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Thermal management and heat dissipation are universal challenges related to high-power systems. Graphene and
its related composite materials exhibit the potential for widespread application as thermal management materials
owing to their high thermal conductivity and emissivity. In this study, we synthesize polyimide (PI)-derived
graphene (PDG) incorporated with NbC nanoparticles via CO, laser scribing on Nb precursor-containing PI
sheets. The resultant NbC-decorated PDG (NbC-PDG) shows improved thermal conductivity (0.70 W/m-K)
compared with bare PDG (0.24 W/m-K). We use NbC-PDG as an efficient heat sink for industrial computers (ICs),
light-emitting diode (LED) modules, and lithium-ion batteries (LIBs). The equilibrium temperature of the ap-
plications can be reduced significantly by the NbC-PDG layer owing to its excellent radiation heat transfer. After
integration of the NbC-PDG heat sink, the equilibrium temperatures of the IC, LED module, and LIB decreased by
8.1, 9.9, and 7.3 °C, respectively. Accordingly, the performance, efficiency, and lifetime of optoelectronic and
electrochemical systems can be enhanced considerably. The NbC-PDG composite with broadband absorption and
excellent photothermal properties can be applied for efficient solar-thermal energy conversion. Additionally, we
fabricate an NbC-PDG-deposited melamine sponge via spray coating and evaluate its performance in solar-driven
desalination and water purification.

1. Introduction across a system. Localized areas with high temperatures typically exhibit

reduced performance, accelerated component aging, potential system

Thermal management refers to the process of controlling the tem-
perature of electronic devices to avoid overheating, improve efficiency,
and ensure proper functioning and longevity. Effective thermal man-
agement is becoming increasingly critical as technology advances and
devices become more compact and powerful. Most electronic compo-
nent failures are caused by overheating due to nonhomogeneous heat
accumulation and dissipation [1,2]. Unsatisfactory thermal manage-
ment can result in the formation of hotspots and temperature gradients
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failure, and safety issues [3]. Furthermore, temperature gradients can
induce thermal expansion and generate mechanical stress in electronic
devices [4]. Therefore, highly efficient thermal management techniques
must be devised to satisfy the demands of modern applications.
Generally, heat is dissipated from electronic components via thermal
conduction and convection [5]. This involves the rapid transfer of heat
from a heat source to a medium with high thermal conductivity, such as
copper- or aluminum-based heat sinks, followed by the dissipation of
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excess heat into the surrounding environment using fans to enhance
airflow through forced convective heat transfer. However, owing to
technological progress to satisfy the requirements for integrated com-
ponents, higher voltages/currents, and miniaturization, a space for fan
installation is almost non-existent. In such cases, radiation heat transfer
contributes significantly to heat dissipation as it does not require any
medium or space. Heat transfer through thermal radiation is solely
based on temperature difference. However, most metallic surfaces have
a relatively low emissivity in the infrared spectrum and cannot effi-
ciently transfer heat via thermal radiation. Therefore, the surface
modification of metallic heat sinks with high emissivity increases the
radiative capability required to satisfy the demands of current applica-
tions [6-8].

In recent decades, graphene, which is a two-dimensional monolayer
of graphite, has received significant attention owing to its high thermal
conductivity [9,10], high emissivity [11], and excellent chemical sta-
bility. Compared with chemical vapor deposition [12] as well as ion-
mediated assembly [13] and self-assembly methods [14], spray
coating [15] is a simpler approach that is applicable over large areas to
modify metallic heat sinks with high geometric complexity. However,
graphene dispersions for spray coating require the use of polymeric
binders to enhance the physical adhesion between the graphene layer
and substrate. Although a graphene-modified layer can increase emis-
sivity for better thermal radiation capability, the presence of thermally
insulating polymers creates additional thermal resistance, which is not
conducive to thermal conduction. Therefore, balance must be achieved
between the desired emissivity enhancement and the potential disad-
vantage of increased thermal resistance. In this regard, a modified gra-
phene/polymer resin with high thermal conductivity for spray coating
must be developed.

In 2014, Tour et al. first reported a facile and scalable approach to
synthesize three-dimensional (3D) porous graphene using polyimide
(PI) as the carbon source via a commercial CO; infrared laser platform
[16]. The resultant PI-derived graphene (PDG), which features a high
surface area, electrical conductivity, and tunable morphology, has been
used in a wide range of applications, including energy storage [17,18],
sensors [19], electrocatalysis [20], and electrothermal heaters [21].
Many fillers such as metal oxides [22], carbon nanotubes [23], con-
ducting polymers [24], and transition metal carbides [25,26] have been
used to further enhance the thermal conductivity of graphene. Among
these candidates, NbC has attracted considerable interest based on its
promising properties, such as high chemical stability, high hardness
[27], low thermal expansion coefficient [28], and great thermal con-
ductivity [29]. In general, NbC can be prepared by thermally annealing
the niobium oxides and carbonaceous materials in reducing hydrogen
atmospheres at high temperatures [30]. However, the carbothermal
reduction method is energy- and time-intensive and is difficult to pro-
duce nanocrystalline NbC due to the high annealing temperature.

