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Ultrahigh-Working-Frequency Efibédded Stipercapacitors

with 1T Phase MoSe, Nanosheets for System-in-Package

Application

Zhi Jiang, Yang Wang, Shuoguo Yuan, Lu Shi, Ni Wang, Jie Xiong, Wenhui Lai,
Xuanyu Wang, Feiyu Kang, Wei Lin, Ching Ping Wong, and Cheng Yang*

Commercial aluminium electrolyte capacitors (AECs) are too large for inte-
gration in future highly integrated electronic systems. Supercapacitors, in
comparison, possess a much higher capacitance per unit volume and can be
embedded as passive capacitors to address such challenges in electronics
scaling. However, the slow frequency response (<10' Hz) typical of super-
capacitors is a major hurdle to their practical application. Here, it is demon-
strated that 1T-phase MoSe, nanosheets obtained by laser-induced phase
transformation can be used as an electrode material in embedded micro-
supercapacitors. The metallic nature of MoSe, nanosheet-based electrodes
provides excellent electron- and ion-transport properties, which leads to an
unprecedented high-frequency response (up to 10* Hz) and cycle stability (up
to 10° cycles) when integrated in supercapacitors, and their power density
can be ten times higher than that of commercial AECs. Furthermore, fabri-
cation processes of the present device are fully compatible with system-in-
package device manufacturing to meet stringent specifications for the size
of embedded components. The present research represents a critical step
forward in in-package and on-chip applications of electrolytic capacitors.

1. Introduction

Future electronic systems will feature even
higher integration level, with isolated com-
ponents and modules in a single package
(system-in-package, SiP) or even on a chip
(system-on-chip, SoC). These systems
require all components to have better
performance and smaller size to cater to
the burgeoning wearable electronics and
internet of things (I0Ts) markets.l! In
order to obtain a shorter interconnection
distance and more compact size, isolated
components (e.g., resistors and capacitors)
with miniature size embedded into sub-
strates is urgently needed.’! Aluminium
electrolyte capacitors (AECs) represent a
typical example, which occupy =1/3 of the
global capacitor market with an annual
shipment of =170 billion pieces.’! Cur-
rently, the smallest commercial AECs are
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still around dozens of cubic millimetres in

size, their thickness is much thicker than
common circuit substrates, and their size is generally larger
than all available passive components. Considering the fact
that current commercial embedded components usually have a
largest dimension of <1 mm (for embedded dies) or thickness
<200 um (for embedded circuits), developing embeddable elec-
trolytic capacitors with both a high capacitance and small form
factor remains an important yet challenging task.

Typical capacitors, including AECs, tantalum capacitors, and
ceramic capacitors, store potential energy by collecting charges
on the plane electrodes, which is very limited by their surface
area. All of them have ceiling working frequencies, depending
on their physical working mechanisms, beyond which they can
only behave as a resistor. As compared, supercapacitors (SCs)
can deliver much higher specific capacitance,* rendering it
possible to discharge electricity with more compact component
size. However, due to the nature of electrochemical capaci-
tors, most available SCs only work at relatively low frequencies
(e.g., 10° Hz), largely inhibiting their electronic applications
(Figure 1). Recently, researchers have developed SC technolo-
gies with novel electrode materials and structures, and some of
the breakthroughs have laid important foundations for future
embedded SC components, such as transferrable thin-film
SCs, tailorable thin-film SCs, and surface-mountable SCs.[t>~7]
Despite these exciting progresses, novel materials with
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Figure 1. Schematic of different kinds of capacitors with different working principles and packaging techniques. The capacitance per unit decreases
with the device size. The SCs, AEC, tantalum capacitor, and ceramic capacitor are listed in the order of working frequency and capacitance per unit.
These devices can be in the form of packs, pin-through-hole (PTH) units, SMD units, and embedded units.

