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ABSTRACT: Fiber-shaped electrochemical capacitors (FSECs)
have garnered substantial attention to emerging portable,
flexible, and wearable electronic devices. However, achieving
high electronic and ionic conductivity in fiber electrodes while
maintaining a large specific surface area is still a challenge for
enhancing the capacitance and rapid response of FSECs. Here,
we present an electric-field-assisted cold-wall plasma-enhanced
chemical vapor (EFCW-PECVD) method for direct growth of
vertical graphene (VG) on fiber electrodes, which is incorpo-
rated in the FSECs. The customized reactor mainly consists of
two radio frequency coils: one for plasma generation and the other for substrate heating. Precise temperature control can be
achieved by adjusting the conductive plates and the applied power. With induction heating, only the substrate is heated to
above 500 °C within just 5 min, maintaining a low temperature in the gas phase for the growth of VG with a high quality.
Using this method, VG was easily grown on metallic fibers. The VG-coated titanium fibers for FSECs exhibit an ultrahigh rate
performance and quick ion transport, enabling the conversion of an alternating current signal to a direct current signal and
demonstrating outstanding filtering capabilities.

KEYWORDS: vertical graphene, electric field, cold-wall method, fiber electrodes, line-filtering capacitors

[l Metrics & More | @ Supporting Information

o
°
©

s

§

.
I

e CO00 'H

INTRODUCTION

High-frequency-response electrochemical capacitors (ECs),
yielding the filtering capability of converting alternating current
(AC) ripples into direct current (DC) signals, play an
indispensable role in miniaturized, multifunctional, and high-
power-density electronic systems.'~® Especially, with the rapid
development of portable, flexible, and wearable electronic

Vertical graphene (VG), as a typical three-dimensional (3D)
material with abundant straight open channels and charge
storage surfaces, has been widely used as electrode materials
for electrochemical capacitors (ECs)."*"7~' However, most
of the vertical structures so far are constructed on the planar
current collectors.”*'”~"? Therefore, it is highly important and
meaningful to construct a VG structure on the fibers to

devices, fiber-shaped electrochemical capacitors (FSECs) have
garnered substantial attention due to their appropriate
flexibility and deformability as the fabric structures for energy
storage.”~'* Various fiber materials such as polymeric
fibers'>'* and metallic fibers,"> as well as carbon nanotubes
and graphene fibers, are extensively employed as electrode
materials for ECs.'® Nevertheless, a prevailing dilemma for
most fiber electrodes resides in their structural contradictions,
resulting in a situation where they either possess a restricted
specific surface area or a smooth ion transport pathway.”” This
makes it challenging to simultaneously meet the requirements
of high capacity and fast charge/discharge for electronic
devices. Therefore, it is crucial to design special structures for
fibers to enhance their electrochemical properties.
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fabricate high-performance FSECs. Differing from the physical
methods of assembling VG using graphene oxide as structural
units, plasma-enhanced chemical vapor deposition (PECVD)
enables the direct and rapid growth of VG on various
substrates, becoming the most principal method for the
synthesis of VG.”°~** However, PECVD is limited by its bulky
and expensive equipment; even the commonly used radio
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Figure 1. Homemade cold-wall PECVD system for VG growth. (a) Schematic of the homemade cold-wall PECVD system for the VG growth.
(b) Plots of temperature versus induction heating time when using the graphite (G) plate and the tungsten (W) plate as the electrodes at
different voltages. (c) Temperature simulation on the surface of the Si substrate during induction heating. (d) Temperature distribution
along the vertical surface space of the Si substrate. (e) Raman mapping results of graphene grown on the Si wafer. (f) Height of VG varies
with the distance between the two coils. (g) Height of VG versus growth time. (h) Comparison between cold-wall (CW) and hot-wall (HW)

PECVD.

frequency PECVD (RF-PECVD) still requires a high-temper-
ature heating furnace.”>™*° Therefore, it is crucial to search for
simpler PECVD reaction equipment and more straightforward
fabrication methods to grow VG on fibers.

Herein, we developed a cold-wall method for growing VG in
an RF-PECVD system, which mainly consists of two sets of
radio frequency induction coils. Not only rapid heating and
cooling but also precise temperature control can be achieved
using this homemade reactor. Moreover, only the substrate is
easily heated to above 500 °C through induction heating while
maintaining a low temperature in the gas phase, resulting in as-
grown graphene with a high quality. As demonstrated by the
Raman mapping results, the intensity ratio of Ip/I¢ is 0.49 and
Lp/Ig is 0.91. Using this method, VG was grown on titanium
fibers and then used as the electrodes. This FSEC exhibits
good rate performances at a scan rate of 1000 V s™' and great
capacitance properties of 8.5 mF-cm™ at 120 Hz, which
outperforms most previously reported FSECs (the scan rate

and frequency response typically being <100 V s™' and 1 Hz).
Moreover, the practical line-filtering performance for the
conversion of the AC signal into the DC signal further
confirmed the excellent VG structures with great potential for
quick ion transport.