In this study, we propose a one-step route for preparing a PDG
composite decorated with NbC nanoparticles via CO, laser induction.
With the incorporation of NbC nanoparticles into the PDG, the thermal
conductivity of the NbC-PDG/polymer resin composite is improved
significantly. The radiative heat dissipation performances of the NbC-
PDG coatings are evaluated. Both a LED module and LIBs coated the
NbC-PDG composite exhibit a significant decrease in the equilibrium
temperature, thus resulting in higher efficiency and a prolonged life-
span. In addition, the NbC-PDG coatings exhibit promising solar-thermal
conversion and water purification/desalination owing to their broad-
band absorption. Additionally, an NbC-PDG-modified melamine sponge
(MS) for solar-driven interfacial desalination is demonstrated.

2. Experimental section
2.1. Preparation of NbC-PDG composite

In this study, pyromellitic dianhydride and 4,4-oxydianiline-based
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poly(amic acid) (PAA) (15.0-16.0 wt% in NMP, Sigma-Aldrich) were
used as the precursor solutions for the formation of a PI sheet. Various
amounts of Nb(HC204)5-xH50 (19.9 % Nb,Os min, Alfa Aesar) (0, 5, 10,
15, and 20 wt%) were dissolved in the PAA solution [12 wt% in N-
methyl-2-pyrrolidone (NMP, 99.5 %, Sigma-Aldrich)] under continuous
stirring for 2 h. The Nb(HC204)s/PAA solution was cast on Cu foil using
the doctor blade method. Subsequently, the cast films were dried at
160 °C for 1 h to evaporate the NMP solvent and then hard cured at
350 °C under Ny atmosphere for 2 h to convert PAA into PI. Next, laser
scribing process was conducted on the Nb(HC204)s/P1I film using a 10.6
pm CO; laser system (Universal Laser Systems, VLS3.50) with a focused
beam featuring a diameter of approximately 38 pm (HPDFO™, dual
focusing lenses with a collimator). All the samples were prepared under
ambient conditions using 20 % speed and 1000 pulses per inch.

2.2. Preparation of NbC-PDG dispersion for spray coating

The NbC-PDG composites obtained from the laser-scribing process
were scraped off and then collected. The NbC-PDG was added in 2-buta-
none (99 %, Sigma-Aldrich) with an epoxy resin (15 wt%) purchased
from Transform Biz Enterprise Co., Ltd (CF733-Al-03). The mixture was
dispersed by vigorous mechanical agitation for 1 h and then treated with
a high-power sonicator for 30 min to form a stable dispersion. The NbC-
PDG dispersion was then cast on an Al heat sink or various optoelec-
tronic and electrochemical devices, followed by heating treatment at
80 °C overnight to remove the 2-butanone.

2.3. Characterization

Details of the material characterizations are provided in the Sup-
porting Information.

3. Results and discussion

In this study, we performed CO laser scribing to prepare NbC-
decorated PDG; the scheme for synthesizing NbC-PDG is shown in
Fig. la. First, Nb(HC204)s was added to the PAA solution and mixed
until it dissolved to form a uniform precursor solution. Subsequently, the
dissolved precursor solution was deposited onto a Cu foil for blade
coating, followed by thermal imidization [31] at 350 °C under Ny at-
mosphere to achieve a PI/Nb(HC204)5 film. The PI/Nb(HC304)s5 film
was irradiated with CO; laser in air to form a PDG. During the CO;
irradiation, Nb(HC,04)s was converted into NbC because of the elevated
temperature and hypoxic conditions. The X-ray diffraction (XRD) pat-
terns of NbC-PDG composites with different weight percentages of Nb
(HC204)5 are presented in Fig. 1b. The pristine PDG shows two
diffraction peaks at 25.9° and 43.1°, which are assigned to (002) and
(100) planes, respectively, and indicate its graphitic crystal structure
[32] with an interlayer distance of ~ 3.44 A from the (002) plane. For
the NbC-PDG samples, four additional peaks at 26 values of 34.4°, 40.1°,
58.1°, and 69.5° were indicated, which were assigned to the (111),
(200), (220), and (311) planes of the cubic NbC phase, respectively
(JCPDF card no. 38-1364) [33]. Furthermore, as the content of Nb
(HC204)5 increased from O to 20 wt%, the XRD intensity of NbC
increased, thus indicating an improved crystalline structure. The satu-
ration concentration of Nb(HC204)5 was approximately 20 wt%. When
the concentration of Nb(HC,04)5 in PAA exceeded 20 wt%, precipitation
occurred and could not be completely dissolved. The Nb concentrations
were determined via energy-dispersive X-ray spectroscopy (EDS) point
analysis, and the results are shown in Fig. 1c. As expected, when the
concentration of Nb(HC,04)5 increased from 0 to 20 wt%, the concen-
tration of Nb increased accordingly. Thermogravimetric analysis (TGA)
was performed to quantitatively analyze the NbC content of the PDG.
Fig. 1d shows the TGA profiles of the pristine PDG and NbC-PDG (20 wt
%). The pristine PDG and NbC-PDG underwent the most significant
weight loss at 550 °C and 515 °C at decomposition temperatures of
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Fig. 1. Preparation of NbC-PDG composite. (a) Schematic illustration of synthesis route of NbC-PDG (b) XRD patterns (c) elemental analysis and (d) TGA profiles of