improved charge-storage/transfer properties are still urgently
needed. Among the available electrode materials, 2D materials,
e.g., graphene, transition metal carbides (MXenes), and transi-
tion metal chalcogenides (TMDs), have been regarded as the
most promising candidates for electrode materials due to their
high-rate and capacity performances resulted from their high
specific surface areas, excellent electronic conductivity, and
well-ordered micro/nanostructures.®l Graphene electrodes
have been intensively studied, and high-rate capabilities at
10° V s7! was achieved.®1% Nevertheless, due to the poor wet-
tability between electrolyte and electrode, it is difficult to fur-
ther enhance their rate performance because the hydrophobic
nature of carbon.®-1% Pseudocapacitive MXene-based electrodes
that can deliver a capacitance density of over 300 F g”! when
working at 10 V s7! was recently reported, surpassing the best
known carbon-based supercapacitors in terms of capacity.l!!
For even higher working frequencies, electric-double-layer-type
SCs would be more competitive than pseudocapacitive SCs due
to the much faster discharge rate.

Very recently, TMD nanosheets, such as VS,,[!2 MoS,,[!3l
WS, and MoSe,,”l have shown strong potential as electric-
double-layer-type or pseudocapacitive electrode materials for
SCs. For example, 2H-phase MoSe, nanosheets can achieve a
very high specific capacitance (i.e., 1114.3 F g”!) at low charging/
discharging rates, but this material showed unsatisfactory fre-
quency response and rate capability due to their relatively low
electrical conductance.’>%l On the other hand, their metallic-
phase counterparts display much higher electrical conductivity,
thus showing great promise for electrodes.'>!”18 For instance,
the natural 2H phase can be converted into the metallic 1T phase
via organolithium chemical reaction, which can simultaneously
exfoliate bulk MoS, powders into monolayer nanosheets with a
conversion rate of 70%,; this electrode material exhibited a high
volumetric capacitance (400-700 F cm™) and good cycle sta-
bility over 5000 cycles.'3! Recently, TMD nanosheets were also
produced using the mechanical exfoliation method in ambient
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air, and these nanosheets were converted into the metallic 1T
phase by laser irradiation treatment(1%2%; however, electrochem-
ical energy storage in the laser-induced-transformed 1T TMD
has not been reported.

So far, it is still challenging to simultaneously achieve high
capacity and high working frequency in small-size SCs for the
application in embedded devices. Current commercial AECs
in Figure 1 show a relatively high capacitance level and mod-
erate frequency response (as high as 10°-10* Hz), yet their
component size is very large, and their specific energy is rel-
atively low (on the level of 10 Wh cm™). Even though SCs
show the highest energy density (=10~! Wh cm™) in the family
of capacitors, their weak capacitance performance at higher
working frequencies becomes a major hurdle for wider elec-
tronic applications, especially for future on-chip and in-system
energy/signal managements, where high working frequencies
are necessary. Novel SC components that can be embedded into
a high-density-integration system are highly desired, and their
working frequency should match or exceed that of AECs, both
of which are extremely important yet have not been achieved.

Here, we show that by UV laser irradiation, the naturally
occurring 2H phase MoSe, nanosheets can almost 100% trans-
form into 1T phase (L-MoSe,), which can be used to fabri-
cate embedded SC components for SiP and SoC applications
(exploded schematics are shown in Figure 1), which exhibit
unprecedented rate capability (up to 10* Hz with a phase angle >
60° and relaxation time of =32 us) and cycle stability (insignifi-
cant capacitance loss after 10° cycles). These SCs can deliver
a maximal energy density of 62.6 mWh cm™3, which is even
higher than that of lithium thin-film batteries, while mani-
festing a superhigh power density of 2113 W cm™, which is
higher than the reported results of state-of-the-art SCs and is
approximately ten times higher than that of commercial AECs.
In addition, all involved fabrication processes are fully com-
patible with the green manufacturing of miniaturized devices
to meet stringent specifications for the size of embedded
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Figure 2. Fabrication route for laser-processed 1T MoSe, electrodes and embedded SCs. a) Fabrication of 2D nanosheets from bulk materials by the
liquid exfoliation method. b) The 2H MoSe, nanosheets are electrosprayed onto the current collector. A molecular model of 2H MoSe, and high-
resolution transmission electron microscopy (HR-TEM) image of the 2H MoSe, nanosheets are also shown. c) The 2H MoSe, nanosheets are trans-
formed into the 1T phase by laser irradiation treatment. A molecular model of 1T L-MoSe, and HR-TEM image of the 1T MoSe, nanosheets obtained
by laser treatment are also shown. d) A pair of L-MoSe, electrodes, on two opposite substrate layers, are assembled with cofferdam, electrolyte, and
separator to fabricate an SC cell with a sandwich layout. e) The isolated cell is integrated into a highly integrated multilayered circuit substrate as an

