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ABSTRACT: Energy storage devices for example supercapacitors suffer
from severe capacitance decay at low temperature, which limits their
application in extreme conditions. In spite of great efforts dedicated to
develop a low-temperature-resistant electrolyte, the problem is still not
solved satisfactorily. In this work, to address the problem, black TiO,/
carbonized melamine sponge (CMF) was designed and prepared by
adjusting the band gap of TiO, nanoparticles due to the excellent
photothermal conversion ability of black TiO, nanoparticles. Benefiting
from its excellent photothermal conversion ability, the performance of
flexible supercapacitors at low temperatures has been greatly improved.
A supercapacitor based on activated carbon electrodes is encapsulated in
black TiO,/CMF serving as a photothermal conversion layer at low
temperature. The specific capacitance of a supercapacitor is improved by
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287.67% at —15 °C and improved by 187.51% at —S0 °C under solar illumination. The proposed photothermal conversion material
in this work shows great potential under a low-temperature environment and can be extended to other energy storage devices.
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1. INTRODUCTION

Efficient storage and utilization of energy are essential to
alleviate energy consumption.”” Therefore, energy storage
devices have been widely investigated. As a typical energy
storage device, supercapacitors (SCs) have attracted great
attention due to fast charging/discharging capability, high
power density, and long cycle life. However, their poor
performance under a low-temperature extreme environment
limits their application.” This is due to the gradual increase in
the internal resistance of the electrolyte, which leads to the
inactivation of the electrolyte and the decrease of the anion
and cation mobility in the electrolyte.s_8 At present, the main
strategy to address this issue is to develop a low-temperature-
resistant electrolyte. Numerous electrolytes such as PVA-LiCl-
glycerol,” PAM-PVP GPE,'” and cross-linked PVA hydrogel'’
have been prepared and applied in SCs, which did improve SC
performance at low temperature. In spite of great efforts
dedicated to developing low-temperature-resistant electrolytes,
they still suffer from low ion conductivity, complex preparation
process, attenuation problems, moisture sensitivity, and limited
temperature range. e

To further boost SC performance in low-temperature
environments, the idea of integrating a photothermal
conversion layer composed of photothermal conversion
materials to SCs has been suggested. Photothermal materials
are a class of materials that convert absorbed light energy into
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heat energy. Photothermal effect refers to the interaction
between photon energy and lattice under illumination, which
could provide local thermal energy driven to SCs at low
temperature to improve the energy storage performance.15
Currently, photothermal conversion materials applied in SC
are mainly carbon-based materials such as three-dimensional
layered and porous graphene.”'® In addition to carbon-based
materials, semiconductor materials are widely used as photo-
thermal materials too. In 2011, Chen et al. first reported the
black TiO, produced by hydrogenation, which induced the
enhanced long-wavelength absorption and conductivity in the
visible and near-infrared regions.'” The extensive absorption of
black TiO, is attributed to the introduction of oxygen
vacancies, which provide more electron transport channels,
capture more light energy, and reduce the TiO, forbidden
band width through defects, thus enhancing the efficiency of
light absorption over a wider wavelength range and facilitating
solar absorption in the UV to IR region of the solar
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spectrum.'®'? Although most of the reports on black TiO, are
related to photocatalysts, its wide absorption provides the
possibility to be used for photothermal conversion.

Based on the aforementioned discussion, combining black
TiO, nanoparticles with carbon-based 3D materials is expected
to be an effective strategy to further improve low-temperature
resistance of SCs. Herein, black TiO, nanoparticles with 50 nm
in diameter was prepared, which is attached to a carbonized
sponge skeleton (CMF) to form a black TiO, nanoparticle/
CMF photothermal conversion layer. The photothermal
conversion layer is covered on the surface of SCs to boost
the low-temperature performance of SCs. Due to the better
photothermal conversion ability of the black TiO, nano-
particle/CMF composite compared to that of pure CMF, the
SC performance at low temperature is greatly enhanced. The
specific capacitance of SC is improved by 287.67% at —15 °C
and improved by 187.51% at —50 °C under solar illumination.
The preparation process and test configuration of black TiO,
nanoparticle/CMF are shown in Figure 1. Figurela—d shows
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Figure 1. Schematic diagram of the preparation process of black
TiO,/CMF and test configuration of the SC working under
illumination. (a—d) Treatment process of commercial melamine
sponge (MF), which is washed and kept at 800 °C for 30 min under
the protection of N, to get CMF; (e—h) the CMF is cut into slices
with 1 mm in thickness and dipped into a solution of black TiO,
nanoparticles to acquire a black TiO,/CMF conversion layer. (i) The
layer is attached on SC; (j) tested under illumination of sunlight.