NbC-PDG with various NbC contents.

618 °C and 548 °C (T95), respectively, thus indicating the thermal sta-
bility of the NbC-PDG become poorer. We speculate the poor thermal
stability of the NbC-PDG was resulted from the unreacted precursors
remaining within NbC-PDG (see the Fig. 3e).

After heating at 1000 °C, the pristine PDG showed almost no resid-
ual. By contrast, the final weight of the NbC-PDG was 18.33 % at
1000 °C, which is attributed to the NbC nanoparticles.

Transmission electron microscopy (TEM) was performed to monitor
the nanostructure of the NbC-PDG composites with various Nb(HC304)5
concentrations. As shown in Fig. 2a, the pristine PDG exhibited a few-
layer graphitic sheet with a smooth surface. Upon careful observation,
it can be noticed that within these sheet-like graphene structures, there
also exist some fiber-like structure as indicated by the arrow. Fig. 2b
shows that miniscule NbC nanoparticles were sparsely distributed on the
NbC-PDG (5 wt%) surface. The number and grain size of the NbC
nanoparticles decorated on the PDG surface increased gradually with
the Nb(HC,04)5 concentration, as depicted in Fig. 2c-d. A magnified
image of the decorated NbC nanoparticle is presented in Fig. 2f, which
shows an approximately spherical morphology with particle sizes
ranging from 10 to 50 nm (Fig. 2e). Furthermore, the lattice fringes with
an interplanar distance of 0.35 nm (Fig. S1) can be observed at the upper
right section of Fig. 2f, which is consistent with the (002) plane of
graphene. The morphology of the NbC-PDG composite (20 wt%) was
further characterized using high-angular annular dark-field scanning
TEM (HAADF-STEM), as shown in Fig. 2g and 2 h, which clearly show
the deposition of NbC nanoparticles on the PDG surface. EDS mapping
was performed to confirm the chemical composition. As shown in
Fig. 2i-j, the EDS mappings indicate the presence of Nb and C in the NbC
domain. However, extremely weak oxygen signals were observed, as
shown in Fig. 2k, which suggests the partial oxidation of the NbC
nanoparticles.

The chemical states of the NbC-PDG (20 wt%) composites were
examined via X-ray photoelectron spectroscopy (XPS) analysis. The XPS
survey spectra presented in Fig. 3a confirmed the presence of C, Nb, and
O in the NbC-PDG composite without any contamination. Fig. 3b-d

show a comparison of the high-resolution C 1 s spectra of PI, the PDG,
and the NbC-PDG. The C 1 s spectrum of PI can be deconvoluted into six
functional groups: C—C (285.4 eV), C=C (284.1 eV), C-H (283.4 eV),
C—N (284.9 eV), C—O (286.6 V), and C=0 (287.9 eV) bonds [34].
After laser treatment, the C—N and C—H groups in the PI vanished, and
the C=0 and C—O groups in the Cls XPS spectra of both the PDG and
NbC-PDG weakened significantly. This indicates the successful removal
of most of the functional groups and the conversion of PI into graphene.
Compared with the C 1 s spectrum of the PDG, that of the NbC-PDG
shows an additional peak at 282.8 eV, which can be associated with
the Nb-C bond in the NbC phase [35,36]. Moreover, the NbC-PDG
showed pronounced Nb 3d XPS signals (Fig. 3e), whereas no Nb 3d
signal was detected in the PDG sample (Fig. 3f). The convoluted spec-
trum of Nb 3d in the NbC-PDG comprised multiple oxidation states,
including NbC and three different niobium oxides (NbC,Oy, NbO,, and
Nb2Os) [37]. This result is consistent with the EDS results (Fig. 2k). The
NbCOy signal observed in NbC-PDG sample indicated that some Nb
(HC204) precursor cannot be completely converted into NbC. The
unreacted precursors remaining within NbC-PDG may result in poor
thermal stability as shown in Fig. 1d.