embedded component.

components. The achievement reported herein exhibits a
critical step towards the practical application of micro-SCs in
future highly integrated electronic systems.

2. Results and Discussions

2.1. Fabrication Route for 1T L-MoSe, Electrodes and SCs

The fabrication route for the 1T L-MoSe, nanosheets is given
in Figure 2, and details can be found in the Experimental Sec-
tion. First, the raw MoSe, powders (Figure S1, Supporting
Information) were exfoliated through a modified liquid exfo-
liation method!'” to obtain a mixture of few-layer 2H MoSe,
nanosheets with a thickness of less than 5 nm and thicker
ones (Figure S2, Supporting Information). The initial 2H-phase
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MoSe, nanosheets demonstrated a perfect single-crystal struc-
ture (Figure 2a) and showed a typical trigonal prismatic atomic
configuration of AB-type arrangement.?! A thin porous MoSe,
film was fabricated on a Ti substrate using the electrostatic
spray method, and the total electrode thickness was controlled
at 215 nm (Figure S3, Supporting Information). Subsequently, a
nanosecond laser beam with a wavelength of 355 nm was used to
scan the electrode surface to trigger phase transformation of the
MoSe; electrode from the 2H (Figure 2a) to 1T phase (Figure 2b).
The unwanted areas can be ablated using the same laser at a
much stronger power to render a high-resolution electrode array
pattern. After laser treatment, the crystal structure of MoSe,
changed from hexagonal to tetragonal symmetry, accompanied
by an observable color change (Figure S4, Supporting Informa-
tion).l'*22] The concentration of defects in L-MoSe, increased dra-
matically, as indicated by the clear difference in their morphology

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL

www.advancedsciencenews.com

a

o

& Before laser treatment
§1 000} — After laser treatment
g 500}
=
g of
p =
2500}
=
(8]
-1000+
0.0 02 04 0.6 0.8
e Potential (V) vs. SCE
E
o
=
=
240 235 230 225

Binding Energy (eV)

MATERIALS
|

www.afm-journal.de

— Before laser treatment
— After laser treatment
& 4
®
=
L
=
10 12 14 16 18
f 26 (degree)
El
s
=
w
(=
oL
I=
60 58 52

56 54
Binding Energy (eV)

Figure 3. Characterization of the phase transition of 2H MoSe, nanosheets to 1T MoSe, nanosheets by laser irradiation. TEM images and selected
area electron diffraction (SAED) patterns of a) a 2H phase MoSe;, nanosheet and b) a 1T phase one. c) A comparison of CV curves of 2H (black) and
1T (red) MoSe, electrodes in Na,SO, aqueous electrolyte at a scan rate of 10V s7. d) A comparison of XRD pattern of 2H and 1T MoSe, nanosheets.
High-resolution XPS spectra of ) Mo 3d and f) Se 3d in 2H and 1T MoSe, nanosheets.

