(Figure S8a, violet and red lines, respectively). The most
marked effect occurred, however, for the highest concentration
considered, i.e., IL1IL2/1.66% (Figure S8a, blue line). The
behavior exhibited by the aqueous solutions of SFIL1IL2-3h
with the same range of concentrations reveals that the
influence of SFIL1IL2-3h is considerably more important
than that of IL1IL2 (Figure S8b). The drop observed in the
transmittance values in both series of solutions may be
interpreted as an indication that as the concentration of IL1IL2
and SFIL1IL2-3h increases in the solution, the interplay
between the CDs is enhanced, favoring scattering and thus
leading to an increase in absorption. However, this effect is
definitely more drastic in the case of the SFIL1IL2-3h-based
solutions. In the spectrum of SFIL1IL2-3h/1.66%, the
characteristic absorption bands of water are weaker and ill-
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defined. Moreover, the water plateau corresponds to a
transmittance reduction of about 60% (Figure S8b, blue line).
From the heating experimental data, the solar-thermal

conversion efficiency η was first calculated according to eq 1,
that is, not considering thermal dissipation. Figure 6c shows
the temperature dependence of ηpc for the IL1IL2 mixture (as
control) and the three INFs. Considering solely the heating
process, the expected temperature-dependent behavior is
observed for ηpc. Among these, SFIL1IL2-5h showed a slightly
larger photothermal conversion efficiency (ca. 27.2%)
compared to SFIL1IL2-4h (26.0%) and SFIL1IL2-3h (21.7%),
whereas the IL1IL2 mixture reached a value of only ca. 11.6%.
The obtained profiles and values of the photothermal
conversion efficiencies are similar to those obtained for other
INFs composed of, for example, CDs or graphene oxide.18,93

The rate constant of heat dissipation (B) for the different
samples was also calculated using eq 2. Its linear plot is shown
in Figure 6d for the IL1IL2 mixture and the SFIL1IL2-3h INF as
examples. Table 2 demonstrates that the slightly largest rate

constant corresponds to SFIL1IL2-3h, followed by SFIL1IL2-4h
and SFIL1IL2-5h; however, all values are larger than that of the
pure IL1IL2 mixture. The photothermal conversion energy is
ηpc, considering that thermal dissipation was determined using
eq 6. The as-derived values are depicted in Table 2. SFIL1IL2-
3h shows the best efficiency among the three INFs (9.8%).
It is of interest to comment on the differences observed in

the heating−cooling curves and in the corresponding photo-
thermal conversion efficiencies. These may arise from the

potential slight differences in the optical properties and, thus,
in the band gap energies of the fabricated INFs. As inferred
from the TEM images represented in Figure 1, the size of the
synthesized CDs showed slight differences, decreasing from
3.82, to 2.47 and then to 2.10 for SFIL1IL2-3h, SFIL1IL2-4h,
and SFIL1IL2-5h, respectively. Typically, such size changes are
a consequence of the loss of functional groups. Since the size of
CDs in derived INFs follows the sequence SFIL1IL2-3h >
SFIL1IL2-4h > SFIL1IL2-5h, the observed temperature incre-
ments and photothermal conversion efficiencies would
correlate with the increase in the CDs’ band gap upon
decreasing the particle size94 and the subsequent difference
between the incident photon energy and the electronic gap
being wasted as heat which might elevate the temperature of
the surroundings (Figure 6e). Therefore, the reduction of the
band gap can enhance the photoconversion efficiency. Indeed,
the latter is larger in the case of SFIL1IL2-3h and thus, in
perfect agreement with the obtained efficiency data when
calculated with the equation including the thermal losses. In
addition, the different synthesis times may have led to slightly
different decomposition states of the SF protein, which in any
case is not complete, and, thus, we have the resulting
organization of the SF residual chains and ILs molecules
surrounding the CDs. Moreover, XPS data also reflect slight
changes in binding energies for heteroatom signals, particularly
for N and O, which are also known to affect band gap energy.
In summary, any chemical/physical modification that affects
the band gap energy in CDs can give rise to changes in their
capacity for light absorption and, subsequently, in the
photoconversion efficiency of the INFs.
Finally, the temperature distribution profile upon irradiation

of the SFIL1IL2-3h INF at different times was monitored with a
thermal camera. Figure 7 shows that there exists a temperature
gradient in the sample, with a hotter region corresponding to
the area directly irradiated by the light and behind it; the heat
is then distributed along the remainder of the sample. It is
observed that as the irradiation time increases, the temperature
becomes higher, not only in the illuminated area but also in the
surroundings, as a consequence of the thermal diffusion
(Figure 7b,c). In addition, it also corroborates the presence of

Table 2. Photothermal Conversion Efficiency, ηpc, Rate
Constant of Heat Dissipation, B, Equilibrium, Teq, Initial
Ambient, Tamb, Temperatures, and Sample Mass Used in
Light Irradiation Experiments

sample Tamb (°C) Teq (°C) m (g) 10−4 B (s−1) ηpc

IL1IL2 mixture 23.4 50.5 2.46 7.6 4.0
SFIL1IL2-3h 24.2 61.2 2.95 11.5 9.8
SFIL1IL2-4h 25.7 60.4 2.83 11.1 8.9
SFIL1IL2-5h 22.7 55.8 2.88 10.4 8.0