Fig. 4a shows the Raman spectra of the pristine and modified PDG
with various NbC contents. All samples showed three prominent peaks
associated with the D (1343 cm’l), G (1579 cm’l), and 2D bands (2694
cm™b). The Iop/1g ratios of the five samples were approximately 0.45,
thus implying that they were multilayer graphene structures and that
the number of layers could not be altered upon decoration with NbC
nanoparticles. However, the Ip/Ig ratio of PDG decreased gradually from
0.98 to 0.80 as the NbC content increased, thus suggesting that deco-
rating with NbC can improve the graphitization degree. Scanning elec-
tron microscopy (SEM) images of the pristine PDG and NbC-PDG are
shown in Fig. 4b and 4c, respectively. Most PDG exhibited a porous fiber
structure; however, a few sheet-like structures can still be observed as
indicated in Fig. 4b, which is consistent with the findings of previous
studies [19,38,39]. By contrast, the NbC-PDG (20 wt%) exhibited a
sheet-like morphology with a lateral size ranging between 0.25 and 1.5
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20 nm

Fig. 2. Morphological investigation of NbC-PDG. TEM image of NbC-PDG with different Nb(HC204)s concentrations (a) 0 wt% (b) 5 wt% (c) 10 wt% (d) 15 wt% (e, f)
20 wt%. (g, h) HAADF-STEM of NbC-PDG (20 wt%) and corresponding EDS mapping of (i) C, (j) Nb, and (k) O.

pm. The nitrogen adsorption-desorption isotherms of the PDG and NbC-
PDG are shown in Fig. S2. The surface areas of the PDG and NbC-PDG
were calculated to be 285.3 and 175.1 m2/g, respectively. The smaller
surface area of the sheet-like NbC-PDG composite suggests its solid
structure, which is favorable for the electric and thermal conductivities.
The sheet resistances of the as-prepared PDG are shown in Fig. 4d. As the
NbC content increased, sheet resistance of the NbC-PDG decreased
gradually, which indicates improved electrical conductivity. To further
investigate the effect of the decorated NbC nanoparticles on the PDG, the
thermal conductivities of the composites incorporating NbC-PDG and
the epoxy resin were characterized using the hot-disk method. The
corresponding results as a function of PDG and NbC-PDG loadings are
shown in Fig. 4e. The neat epoxy resin exhibited a low thermal con-
ductivity of 0.24 W/m-K. The thermal conductivities of the epoxy
composites containing PDG and NbC-PDG fillers increased with the filler
loading. Thermal conductivity of both the PDG/epoxy and NbC-PDG/
epoxy composites improved significantly. At a filler loading of 5 wt%,
the thermal conductivity of the NbC-PDG-based composite increased to
0.70 W/m-K, which corresponded to an increase by 191.6 % compared

with that of neat epoxy resin. In fact, this value is 1.27 times greater than
that of the PDG-based composite (0.55 W/m-K). The improved electrical
and thermal conductivities observed after modification with NbC
nanoparticles can be ascribed to the increased degree of graphitization,
desirable lateral structure, and high conductivity of NbC nanoparticles
[33,40]. Radiative heat transfer was significantly affected by the surface
emissivity of the substrate. The average values for both the Al and NbC-
PDG/AIl substrates were measured using a previously reported method
[41], as shown in Fig. 4f. The emissivity of the NbC-PDG/AI substrate
was notably higher (0.93) than that of the bare Al substrate (0.16). These
results indicate that the heat dissipation capability of the Al heat sink
modified with the NbC-PDG composite can be further enhanced through
radiative heat transfer.

To further evaluate the thermal dissipation capability of the NbC-
PDG composite, we modified a commercial Al heat sink with the NbC-
PDG via spray coating (Fig. 5a). Photographs of the bare and modified
heat sinks are shown in Fig. 5a. The experimental setup illustrated in
Fig. 5b was employed to evaluate the heat dissipation performance of
the as-prepared NbC-PDG-modified heat sink. An electric heater was
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affixed to the bottom center of the modified heat sink using high-purity
silver paste to minimize the thermal boundary resistance. Four k-type
thermocouples were used to record the temperatures from different re-
gions of the modified heat sink, as shown in Fig. 5b. The temperatures of
the electric heater (T;), bottom (T5), top center (T3), and top corner (T4)
of the heat sink were measured in the four regions. Fig. 5¢ shows the

temperature-time profiles of the four regions with an input power of 15
W. The steady-state temperatures (Ts) of T, T, T3, and T4 were 92.6 °C,
80.8 °C, 76.2 °C, and 73.6 °C, respectively. A comparison of the tem-
perature profiles of the bare, PDG-modified and NbC-PDG-modified Al
heat sinks in region Ts is shown in Fig. 5d. The Ts of the bare heat sink
was 8.9 and 12.5 °C higher than that of the PDG-modified and NbC-PDG-
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modified heat sink, respectively. The increases in the temperature as a
function of the input power of the three heat sinks was compared, as
shown in Fig. Se. All the heat sinks showed an almost linear behavior,
and the bare heat sink exhibits a larger slope than that of the PDG-
modified and NbC-PDG-modified sample. In this result, the NbC-PDG
coating exhibited better heat dissipation capability.