RESULTS AND DISCUSSION

Electric-Field-Assisted Cold-Wall PECVD Platform for
VG Growth. As shown in Figure 1la, our homemade cold-wall
PECVD system mainly contains two radio frequency copper
coils; one wrapped around the quartz tube is used to generate
plasma, while the other one placed below the quartz tube is
used to heat the conductive plates inside the quartz tube.
Methanol is introduced into the reaction system as the carbon
source. Under the action of plasma, methanol undergoes
decomposition and grows VG on the substrate. A built-in
electric field was introduced into the reaction system to
achieve the strictly vertical growth of graphene sheets, which
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Figure 2. VG grown on different substrates by the cold-wall PECVD system and its formation process. (a) Schematic diagram of VG grown
on the planar substrate. (b) Cross-sectional SEM of VG grown on the Si wafer. (c) Top-view SEM of VG grown on the Si wafer. (d)
Schematic diagram of VG grown on the fiber substrate. (¢) SEM image of VG grown on the Ti fiber. (f) Top-view SEM of VG grown on the
Ti fiber. (g) AFM images of VG grown within 2, 5, 10, and 30 min, respectively. The inset pictures are the Raman spectra. (h) Schematic of

the formation process for VG nanosheets.

was generated by two electrodes put inside the quartz tube and
connected to a direct current power supply. The substrate for
growing VG is placed on the lower electrode, and then a
thermocouple is placed on the substrate to monitor the
temperature in real time. It is important to emphasize that the
temperature of the electrode plate being induction-heated is
dependent on the output power and the electrode material
(Figure S1). When the graphite paper is used as the electrode
and an applied voltage is 90 V, the matched current is 60 A.
With the increasing induction heating time, the temperature on
the substrate surface rapidly increases within 2 min and
stabilizes after S min. Finally, the substrate reached 550 °C
(Figure 1b). Combining air cooling and water cooling, the
reaction system can be cooled to room temperature within 20
min. In addition, as the applied power increases, the heating
rate also increases. A higher temperature was achieved by
replacing the graphite electrode with the high-melting-point
tungsten electrode, which has a high electrical conductivity
(Figure 1b).

The temperature is critical for both the decomposition of the
carbon source in the gas phase and the growth of VG on the
substrate. We used the COMSOL simulation to analyze the
temperature of the cold-walled PECVD system. The results
show that the temperature gradually decreases in the vertical
direction of the substrate (Figure 1c). When the temperature
of the substrate was 550 °C, the temperature in the space 1 cm
away from the substrate is below 250 °C (Figure 1d), which
indicated that only the surface of the substrate has a sufficiently
high temperature for further decomposition of the carbon
source to grow VG. The lower temperature in the gas phase
prevents high-energy plasma from generating complex carbon
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species, thereby reducing the possibility of formation of
amorphous carbon on VG. This also results in a good
conductivity of grown vertical graphene (Figure S2). As-
prepared VG using the cold-wall PECVD method exhibits a
good uniformity as well as a low average I,/I; of 0.49 and a
high average I,,/I; of 0.91 (Figure le, Figure S3).

The growth rate is dependent not only on the reaction
temperature but also on the density of plasma. To analyze how
the density of plasma affects VG growth, we adjusted the
distance between the reaction substrate and the plasma
generator. When the power applied to the plasma generator
is constant, the density of plasma around the substrate surface
is related to the distance between the substrate and the plasma
generator. As the distance decreased, the density of plasma
increased, and thus, the growth rate of VG is increased. When
the distance is 10 cm, VG exhibits the fastest growth rate of 2.2
um-h™" (Figure 1f). However, when the plasma density is
higher than the threshold (Figure S4, the distance is 5 cm), the
stronger plasma has an etching effect that is detrimental to the
growth of VG. In addition, the height of VG increases with an
increase in growth time (Figure SS). VG with a height of 10
um was synthesized for S h (Figure 1g). We compare our
EFCW-PECVD synthesis platform with reported PECVD for
VG growth, showing the exciting combination of very high
heating/cooling rates, low price, and high-quality VG growth
in our platform (Figure 1h and Table SI).

Moreover, the use of induction heating greatly shortens the
heating and cooling times. When using a conventional CVD
tube furnace, considering the protection of the resistance wire,
it usually takes 20 to 30 min to raise the temperature to 600 °C
and at least 1 h to lower the temperature to room temperature.
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Figure 3. Electrochemical performance of FSECs based on the Ti fiber with and without VG. (a) Schematic of FSECs based on the VG-
coated fiber. (b) Nyquist plot; inset: the expanded view at high frequencies. (c) Bode diagrams (frequency versus phase angle) of FSEC-Ti,.
(d) Frequency dependences of the volumetric capacitances (CVs) of FSEC-Ti,. (e) Plots of imaginary capacitances (C”) versus frequency.