the treatment process of commercial melamine sponge (MF),
which is washed and kept at 800 °C for 30 min under the
protection of N, to get CMF. As shown in Figurele—h, the
CMF is cut into slices with 1 mm in thickness and dipped into
a solution of black TiO, nanoparticles to acquire a black TiO,/
CMEF conversion layer. The layer is attached on SC as shown
in Figureli and tested under illumination of sunlight as shown
in Figurelj.

2. MATERIAL AND METHODS

2.1. Preparation Method of Black TiO, Nanoparticles. Black
TiO, was prepared by NaBH, reduction method using commercial
white TiO, as reactant. First, 4.0 g TiO, and 1.5 g NaBH, were
ground in an agate mortar for 30 min to make them fully mixed.
Then, it was transferred to a tube furnace, and heated at 350 °C under
nitrogen protection for 2 h. The resulted black TiO, nanoparticles are
washed and dispersed in deionized water for later use.”’

2.2. Preparation of CMF and Black TiO,/CMF. At first, the
commercial melamine sponge (MF) foam was cut and washed with
acetone, ethanol, and deionized water each for 1 h. The MF was then
dried and heated to 800 °C for 30 min in N, to acquire CMF. The
CMEF was dipped in nitric acid for 12 h and washed with deionized
water, and it was further soaked in black TiO, solution to acquire

black TiO,/CMFE.*" The detailed preparation process of the organic
hydrogel electrolyte, assembling SCs, and characterization are shown
in the Supporting Information.

3. RESULTS AND DISCUSSION

The scanning electron microscope (SEM) images of CMF and
black TiO,/CMF at different magnifications are shown in
Figure 2. As shown in Figure 2a—c, the SEM images of CMF

g h I
= 12 = Black TiO,
3 2l <o
& kBlack TiO, ° D G S| e
3 Black TiO,/CMF| §0.8 [ 3l %
] s . i
-g Black TiO,/MF g 0.4 = iBlack TiO,/CMF
2|\white TiO, _~ z 5 ~
< 0.0 MF = A “’
400 500 600 700 800 500 1000 1500 2000 250020 30 40 50 60 70

Wavelength (nm) Raman shift (cm™") 2 Theat (6)

Figure 2. (a—c) SEM images of CMF; (d—f) SEM images of black
TiO, /CMF; (g) absorption spectra of white-TiO,, black TiO,, black
TiO,/MF, and black TiO,/CMF; (h) Raman spectra of MF and
CMF; (i) XRD curve of black TiO, and black TiO,/CMF.

indicate that the CMF is a typical 3D porous structure. For
black TiO,/CMF in Figure 2d—f; it can be seen that the black
TiO, particles are embedded in 3D CMF. The absorption
spectra of white-TiO,, black TiO,, black TiO,/MF, and black
TiO,/CMF are shown in Figure 2g. There is significant UV
absorption exhibited by white-TiO,, and the intensity of the
absorption peak decreases rapidly after 400 nm. For black
TiO,, the absorption is enhanced compared with that of white-
TiO,, especially in the range of 400—800 nm. Further, the UV
absorption spectrum of black TiO,/CMEF is higher than that of
black TiO,, which proves that the composite photothermal
material black TiO,/CMF has a higher light absorption
capacity than that of black TiO,. Black TiO, has a large
number of defects and active sites on its surface, which provide
more electron transport channels, capture more light energy,
and reduce the TiO, forbidden band width through defects,
thus enhancing the efficiency of light absorption over a wider
wavelength range and facilitating solar absorption in the UV to
IR region of the solar spectrum.”” However, the UV absorption
spectrum of the black TiO,/MF composite shows a much
lower absorption peak than that of black TiO, and the black
TiO,/CMF, which is due to the low carbon content and white
color of MF. The overall comparison indicates that black
TiO,/CMF has the strongest light absorption ability. Figure
Sla—e is the TEM images of black TiO, nanoparticles under
different magnifications, indicating that the average diameter of
black TiO, nanoparticles is ~50 nm. In Figure Sle, the lattice
spacing of 0.376 nm corresponds to the (1 0 1) plane of TiO,.
Figure S1f shows the elemental distribution of black TiO,, and
Ti and O elements are evenly distributed. The Raman spectra
are shown in Figure 2h. The peaks at 1058 cm™' (N—N-N
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ring) and 2964 cm™' (C—H bond) in MF disappeared after
carbonization, indicating the formation of carbon. Figure 2i is
the X-ray diffraction (XRD) curve of black TiO, and black
TiO,/CMF. The characteristic peaks prove the existence of
black TiO, in black TiO,/CMF, and black TiO, contains
oxygen vacancies.”