therefore, in subsequent research, we solely focused on this sample.
The temperature profiles of the NbC-PDG-modified heat sink at different
input powers are presented in Fig. 5f (the corresponding profiles of the
bare Al heat sink and PDG-modified sample are shown in Fig. S3). The
cooling efficiency (8) of the NbC-PDG coating at various input powers
was calculated as follows [42]:

AT

=5 @

where AT and AT are the difference in the steady-state temperatures

A

100 T

Temperature (°C)
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of the bare and modified heat sinks and the increase in temperature from
the initial temperature of the heat sink, respectively. As shown in
Fig. 5g, the average 6 value of the NbC-PDG modified heat sink was 27.1
%, i.e., between 26.1 % and 29.6 %. After the heat sink reaches its Ts, the
cooling rate (the heat sinks were allowed to cool down by turning off the
power.) was evaluated based on Newton’s law of cooling, which is
expressed as follows [43]:

S

Here, Ty and 7 are the initial temperature and characteristic decay
time constant, respectively. The t values were calculated by fitting the
temperature-time profile during the cooling process, as shown in
Fig. 5h. The fitted t values for the bare and modified heat sinks were
966.4 and 685.7 s, respectively. These results clearly indicate that the
NbC-PDG coating can enhance thermal radiation and accelerate the
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(e) lateral temperature distribution of two LED modules (f) durability tests of LED modules and (g) emission spectra of LED module recorded before and after

durability test.
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cooling rate owing to its high emissivity. The adhesion between the NbC-
PDG layer and Al substrate was assessed by a cross-cut test. As depicted
in Fig. S, the results revealed that only minor flakes of the coating detach
at intersections (Class 4B), demonstrating the remarkable adhesive
strength. Finally, we tested the practical performance of the NbC-PDG-
modified heat sink by incorporating it into an IC. An image of the IC
motherboard used in this study is shown in Fig. 5i. The burn-in test re-
sults for the IC with different heat sinks are shown in Fig. 5j. In this
designed system, the bare and NbC-PDG-modified samples served as a
cover and heat sink for the IC, as shown in the inset of Fig. 5j. The Ts of
the IC integrated with the NbC-PDG heat sink decreased by 8.1 °C when
the two systems were operated at the same frequency (Fig. 5k). Owing to
the development of high-speed computing systems, thermal manage-
ment has become increasingly important for avoiding overheating and
thermal shutdowns. The NbC-PDG-modified heat sink can efficiently
remove excess heat from the IC, thus affording energy-saving and rapid
computing performance [44].

LEDs are widely used in displays and lighting applications. However,
the luminous efficiency of high-power LEDs is only 15 % to 25 % [45].
The remaining 75 %—85 % of the energy is converted into heat energy,
thus resulting in an increase in the junction temperature, which
adversely affects both their lifespan and efficiency. Hence, the utiliza-
tion of heat-dissipating materials in high-power LEDs to efficiently
transfer excess heat from the LEDs to the surrounding environment is
crucial. In this context, we applied the NbC-PDG composite to the rear
side of a commercial LED module to validate its effectiveness in dissi-
pating heat. Fig. 6a shows a photograph of the front side of the LED
module, which is composed of 20 high-power LED packages with five
ballast resistors integrated on the rear side (Fig. 6b). Fig. 6¢ illustrates
the variation in temperature over time at the ballast resistor position for
both the bare LED and NbC-PDG/LED modules. After turning on the
LED, the temperature of the two modules increased rapidly, and the Ts
values of the bare and NbC-PDG/LED modules after 900 s were 81.9 °C
and 72 °C, respectively. Fig. 6d shows consecutive infrared images of the
back side of the LED module captured at different time intervals after it
was switched on. The highest temperature was observed in the ballast
resistor area, thus indicating thermal accumulation on the resistors.
These hotspots resulted in a lateral temperature gradient on the entire
back side of the LED module. Clearly, modifying the LED module’s
backside with the NbC-PDG composite can effectively alleviate the de-
gree of thermal accumulation. Compared with the bare LED module, the
NbC-PDG/LED module exhibited a much smaller hotspot area at a lower
temperature. The lateral temperature distributions of the two modules
along the black line (see inset of Fig. 6e) are shown in Fig. 6e. The
incorporation of the modified NbC-PDG further reduced the lateral
temperature gradient. These results clearly show that the NbC-PDG
coating with high emissivity can improve heat dissipation via radia-
tive heat transfer. More importantly, a lower operational temperature
can prolong the lifespan of LED modules. As shown in Fig. 6f, the light
output of the bare LED module decreased to 91.9 % after 2000 h of
testing, whereas the NbC-PDG/LED module maintained a light output of
95.4 %, which indicates a stark contrast. The emission spectra of the two
modules after the testing are shown in Fig. 6g. The decrease in the
emission intensity of the LED module, as compared with the initial
emission spectrum, is attributed to the thermally induced yellowing of
the polymeric encapsulant [46].