(Figure 3a,b), and selected area electron diffraction (SAED) fur-
ther confirmed the successful transformation of the 2H-phase
MoSe, nanosheets. The 1T-phase product typically has an
ADbC-type octahedral atomic arrangement (Figure 2b), which is
different with the 2H phase.l?*l Images of the 3D atomic arrange-
ment of different phases of MoSe, are shown in Figure 2a,b. And
more characterization related to the phase transformation will be
discussed in the structural characterization part.

To fabricate the embedded SC components, a piece of
prepreg (a half-cured thermally crosslinkable epoxy resin sheet,
thickness: 76 pm) was sculpted by high-power laser to obtain an
in-plane structure complementary to the patterned electrodes.
This prepreg was used as both a binder and cofferdam to
construct isolated cell units and to prevent leakage of electrolyte
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(Figure 2c; Figure S5, Supporting Information). Subsequently,
an SC was fabricated using the above obtained electrodes, cof-
ferdam, electrolyte, and separator by a hot-lamination pack-
aging technique with aligned position, which can be integrated
as an embedded component in a highly integrated system
(Figure 2d). Moreover, the packaging technique of the isolated
cells is fully compatible with the industrial large-scale fabrica-
tion process of packaging substrates.

2.2. Structural Characterization of the MoSe, Nanosheets
Figure 3c demonstrates the cyclic voltammetry (CV) results of

the L-MoSe, electrodes before and after laser treatment with
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different laser powers to induce phase transformation. A
laser power of 1.000 W (corresponding to a power intensity
of 2.55 x 10® W cm™) was chosen as the standard processing
parameter, and a capacitance increase of around 50% can be
obtained after laser treatment. The capacitance increase after
laser treatment comes from the phase transformation. The
capacitance of the electrode at high-frequency range mainly
comes from the electric double layers, which is decided by the
specific surface area, pore size distribution, and conductivity.
After laser treatment, semiconducting 2H phase nanosheets
are transformed into metallic 1T phase ones, which can facili-
tate the free electron tunnelling through the interface between
the current collector and active material.

Next, X-ray diffraction (XRD, Figure 3d) and X-ray photo-
electron spectroscopy (XPS, Figure 3e,f) were used to monitor
the exfoliation and phase engineering processes. Compared to
the XRD pattern of MoSe, powder (Figure S6, Supporting Infor-
mation), the electrostatically sprayed film composed of MoSe,
nanosheets showed a broader (002) peak and enhanced inten-
sity of the (106) peak, which indicates that MoSe, nanosheets
were randomly distributed by the electrostatic spray technique.
Additionally, zeta potential measurements indicated that these
MoSe, nanosheets were weakly negatively charged (=20 mV,
Table S1, Supporting Information). Here, we adopted a laser
beam to transform MoSe, nanosheets from 2H phase to 1T
one. The 1T phase MoSe, has a reported bandgap energy of
0.64 eV, which is 0.81 eV lower than that of its 2H counter-
part (1.45 eV), thus showing a much higher electrical conduc-
tivity.l?!l The effectiveness of phase engineering through laser
irradiation can be confirmed by the XRD patterns, as shown in
Figure 3d and Figure S7 in the Supporting Information. After
laser irradiation treatment, the intensity of the (002) peak was
weakened and its position shifted, indicating transformation to
the 1T phase.'>?* Furthermore, XPS was used to measure the
chemical states of the Mo and Se atoms in L-MoSe,, as shown
in Figure 3e,f and Figure S8 in the Supporting Information.
The Mo 3d spectra of the L-MoSe, nanosheets display strong
double peaks at 228.3 eV (3ds,) and 231.4 eV (3d;),), which
indicates the formation of 1T-phase MoSe,."® Similarly, the
spectra of Se 3d display two large peaks at 53.8 and 54.7 eV,
which can also be attributed to 1T-phase MoSe,.*>! The yield
of 1T-phase MoSe2 nanosheets was almost 100%, which was
a higher conversion rate than that of previously reported TMD
electrodes.[¥] Notably, this laser-induced phase transformation
is also feasible for MoTe, nanosheets, showing general appli-
cability for TMD phase modulations (Figure S9, Supporting
Information). Therefore, the laser-induced phase transforma-
tion is verified by the combined characterization techniques,
including transmission electron microscopy (TEM), XRD, XPS,
and Raman spectra (Figures 2,3; Figures S7-S9, Supporting
Information). As for the mechanism for such phase transfor-
mation, a possible reason is the formation of Se or Te vacancies
during laser irradiation process.’!