The temperature variations of black TiO,/CMF, CMF, and
black TiO, with increasing illumination time are shown in
Figure 3a. In 30 s, for black TiO,, the temperature increases
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Figure 3. (a) Infrared thermographic images of the surface
temperature variation of black TiO,/CMF, CMF, and black TiO,
with time during illumination; (b) Temperature rise curve of the
surface temperature of black TiO,/CMF, CMF, and black TiO,
during illumination; (c) diffusion length of black TiO, and TiO,; (d)
diagram of the black TiO,/CMF photothermal conversion mecha-

nism.

from 32.1 to 58.4 °C, and that of CMF increases from 32.3 to
64.2 °C. For black TiO,/CMEF, the temperature increases from
32.0 to 76.5 °C in 30 s. Figure 3b shows temperature profiles
of black TiO,/CMF, black TiO,, and CMF material surfaces
under one sun illumination. It can be seen that the temperature
rise rate and stability temperature of black TiO,/CMEF are the

highest than those of black TiO, and CMF, indicating that the
coupling of black TiO, and CMF improves the photothermal
conversion of the composites.”* It is also able to convert
photonic energy into thermal energy, thus forming a hot spot
on the surface and transferring the photothermal energy to the
surrounding area. In carbon materials, the presence of diverse
electron orbital properties and anisotropy in sp, sp’, and sp’
hybridization produces a photothermal conversion, which
absorbs photons.”> When the photon energy is greater than the
band gap of the material, it excites electrons and holes within
the material and causes them to leap into the conduction and
valence bands.”**” The electron—hole pairs are attracted to
each other and eventually recombine, at which point the
energy is released in the form of heat. This process is repeated
until sufficient heat has been generated throughout the carbon
material.'’~"” Figure 3c shows the diffusion distances of
carriers in white-TiO, and black TiO,. Black TiO, has a higher
carrier diffusion length than that of white-TiO,. Materials with
longer carrier diffusion lengths can make better utilization of
light energy, thus increasing the photothermal conversion
efficiency. In semiconductor materials, longer carrier diffusion
distances increase the carrier relaxation time at the material
surface and can improve the photothermal conversion
efficiency. Figure 3d shows the contact between black TiO,
and CMF under illumination. When electrons are excited from
the valence band (VB) to the conduction band (CB) in black
TiO,, charge vacancies or holes (h*) in the VB are created. In
the case of the absence of CMF, most of these charges
recombine rapidly. When the CMF is attached to the surface of
black TiO,, the relative positions of the CMF conduction band
edges allow electron transfer from the black TiO, surface,
resulting in charge separation and hindering recombination,
thereby generating thermal energy.”’