Energy demand continues to increase worldwide in parallel with
economic expansion. LIBs are regarded as the foremost option for clean
power storage owing to their high energy and power densities. However,
significant heat is generated via electrochemical reactions during the
charging and discharging of high-capacity LIBs. Failure to effectively
dissipate the generated heat results in to an increase in temperature.
When the temperature of LIBs surpasses the designated safety temper-
ature range (60 °C) [47,48], side reactions can be triggered, thus
resulting in undesirable consequences such as thermal runaway, elec-
trolyte fires, or explosions. In this study, we applied the NbC-PDG
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composite to LIBs to enhance their thermal dissipation through radia-
tive heat transfer, which resulted in lower operating temperatures.
Specifically, we deposited an NbC-PDG composite on a commercial cy-
lindrical LIB [LiNiggMng 1C0¢102 (NMC811)//graphite] and investi-
gated the effect of the NbC-PDG layer on the operating temperature of
the LIB during discharge. Subsequently, we monitored the temperatures
in the upper, middle, and lower sections of the cylindrical LIBs (see
Fig. 7a). After the LIBs were fully charged, the temperatures of the three
regions were recorded during the discharge process at a current of 5C
(20 A). The results show that the temperature of the NbC-PDG-coated
LIB increased from 26.9 °C to approximately 55.0 °C and that the T4,
T5 and T6 values were similar, thus indicating its uniform temperature
distribution (Fig. 7b). A comparison of the temperature increase over
time for the bare and NbC-PDG-coated LIBs with the corresponding
current profiles is presented in Fig. 7c. Photographs of the two samples
are shown in the inset of Fig. 7c. The bare LIB reached a maximum
temperature of approximately 61.6 °C after a complete discharge at 5C,
whereas a lower value of 54.3 °C was indicated for the LIB coated with
the NbC-PDG composite. The maximum temperature difference (ATyax)
between the two LIBs after a full discharge under various currents
(1-5C) is presented in Fig. 7d. As shown, the dependence of AT,ax be-
tween the two samples on the discharge rate indicated a linear rela-
tionship, and the AT value increased from 1.4 °C (1C) to 7.5 °C (5C)
owing to the improved radiative heat dissipation. The temperature
profiles of the NbC-PDG-modified LIB are shown in Fig. 7e. The charge/
discharge profiles of the cylindrical LIB at various C-rates are shown in
Fig. S5. The results show that the NbC-PDG-coated LIB with a lower
operating temperature indicated a higher cycling lifetime than the bare
LIB (see Fig. 7f). The capacity retentions of the bare and NbC-PDG-
coated LIBs after 500 cycles at 5C were 71.0 % and 80.1 %, respectively.

Recently, LisTisO;2 (LTO) has emerged as a competitive anode ma-
terial for high-rate and safe LIBs owing to its spinel structure, which
provides 3D transportation pathways for Li" ions and a high operating
voltage of 1.55 V (vs. Li/Li"). However, severe gassing during charge/
discharge cycles and storage, particularly at elevated temperatures,
hinders the widespread development of LTO-based LIBs [49]. In this
study, we improved the thermal dissipation characteristics of soft-
packed LTO-based LIBs by depositing an NbC-PDG layer. Specifically,
we fabricated soft-packed LTO-based LIBs using commercial
LiNig ¢Mng 2C0p 202 (NMC622) and a high-rate LTO developed by our
group [50] as the cathode and anode materials, respectively. The
charge/discharge profiles of the NMC622//LTO LIB with a designed
capacity of 1000 mAh and tested at different C rates are shown in Fig. 8a.
The soft-packed NMC622//LTO LIB delivered a capacity of 947 mAh at
0.1C, which is almost identical to its designed value. Even under charge/
discharge at a high rate of 10C, the LIB afforded a capacity of 728.2
mAbh, thus indicating its excellent rate capability. To monitor the surface
temperature of the soft-packed LIBs, the NMC//LTO LIBs were contin-
uously cycled between 2.7 and 1.5 V at a current density of 10C for 100
cycles. During the repetitive cycling, the surface temperature of the soft-
packed LIBs was recorded using an infrared thermograph, and the re-
sults are presented in Fig. 8b). As shown, the surface-modified LIB shows
a lower temperature (49.2 °C) than the bare LIB (58.1 °C) after the re-
petitive cycling. The maximum temperatures (Tpay) of the two soft-
packed LIBs recorded at various C rates after 100 cycles are shown in
Fig. 8c. The Tpax value of the bare LIB exceeded that of the NbC-PDG-
modified LIB, thus suggesting improved heat dissipation by radiation.
Thermal infrared images of the bare and modified LIBs at 10C are shown
in Fig. 8d and 8e, respectively. The images show that the deposited NbC-
PDG layer not only efficiently reduced the temperature, but also uni-
formly distributed the temperature on the LIB surface. The lower tem-
perature with a more even distribution of the modified NMC622//LTO
LIB can suppress gassing during the charge/discharge process. As shown
in Fig. 8f, the expansion rate of the bare NMC622//LTO was 86.1 % after
200 cycles, which was 1.37 times higher that of the NbC-PDG-modified
LIB (63 %) owing to its higher operation temperature. Digital



Y.-S. Hsiao et al.