2.3. Electrochemical Performance Evaluation

The electrochemical performance of the fully packaged L-MoSe,
SCs with a symmetric sandwich structure was performed
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at scan rates ranging from 0.002 V s! to 10 000 V s7! in an

ionic liquid (J[C,MIm]BF,) electrolyte (Figure 4a,b; Figure S10,
Supporting Information). Ionic liquid electrolyte instead of
aqueous one was selected to avoid any instability issues, such
as oxidation and electro-oxidation of the electrode materials
during cycling. The L-MoSe, SCs showed a high energy of
26.4 mWh cm™3 due to the high specific volumetric capacitance
(26.1 F cm™) and operating voltage (2.7 V). More importantly,
they exhibited an exceptionally enhanced rate performance
with a near-rectangular CV curve (Figure 4a), even at an ultra-
high scan rate of 10 000 V s! (Figure 4b), indicative of typical
electric-double-layer behavior.2®! This phenomenon is quite
different from previous reports on semiconductive 2H MoSe,
nanosheets prepared by hydrothermal method, which showed
only moderate rate capability.*”?8 When the devices work at
high scan rates, the electric double layer behavior dominates
in the energy storage process, indicated by the excellent rec-
tangular shape. On the other hand, SCs based on recently
reported carbon materials, in an attempt to attain high-rate
performance, show a significantly decreased capacitance when
the scan rate is above 200 V s~L.81% [n comparison, a linear
dependence (Figure 4c) of the discharge current on the scan
rate can be recognized up to at least 2000 V s~! for our L-MoSe,
SC (Figure 4d), which features a superior rate capacitance and
power density, i.e., 1664 W cm™. Remarkably, such rate per-
formance is much better than that of ever-reported SCs and
commercial ones.1%?%3% The GCD curves (Figure 4e) showed a
slightly distorted symmetric triangular shape, which can result
from the self-discharge of SCs in the ionic liquid electrolyte
and still indicate superior capacitive behavior.}!l To evaluate the
electrochemical performance of an SC with even higher mass
loading, the thickness of the electrode was increased from 215
to 860 nm. The results show that the SC can maintain 82% of
the specific capacitance even after this fourfold increase in the
electrode mass loading (Figure 4f). Furthermore, our device
performance showed no degradation after a hot-lamination
process at the temperature of 120 °C, which indicated that our
embedded device was compatible with future low-temperature
bonding/joining procedure for surface mountable components
using low-sintering-temperature paste (such as commercial
silver nanoparticle paste, typically sintered at less than 120 °C).
We also demonstrated that this laser treatment process can be
used to convert 2H-phase MoTe, into 1T"-phase one, which
also showed significantly improved electrochemical properties
(Figure S11, Supporting Information). Therefore, this tech-
nology represents a universal strategy for phase engineering
the TMD-based electrodes.