In order to explore the excellent photothermal conversion
ability of TiO, nanoparticles containing oxygen vacancies, we
use the first principles to calculate the energy band structure
and density of states (DOS) of anatase TiO,, black anatase
TiO,, rutile TiO,, and black rutile TiO,. The unit cell
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Figure 4. (a) Unit cell structure of anatase TiO,; (b) unit cell structure of black anatase TiO,; (c) unit cell structure of rutile TiO,; (d) unit cell
structure of black rutile TiO,; (e, f) band structure and DOS of anatase TiO,; (g, h) band structure and DOS of black anatase TiO,; (i, j) band
structure and DOS of rutile TiO,; (k, 1) band structure and DOS of black rutile TiO,.
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structures of the four materials are shown in Figure 4a—d.
Figure 4e,f are the band structure and DOS of anatase TiO,;
the calculation results show that the band gap of TiO, without
defects is about 3.291 eV, and the experimental value is 3.2
eV.>® Figure 4gh shows the band structure and DOS of black
anatase TiO,, and the band gap according to theoretical
calculation is reduced to 1.242 eV. For rutile TiO,, the
calculated band gap is 3.130 eV as shown in Figure 4i,j. Also,
the band gap of black rutile TiO, is reduced to 1.471 eV as
shown in Figure 4kl. Previous investigations have indicated
that the changed properties of black TiO, are due to the
introduction of oxygen vacancies. Oxygen vacancies can
capture the surrounding electrons to form a localized state,
resulting in changes in the energy level of the electrons,
inducing in an increase in the density of electrons and holes
near the band gap, thereby reducing the band gap.”” " It can
be seen from Figure S2, that the theoretical light absorption
ability of black anatase TiO, and black rutile TiO, containin
defects is higher than that of anatase TiO, and rutile TiO, >
When the band gap of TiO, is reduced, lower-energy photons
can be absorbed, allowing TiO, to absorb visible and near-
ultraviolet light more efficiently.

Figure S is the simulation of the temperature field
distribution of CMF and black TiO,/CMF under illumination.
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Figure 5. (a) Temperature field distribution of CMF under
illumination; (b) temperature field distribution of black TiO,/CMF
under illumination; (c) TiO, (1 0 1) crystalline structure; (d)
TiO,(101)/CMF molecular structure; (e) TiO, differential charge
density; (f) TiO,(101)/CMF differential charge density; (g) TiO,
and TiO,(101)/CMF absorption spectra calculated by first-principles
calculations; (h) density of states of TiO, and TiO,(101)/CMF.

The high-temperature zone is indicated by red, and the low-
temperature zone is indicated by blue. The average temper-
atures of CMF in Figure Sa increases from 29.3 to 65.6 °C in
30 s. The temperature of the CMF surface shifted uniformly
from top to bottom with a gentle temperature line. In Figure
Sb, the average temperatures of black TiO,/CMF increases
from 33.1 to 76.7 °C in 30 s. From the simulation results, it
can be seen that the temperature of black TiO,/CMF rises
rapidly after exposing to sunlight. The simulation results are
consistent well with that of experiments. Figure Sc,d shows the
crystal lattice structure of TiO,(101) and TiO,(101)/CMF.
Figure Se,f is the differential charge densities of TiO,(101) and
TiO,(101)/CMF, which clearly shows that the C atom
interacts with the Ti atom electron cloud when the C atom
contacts with the TiO, interface.* ¢ Figure 5g,h shows the
absorption spectra and density of states of TiO, and TiO,/
CMEF acquired from theoretical calculations, and it can be seen

that the light absorption ability of the TiO,/CMF composite is
enhanced. The density of states shows that the overall electron
orbitals of the TiO,/CMF material have changed and an
intermediate band gap appears in the TiO, forbidden band
region, which is beneficial to the absorption of photons and the
leap of electrons at the interface ¢ between TiO, and CMF
when TiO,/CMEF is illuminated.””

Figure 6a is a schematic illustration of photothermal layer-
integrated SC, and the optical images of the SC with a
photothermal conversion layer under test conditions are shown
in Figure S3. Figure 6b is a schematic diagram of the cryogenic
tank providing a —50 °C low-temperature environment for the
SCs. The bottom of the tank is injected with liquid nitrogen,
and the SCs fixed at the top of the iron cylinder can reach —50
°C upon cooling. In order to simulate and verify the
temperature filed, the model in Figure S4 is used,”®”” and
the calculation results are shown in in Figure 6¢ and Figure SS.
After injecting liquid nitrogen, the temperature decreases along
the wall of the iron cylinder to form a local low temperature
zone.*’ Figure 6d is the temperature curves corresponding to
different heights of the iron cylinder, and the average
temperature on the top of the cylinder is lower than —50 °C
with enough cooling time, which meets the experimental
requirements. Figure 6e is the GCD curves of SCs measured at
RT with intermittent illumination, and the illumination is shut
down during 25—50s; it can be seen that with illumination, the
GCD cycle increases significantly from 9.4 s to 32 s, which is
due to the photothermal effect on the surface of SC. Figure 6f
shows the GCD curves with intermittent illumination at —50
°C as a function of time. Without illumination during 113—130
s, the GCD curve is shortened obviously, which is due to the
fast discharge at low temperature.”"*> These results indicates
that the photothermal effect could effciently improve SC
performance at low temperature.