Chemical Engineering Journal 483 (2024) 149007

T T T T T T T T — 50
(b) A —bareLIB
_ { & —NbC-PDGLIB ~ Y .o
£ 2
e 55.8 °C = 122
= P 2 £
s / o ©
] / ,546°C P | P
a 54.0 °C o £
E £ o
] 1 & 110
ol 30}
. . . : : : . . Ay
0 500 1000 1500 2000 0 200 400 600 800 1000 1200
Time (s) Time (s)
——————r 100
(d)sf = (f)
—_ < 90
3) c I
~ 6r ~ S &0
O [ = L
~ 5 g 70
g 4r s s |
= b ] |
<] (=% = L
21 £ S s )
§ @ g [ ——-NbC/PDG-MNC811//graphite
= & ag| -—=-bare MNC811/igraphite ]
(3}
Py f . .
1 2 3 4 5 0 1000 2000 3000 4000 0 100 200 300 400 500
C rate (C) Time (s) Cycle number (n)

Fig. 7. Effect of NbC-PDG heat sink on NMC811//graphite cylindrical LIB. (a) Experimental setup and equipment used to evaluate temperature of cylindrical LIBs at
different positions (b) temperature profile of NbC-PDG LIB at different positions (c) comparison of temperature profiles of bare and NbC-PDG-modified LIBs (inset
images of bare and modified LIBs) (d) plot of AT,y with respect to C rate for two LIBs (e) corresponding temperature profiles of NbC-PDG-modified LIB with various

C rates and (f) cycling stability of two LIBs.

sof —— .
26
(a)  (c)
24 G
; o 50 * 1
< 22 —o1cC o & |
> —osc|{ 3 3 -
8 20 —1c © T /4 > 1
(=] —3C @ S u
> 18 —5cC 3 ' / .
—s6¢C @ % —NMC/ILTO T 2l u/--l:»are NMCILTO
1.6 -. —10¢C I —— modified NMC/ILTO -a-modified NMC/ILTO
0 200 400 600 800 1000 1200 0 5 10 15 20 0 2 4 6 8 10
Capacity (mAh) Time (hr) C rate (C)
-60 100 r T T T r T T T T T T
[ | (f) -2-modified NMC//LTO L (g) ]
‘ — -8-NMC/LTO g—"" COz  CzHe
g st / 1 -
© ; s | i
E 50 | . * Al \'.s.' CO
c o 2 [He
] ‘a || N| cHe i
n ) =
S 250 - . o |[°
g_ I ‘ ’ ] £ CaHe CsHs CsHs
é cyclin - .
W o YT adtercyeling R
0 50 100 150 200 0 3 6 9 12 15 18
Cycle number (n) Time (min)

Fig. 8. Effect of NbC-PDG heat sink on NMC622//LTO soft-packed LIB. (a) Charge/discharge profiles of NMC622//LTO LIB with various C rates (inset image of soft-
packed LIB during charge/discharge process) (b) surface temperature of LIB during continuous charge/discharge process between 2.7 and 1.5 V at current density of
10C for 100 cycles (c) plot of Tpax with respect to C rate for two soft-packed LIBs thermal infrared images of (d) bare and (e) NbC-PDG-modified LIBs (f) expansion
rate of two LIBs (inset images of LIB before and after cycling) and (g) GC-BID chromatogram of gases formed during repetitive cycling.

photographs of the NMC622//LTO LIB before and after cycling are
shown in the inset of Fig. 8f. The chemical components of the gas species
generated from the NMC622//LTO LIB were analyzed via gas
chromatography-barrier discharge ionization detection (GC-BID), as
shown in Fig. 8g. Hy, CO, CO, and some hydrocarbons such as CHy,

CyH4, CoHg, C3Hg and C3Hg were the major components, which is
consistent with previous results [51,52].