The superior electrochemical performance can be partially
attributed to the intrinsically excellent electrical conductivity
of the 1T MoSe, electrode in the [C,MIm]|BF, electrolyte. The
equivalent series resistance (ESR) of L-MoSe, SCs is very small
as shown in Figure 5a (3.2 and 8.4 Q before and after cycling,
respectively), which is even much smaller than that of reported
carbon-based SCs.*03% Also, the relaxation time constant T is
very short, as shown in Figure 5b (7 = 1/f;, 0.032 and 0.036 ms
before and after cycling, respectively). Both of the small ESR
and short 7, indicate the excellent ion and electron conductivity
of L-MoSe, SCs. The oscillating curve in the middle-frequency
range in Figure 5b can be related to the change in the ionic
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Figure 4. Characterization of the electrochemical properties (CV, GCD) of L-MoSe, nanosheet-based SC in [C,MIm]BF, electrolyte. a,b) CV curves
obtained at scan rates ranging from 1V s™ to 10000 V s, demonstrating an excellent rate capability at ultrahigh scan rates. c) A plot of the discharge
current as a function of scan rate, displaying a linear dependence up to 5000 V s™', suggesting ultrahigh power handling capability. d) Capacitance
retention under high scan rates where the capacitance at 1V s™' was treated as the initial value. e) GCD curves from 2.6 to 65 A cm=3. f) CV curves of
L-MoSe, sandwich SCs with the electrode thickness of 860 nm in [C,MIm]BF, electrolyte.

environment of the electrolyte.l33! Such high frequency response
could be the synergistic result of the excellent electron and
ion transfer ability. The excellent electrical conductivity of the
MoSe, electrode with =100% 1T phase ensures excellent elec-
tron transfer during cycling.!3! The electrode prepared by elec-
trostatic spray deposition is binder-free with randomly stacked
MoSe, nanosheets, which could form abundant interstitial
sites to facilitate free access of the electrolyte to the electrode
surface, and thus contributes to the excellent ion-transport
efficiency.[34

The stable ESR and 7, can also contribute to the superior
stability of L-MoSe, SCs. A capacitance retention of 121.4%
(Figure 5c) was observed after 1 000 000 cycles at 10 V s7},
indicating the super-long cycle stability of our SC, which is
beneficial for practical electronic applications. Such excellent
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cycling stability at high frequency could be the synergistic
result of the following factors: (1) The component packaging
condition (in a glove-box) greatly reduced the content of oxygen
and water, and the inert atmosphere inhibited side reactions
at the interface between the electrode and electrolyte.?” (2) 1T
phase nanosheets are intrinsically stable in our measurement
since a good stability was reported when the temperature is less
than 300 °C.2% Therefore, we can expect an excellent stability
for our devices. As for the slightly increase in capacitance, one
possible reason is that an improved wetting of the electrolyte on
the nanosheets electrodes could be achieved after long-time
immersing.*l Another factor influencing the capacitance is the
morphology change after cycling. XRD, SEM, and TEM analyses
of the MoSe, sample after long-term cycling were carried out
(Figure 5d,e; Figure S12, Supporting Information). We found
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Figure 5. Characterization of the electrochemical properties (EIS, cycle stability) of L-MoSe, nanosheet-based SC in [C,MIm]BF, electrolyte. a) Com-
plex plane plots of the impedance before and after cycling, showing small values and an insignificant change in the ESR. b) Impedance phase angle
versus frequency before and after cycling. The —45° phase angle occurred at =31 640 Hz and =27 540 Hz before and after 1 000 000 cycles. c) Cycling
performance at a scan rate of 10 V s7', achieving a super-long-term cycling stability up to 1 000 000 cycles. d) TEM image of cycled MoSe, product
with a flake shape, and inserted SAED result demonstrating a diffraction pattern contained an interfacial angle of about 84.5°. ¢) HRTEM image of the
cycled MoSe;, product in inset (d), showing an atomic arrangement of Ab type with a 0.197 nm interplanar spacing.

that a layer of porous nanoparticles was formed after cycling
(Figure S12a,b, Supporting Information), and consequently
the (002) peak in XRD pattern shifted with a tiny angle (—0.1°,
Figure S12c, Supporting Information). We also found that a
small portion (less than 5%) of the MoSe, nanosheets turned
into polycrystalline with high defect density and distorted shape
(Figure S12d—g and Table S2, Supporting Information).