According to the theoretical calculation in Figure S5, it is
found that the resistance of the electrolyte decreases with
increasing temperature and the ionic mobility in the electrolyte
increases.””** The resistance value of electrolyte is related to
the performance of SCs. The smaller resistance value of the
electrolyte corresponds to a higher temperature and a larger
area of CV curve.”~* According to the formula for calculating
the capacitance of SCs, it is found that the larger the CV area
is, the greater the capacitance is.”"~>> As shown in Figure S6,
the smaller resistance of the electrolyte corresponds to a higher
temperature and larger area of CV curve. Figure S7 shows the
discharge curve obtained by theoretical calculations, proving
that higher temperature induces lower resistance, higher
capacitance, and the longer discharge time. Figure 7a,b
shows the CV and GCD curves of SC measured at —20, 0,
and 20 °C, respectively. The experimental results confirm that
the higher temperature induces larger CV curve area and
longer discharge time. These results are consistent with the
results of theoretical calculations. In Figure 7c—e, the SC
exhibits the smallest CV area, the shortest discharge time, and
the highest resistance value at —15 °C due to the low
temperature effect. By adding a black TiO,/CMF photo-
thermal layer on the surface of SCs, it can be observed that the
CV curve area and discharge time increases, and the resistance
value of the Nyquist curve decreases. This is because black
TiO,/CMF undergoes photothermal conversion after being
irradiated with light, and the generated heat energy increases
the temperature of SCs, thereby improving the electrochemical
performance of SCs. Figure 7f-h and Figure 7i-k show the CV,
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Figure 6. (a) Schematic illustration of photothermal layer integrated SCs; (b) schematic illustration of the test environment of photothermal SCs at
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Figure 7. (a) CV curves of SCs at —20, 0, and 20 °C; (b) GCD
curves of SCs at —20, 0, and 20 °C; (c—k) CV, GCD, and Nyquist
curves of SC measured at different temperatures; (1) resistances of
SCs in different environments; (m—o) specific capacity of SCs
measured at different temperatures; (p) SCs enhance multiples over
capacitors at low light temperatures.

GCD, and Nyquist curves of SCs with the black TiO,/CMF
photothermal layer under light irradiation measured at —20
and — S0 °C, respectively. The results indicate that the
electrochemical and energy storage performance of black
TiO,/CMF combined SC can be significantly improved by
light irradiation in low-temperature environments. Figure 7k
shows the Nyquist curves of SCs at —S50 °C without
illumination, —50 °C with illumination, and RT, respectively.
For SCs measured at —50 °C without illumination, it shows
the largest resistance. The resistance decrease under
illumination, indicating that the resistance of the electrolyte
decreases with the increase of temperature, which is consistent

with the theoretical calculation in Figures S6 and S7. Figure S8
shows the discharge curve obtained by theoretical calculations,
proving that higher temperature induces lower resistance,
higher capacitance, and longer discharge time. Figure 7m—o
shows the specific capacitance of SCs at different test
environments, which is increased to after adding a black
TiO,/CMEF photothermal layer under irradiation. As shown in
Figure 7p, it is shown that under illumination, the specific
capacitance of SCs increased by 287.67% at —15 °C and
234.15 and 187.51% at —20 and —50 °C, respectively. These
results indicate that present photothermal conversion material
is also suitable for other energy storage devices working in low-
temperature environments.

4. CONCLUSIONS

In conclusion, we propose a strategy of integrating a
photothermal conversion layer to boost the low temperature
performance of energy storage devices. We have developed a
black TiO, nanoparticle/ CMF composite with wide spectrum
absorption and high photothermal conversion performance by
combining the carbon-based skeleton’s broad spectral
absorption characteristics with the light absorption of black
TiO, nanoparticles. For an all solid SC combined present
photothermal conversion layer, under illumination, the specific
capacitance of SC is enhanced by 287.67% at —15 °C, 234.15%
at =20 °C, and 187.51% at —50 °C. Our research has
demonstrated that this innovative photothermal conversion
material has enormous potential for improving the perform-
ance of other energy storage devices in low-temperature
environments.
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