Owing to its broadband absorption capability [53-55], the NbC-PDG
can be used as a light-to-heat conversion nanomaterial for water puri-
fication and desalination. In this study, we deposited an NbC-PDG
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composite on a commercial macroporous MS (NbC-PDG/MS) via spray
coating, which can be utilized as an efficient solar-thermal conversion
medium. In the designed construction, the 3D porous skeleton of the MS
increased the surface area for solar absorption, with multiple scatterings
and decreased reflections [56]. The UV-vis-NIR absorption spectrum of
NbC-PDG is shown in Fig. S6. The solar-driven water evaporation and
desalination properties of the modified sponge were demonstrated. The
experimental setup is shown in Fig. 9a. The bare and modified MS were
placed in a glass container with an opening on top, and a transparent
glass lid was positioned atop the desalination apparatus. Under solar
irradiation, the water thermally vaporized by the NbC-PDG/MS can be
naturally condensed on the transparent glass cover and accumulated at
the bottom. Digital photographs of MS with different coating numbers
and the corresponding water contact angles are shown in Fig. 9b. The
MS surface exhibited hydrophobic properties after NbC-PDG modifica-
tion. The contact angle of the MS increased from 111.5° to 123.5° as the
number of coatings increased. However, the water droplet was imme-
diately absorbed by the pure MS sponge and the contact angle cannot be

i i
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twice thrice

123.5¢

2.0 O
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measured. Additionally, the surface morphology of the NbC-PDG/MS
was investigated via SEM, as shown in Fig. 9c. Open macropores with
3D structures were maintained after the NbC-PDG modification.
Furthermore, the NbC-PDG/MS showed a much rougher surface with
many nanoparticles decorated on the MS compared with the bare MS
(Fig. S7). The SEM images with higher magnification are also provided
in Fig. S8. Fig. 9d shows the water evaporation rate of the modified MS
with different coating numbers under 1 sun illumination. The changes in
water evaporation mass for the various modified MS samples are illus-
trated in Fig. 9e. The modified MS coated with NbC-PDG exhibited the
highest evaporation rate of 1.23 kg/m? h. Moreover, a comparison of the
correlation between the solar evaporation rate and solar intensity of the
bare and modified MS is presented in Fig. 9f. The evaporation rates of
both samples increased linearly with the solar intensity. The slope of the
NbC-PDG/MS extracted from Fig. 9f was 5.46 times larger than that of
the bare sample, thus indicating its improved solar-vapor conversion
efficiency. Finally, the seawater desalination and water purification
capabilities of the modified MS were evaluated. Fig. 9g shows the
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Fig. 9. Solar-thermal conversion performance of NbC-PDG/MS. (a) Experimental setup used to evaluate solar-thermal conversion capability of NbC-PDG/MS (b)
images of NbC-PDG/MS showing their coating numbers and corresponding water contact angles (c) SEM image of modified MS (d) solar evaporation rate and (e)
corresponding mass change of NbC-PDG/MS with different coating numbers (f) plot of solar evaporation rate with respect to solar intensity (g) seawater mass change
of NbC-PDG/MS with different solar intensities ICP analysis of seawater (h) before and (i) after desalination (j) absorbance spectrum of MB solution before and after

solar-driven purification (inset the MB solution before and after purification).
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seawater mass changes exhibited by the NbC-PDG/MS at 1 and 2 sun.
Based on the mass change — time profile, the seawater evaporation rates
of the NbC-PDG/MS were 0.95 and 1.45 kg/m2h at 1 and 2 suns,
respectively. To assess the quality of the desalinated water, the con-
centrations of five major elements (Mg, Ca, Na, K, and S) were measured
via ICP analysis both before and after desalination. As shown in Fig. 9h
and 9i, the concentrations of the five elements in the desalinated water
reduced to relatively low levels. The salinity level established by the
World Health Organization is 103 ppm, which is significantly higher
than that of our desalinated water samples [57]. The solar-driven water
purification capability of the modified MS was examined in the same
manner. The quality of the purified water obtained from methylene blue
(MB) solution was confirmed by measuring the optical absorption
spectrum, as shown in Fig. 9j. The clean water exhibited near-zero op-
tical absorbance between 300 and 800 nm, thus indicating the successful
removal of MB.

4. Conclusion

In this study, we successfully prepared a PDG decorated with NbC
nanoparticles via CO; laser scribing approach. The as-prepared NbC-
PDG composite possessed a greater degree of graphitization and higher
conductivity than bare PDG. When combining the NbC-PDG with epoxy
to form a composite, the resulting NbC-PDG/epoxy demonstrated better
thermal conductivity (0.70 W/m-K) than PDG/epoxy (0.55 W/m-K). By
depositing the NbC-PDG composite onto the conventional Al heat sink,
the Ts value reduced by 12.5 °C as compared with the case of a bare Al
heat sink consequently, an average & value of 27.1 % was achieved via
radiative heat dissipation. Utilizing the NbC-PDG as a heat sink can
result in reduced operating temperatures and a more homogeneous
temperature distribution in ICs, LED modules, and LIBs, thereby
enhancing their performance, lifespan, and cycling stability. In addition,
we fabricated an NbC-PDG-modified MS for efficient solar-driven
desalination and water purification. Benefitting from the broadband
absorption and excellent photothermal properties of the NbC-PDG
composite, the water evaporation rate of the NbC-PDG/MS was 5.46
times larger than that of bare MS. Additionally, the modified MS also
demonstrated remarkable desalination and water purification
capabilities.
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