For achieving a high specific energy density of the device, a
higher working voltage is preferred. But it is quite a challenging
task since high voltage can cause side reactions at the interface
of the electrode and electrolyte. Here we further increased the
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operating voltage to 3.5 V in the same ionic liquid electrolyte.
As shown in Figure S13 (Supporting Information), the energy
density and power density of the fully packaged SC component
increased to 62.6 mWh cm™ and 2113 W cm™3, respectively. At
such a high working voltage, a capacitance retention of 40%
was observed after 3 000 000 cycles at 10 V s7.

To investigate the electrochemical performance of the
L-MoSe, nanosheet-based SCs in more detail, a Ragone plot
was constructed (Figure 6). Several state-of-the-art miniaturized
energy storage devices, including commercial lithium thin-film
batteries (4 V/500 uAh),?®) commercial surface-mount-device
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Figure 6. Performance evaluation and demonstration of embedded SCs
based on 1T L-MoSe; electrodes. A Ragone plot of embedded SCs based
on MoSe, nanosheets. Comparison of the energy and power density of
embedded SCs with commercial lithium thin-film batteries, conventional
SCs, AECs, and recently reported LSG-SCs and rGO/CNTs SCs.

(SMD) SCs (3.5 V/25 mF),B% commercial AECs (63 V/220 uF),?!
laser-scribed graphene (LSG) SCs,’”) and reduced graphene
oxide (rGO)/carbon nanotube (CNT) SCs,1*® are also shown in
this plot. Compared with the carbon-based SCs, our L-MoSe,-
based ones demonstrate much higher energy densities under
high charging/discharging rates. Remarkably, our embedded
SCs can deliver a maximal volumetric energy density of
62.6 mWh cm™3, which is approximately one order of magnitude
higher than that of the carbon-based SCs (101073 Wh cm)
and comparable to that of the lithium thin-film batteries
(107-1072 Wh cm™). Additionally, our SCs can manifest an
ultrahigh power density of 2113 W cm™3, which is approxi-
mately three to four orders of magnitude higher than that of
conventional SCs (0.1-1 W ¢cm™) and approximately ten times
higher than that of the carbon-based SCs (1-100 W c¢cm3). Fur-
thermore, this value is even higher than that of the commercial
AECs (1-500 W cm™3), showing far superior rate performance
at high frequency than the state-of-the-art carbon-based SCs
(Table S3, Supporting Information). Moreover, due to the
highly reliable electrode preparation and device fabrication pro-
cesses, this embedded SC technology holds great promise for
highly integrated miniaturized energy storage/management
applications.

Currently commercially available AECs are large in size and
in the form of isolated components, which occupy a large geo-
metric surface area on top of a printed circuit board (PCB).
For instance, commercially available personal computers use
six isolated AEC units in the driver circuits for their central
proceeding units (CPUs), which can filter the current and pro-
tect the CPU from damage by abrupt changes in the external
voltage, even though they are much larger in size than most
other components in such an integrated system. Comparatively,
our embedded L-MoSe, SCs, featuring superior high-frequency
filtering ability, high power density, and compact size, have
the potential to cater to such applications and many others (as
shown in Figure 1). As shown in Figure S14 (Supporting Infor-
mation), our SC can be embedded into an integrated circuit
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package substrate to light a red light-emitting diode (LED) for
a few seconds, showing excellent energy storage ability. The
SC technology developed here has significant advantages over
conventional AECs, including the component size (one order
of magnitude smaller), discharge rate performance (one order
of magnitude higher), and flexibility in system design. All these
features are essential for applications on the platforms of SiP
and SoC technologies. Additionally, the fabrication techniques
for our embedded SC are highly compatible with industrial
large-scale processes, which may provide new solutions for
energy management and high-frequency filtering in future
high-integration systems.