Figure 7. Temperature distribution under light illumination detected with a thermal camera. (a) IL1IL2 mixture after 10 min of irradiation.
SFIL1IL2-3h after 5 (b) and 10 min of irradiation with (c) side and (d) front views of the irradiated sample cell.
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the CDs in the base IL mixture favoring the achievement of
larger temperatures when compared to the neat IL1IL2 liquid
mixture (Figure 7a).
To get insight into the stability of the INFs, a reusability test

was performed with SFIL1IL2-5h. Figure 8 shows that the

variation of temperature ΔT between the different cycles
remained essentially constant (34.7, 34.5, 34.9, 34.3, 34.5, and
34.6 °C from the first to the sixth cycles, respectively). The
TEM image reproduced in Figure S9a demonstrates that the
particle size of the CDs in the sample was preserved after the
reutilization. After the sixth heating−cooling cycle, the
dimension of the CDs was 2.15 ± 0.46 nm versus 2.10 ±
0.80 nm prior to cycling. Therefore, we are led to deduce that
the band gap of the CDs remained the same during several
cycles, thus being in accordance with the similar temperature
variation between cycles (Figure 8). The TGA curves of
SFIL1IL2-5h recorded before and after cycling, represented in
Figure S9b, indicate that the cycled sample contained slightly
more water (Figure S9b, red line) than the noncycled sample
(Figure S9b, black line) (water loss of 13 and 9%,
respectively). The UV−visible absorption spectrum of cycled
SFIL1IL2-5h shows a new band at 450 nm (Figure S9c, red
line), and both the excitation and emission spectra reveal a red
shift after the reutilization test, pointing out that the absorption
of water affected the optical properties of the CDs.
Comparison of the temperature dependence of the Cp of
reutilized (Figure S9f, red line) and as-synthesized (Figure S9f,
black line) SFIL1IL2-5h allows concluding that cycling induced
an increment of Cp of about 0.20 J K−1 g−1 within the whole
interval of temperatures considered. This effect may be
associated with the presence of additional water in the cycled
sample. In conclusion, we may state that SFIL1IL2-5h has
remarkable stability over a long period of time and over the
whole range of the working temperatures.

■ CONCLUSIONS
There is a pressing need for new processes and new material
systems able to tackle the main challenges imposed by
advanced thermal technologies in terms of sustainability and
heat transfer enhancement. In this context, we propose
attractive INFs incorporating CDs produced from B. mori-

based SF dispersed in a mixture of [Bmim][Cl] and
[SBmim][Trif] ILs. While the former IL acts primarily as a
SF solvent, the latter IL promotes the disruption of the SF
chains. Their functional groups remain at the surface of the
CDs. The synthesis is simple and relatively fast and does not
require any purification steps. Reaction times of 3, 4, and 5 h
were tested, yielding uniform spherical CDs with average
diameters of 3.82 ± 0.86, 2.47 ± 0.60, and 2.10 ± 0.80 nm,
respectively, and revealing the presence of graphene diffraction
planes.
The novel INFs are essentially viscous fluids with shear

thinning behavior at high shear rates. Remarkably, the presence
of SF-based CDs considerably enhances the viscoelastic
properties when compared with the neat mixture of ILs. The
SFIL1IL2-4h shows the highest shear viscosity and viscoelas-
ticity (both G′ and G″‘). Interestingly, this was the most
efficient system in terms of photothermal conversion. Due to
the inherent complexity of these systems, interparticle and IL
ion interactions and reorganization are expected to strongly
affect not only the rheological performance but also the
thermal features.
The INF samples display efficient emission with a quantum

yield up to 0.09 in the visible spectral range under UV/blue
irradiation. The emission peak position red-shifts as the
excitation wavelength increases, suggesting a luminescence
mechanism involving surface state energy levels from the
various functional groups present on the surface of the CDs.
Under conditions mimicking solar irradiation, the obtained

INFs are able to transform light into heat, with maximum
photothermal conversion efficiencies above 20%. The synthe-
sized SF-derived CDs and the subsequent rearrangement of IL
molecules around their surfaces play here a key role in
enhancing both the INF heat capacity and thermal
conductivity compared to the situation in the base fluid.
The reusability test carried out confirmed the high stability

of the INFs over time in the working temperature interval.
We foresee that the present family of INFs, which relies on

an extremely versatile, yet simple, design concept, will soon
yield a wide range of other attractive systems. Changes in the
reaction conditions and in the nature and relative proportion
of the ILs are expected to give rise to a wide variety of
materials with fine-tailored properties. For instance, recent
results of ongoing work allow us to state, as we write, that the
increase in reaction time plays a key role in the optical features
of the INFs. Anyway, for the sake of clarity, it is essential to
stress that the reaction conditions employed in the present
work were not established at random. They are the result of a
thorough, systematic, and time-consuming optimization that
enabled us to establish the threshold parameters, i.e., the
conditions that guarantee the formation of the SFIL1IL2 INFs:
(1) the IL1/SF stoichiometry (10/1 weight ratio), which was
dictated by the minimum amount of IL1 ([Bmim][Cl])
required to dissolve the SF powder at 100 °C; (2) the IL2/SF
stoichiometry, which was based on previous reports for the
synthesis of INFs with polysaccharides but especially on the
practical observation that the decrease in the amount of IL2 did
not promote the synthesis reaction; (3) the selection of IL2
([SBmim][Trif]), chosen out of a set of other ILs also bearing
sulfate groups which were also tested, but with no success; (4)
the temperature for the dissolution step (100 °C), which
corresponds to the minimum temperature for IL1 to dissolve
the β-sheets of SF; and (5) the synthesis temperature (80 °C),
which represents the minimum temperature required to initiate

Figure 8. Reusability test of SFIL1IL2-5h (irradiation duration of 60
min at 1 Sun illumination intensity and cooldown period of 90 min).
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the reaction. In the future, important aspects, such as the
influence of humidity or contaminants, among others, will have
to be investigated.
Overall, the results reported open the door to a new series of

exciting INFs offering excellent prospects, not only for the
domain of heat transfer fluids but also for other related fields.
Unpublished work demonstrates that these INFs are excellent
candidates as active layers of smart thermotropic windows and
electrochromic windows.
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