3. Conclusion

In summary, we developed a universal method for modulating
the phase characteristics of TMD electrode materials in an
industry-adaptive manner. MoSe, nanosheets serve as a model
material for the integration of novel 2D nanomaterials into
embeddable high-performance SC components. The ultrahigh
rate performance (up to 10* Hz with a phase angle >60° and
relaxation time of =32 us) and superior cycle stability (insignifi-
cant capacitance loss even after 10° cycles) of the embeddable
SC components are far superior to those of commercial AECs
and state-of-the-art SCs. The superior capacitive property and
excellent energy density (62.6 mWh cm™) can be ascribed to
the excellent structural stability of the few-layer L-MoSe,, the
proper pore size distribution and the excellent electrical con-
ductivity of the 1T metallic-phase electrode, which substantially
improves electron and ion transportation. This work shows
that TMD materials can be used for energy storage at rates
exceeding 10 000 V s7!, and even higher rates can likely be
achieved after further optimization of the material composition
and architecture. Furthermore, the fabrication method for the
embedded SCs is highly compatible with industry-scale mass
production, affording new and exciting opportunities in SiP
and SoC applications.

4. Experimental Section

Preparation of 2H MoSe, Nanosheets: MoSe, nanosheets were
prepared by a modified liquid exfoliation method.®! The MoSe,
powder was purchased from Alpha Ltd. (Chengdu, China) and had an
average diameter of =10 um, as shown in Figure S1 in the Supporting
Information. Typically, the MoSe, powder (0.3 g) was added in a mixed
solvent of water (10 mL) and ethanol (20 mL), and the mixture was
sonicated in a sonication bath (Xinzhi-)Y92-1IDN) for 4 h at 0 °C. Then,
the resultant dispersion was centrifuged at 5000 rpm for 10 min and the
supernatant (top four-fifths of the centrifuged dispersion) was collected
by pipette for use.

Preparation of the 1T-Phase L-MoSe, Nanosheet-Based Electrodes:
A solution of MoSe, nanosheets in water—ethanol mixed solvent
(3.22 mg mL™") was used to prepare MoSe, films on a Ti substrate by
the electrostatic spray technique. The precursor was electrosprayed
under an operating voltage of 13 kV onto the surface of the substrate
at an injection speed of 0.5 mm min~', and the temperature of the
spray deposition process was kept at 50 °C for fast solvent evaporation
to obtain a uniform MoSe, film. The thickness of the MoSe, film can
be well controlled by this process. Then, the MoSe, film was exposed
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to a laser beam (wavelength: 355 nm, model: Han’s Laser EP-15-DW,
nanosecond frequency, scanning line speed 4 m s™), and the typical
processing parameter was scanning for one cycle with a working power
of 1.000 W.

Characterization of Materials: The morphology and microstructure
were characterized by field emission scanning electron microscopy (FE-
SEM, HITACH S4800, Japan, working voltage of 5 kV) and TEM (FEI-G2
Spirit, Germany, working voltage of 300 kV). XPS (ESCALASB 250 Xi,
Thermo Scientific, USA) measurements were performed to analyse the
surface species and their chemical states. Deconvolution and spectral
line fitting were carried out using the XPS Peak 4.0 software. Phase and
crystallinity analyses were conducted by XRD (Bruker DS RINT2000/PC,
Germany) using Cu Ko radiation with 2 = 1.5418 A (at diffraction angles
ranging from 10° to 60° and a scan rate of 5° min™).

Characterization of SCs: The prototype SCs were evaluated by CV,
GCD, and electrochemical impedance spectroscopy (EIS) using two
electrochemical stations (VMP3-Bio-Logic, France, and CHI 660E,
China). Only the single electrode was investigated by a three-electrode
configuration in Na,SO4 (0.50 m) aqueous electrolyte, in which a Pt
electrode and saturated calomel electrode (SCE) were used as the
counter and reference electrodes, respectively. Other characterization
for SCs, including EIS test and cycling stability, were done in an ionic
liquid electrolyte. The EIS test was conducted in the frequency range
between 100 kHz and 0.01 Hz with an amplitude of 5 mV at the
open-circuit potential. The calculation details of the electrochemical
performance of the SCs are shown in Section S1 in the Supporting
Information.

Supporting Information

Supporting Information is available online from the Wiley Online Library
or from the author.
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