In contrast, our method only takes S min to raise the
temperature to the desired level and within 20 min to lower it
to room temperature. The higher the target temperature, the
more pronounced are the advantages of induction heating. In
addition, the CW system can significantly improve the quality
of graphene, yielding a lower I/I; than VG grown in HW-
PECVD (Figure S6).

Direct Growth of VG on Various Substrates Using the
EFCW-PECVD Platform. With the EFCW-PECVD synthesis
platform, we demonstrate that VG can be synthesized on
different dimensional substrates. Here, we synthesized VG on a
silicon wafer (2D) and a titanium fiber (1D). When a voltage
of 100 V was applied to two electrodes, an electric field of
66.67 V-cm™ was induced to assist the directional growth of
VG. As shown in the schematic diagram (Figure 2a) and the
sectional-view scanning electron microscopy (SEM) image
(Figure 2b), graphene sheets strictly perpendicular to the
substrate were synthesized within 1 h, which is totally different
from the morphology of VG grown without an electric field
(Figure S7). In the top-view SEM, only a linelike morphology
can be seen, indicating that graphene is strictly perpendicular
to the substrate (Figure 2c). In addition to growing VG on
planar substrates, it can also be achieved on small-area
substrates with curved surfaces (1D substrates). Figure 2d
shows a schematic of vertically aligned graphene on a fiber
substrate. The surface of the titanium fiber substrate is coated
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with a layer of graphene material after 30 min growth (Figure
2e). SEM images of graphene grown on the fiber surface reveal
a linear morphology, indicating that graphene grows vertically
(Figure 2f). The transmission electron microscopy (TEM)
image (Figure S8) reveals the morphology of parallel-aligned
graphene sheets with a lateral dimension of up to 2 um. Few-
layered graphene sheets were observed in the high-resolution
TEM of VG arrays, and the interlayer spacing for few-layered
graphene was ~0.34 nm (Figure S9). High-resolution TEM
images show a buffer layer composed of amorphous carbon
between the substrate and the graphene layers (Figure S10).

Concerning the growing mechanism of VG using the cold-
wall PECVD synthesis, we use atomic force microscopy
(AFM) and Raman spectroscopy to trace the growth process
(Figure 2g), and a feasible mechanism of the process can be
proposed (Figure 2h). It can be observed that there is a buffer
layer formation and a nucleation stage lasting at least 2 min.
VG begins to appear on the substrate within 5 min, and the
Raman spectrum shows the characteristic G band and 2D band
of graphene. As the induction heating time increases, VG
gradually grows larger and denser on the substrate (Figure
S11).

VG on Fiber Electrodes for Fiber-Shaped Electro-
chemical Capacitors (FSECs). With abundant channels and
high surface areas for charge storage (Figure S12), VG on the
Ti fiber is believed to exhibit a superior high-rate FSEC
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Figure 4. Rate capability and filtering performances of FSECs based on the VG-coated Ti fiber. CV curves of FSEC-Ti,, tested with scan rates
at (a)10, (b) 100, and (c) 500 V-s~'. (d) Plots of charge/discharge current density versus scan rate. (e) Comparation of charge/discharge
rates between FSEC-Ti,, and other FSECs. (f) Galvanostatic charge—discharge curves at various current densities. (g) Cycling stability of
FSEC-Tiy,. (h) Schematic of the circuit used for smoothing AC signals. (i) Filtering performance of FSEC-Ti,,.

performance. The schematic of FSECs based on VG-coated
fibers is shown in Figure 3a. Concretely, the symmetric FSEC
was fabricated by two identical Ti fiber electrodes and sealed
on a plastic sheet with 1 M acetonitrile solution of
tetraethylammonium-tetrafluoroborate as the electrolyte. Ti
wires (100 pm in diameter) were used as the electrodes to
ensure the electrochemical stability. Notably, FSEC-Ti, is used
to represent the FSEC based on different Ti fibers, where t
means the growth time of VG arrays, including 0, 10, 20, and
30 min.

For analysis of the electrochemical performances of FSEC-
Ti, the electrochemical impedance spectroscopy (EIS)
measurements were performed to provide their frequency
dependence characteristics. In the Nyquist plots, all of the
curves of FSEC-Ti, exhibit an imaginary impedance (Z")
almost vertical to the real axis and an absence of the semicircle
at the high-frequency region, indicating an excellent capacitive
behavior of high-quality VG rather than the faradaic charge
transfer reaction (Figure 3b). Additionally, FSEC-Ti,,, FSEC-
Tiyy, and FSEC-Tiy, exhibit extremely small equivalent series
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resistances around 0.07 Q-cm?, implying the firm contact
between VG and the Ti fiber. The Bode diagrams (frequency
versus phase angle) of FSEC-Tj, depict the frequency response
capability. Generally, ideal capacitive devices with a fast
response will have a phase angle closer to —90° at higher
frequencies. FSEC-Ti,, FSEC-T1,,, FSEC-Ti,,, and FSEC-Tij,
realize phase angles below —80° when the frequencies were 32,
560, 275, and 259 Hz, respectively (Figure 3c). Among them,
fiber electrodes with VG arrays can realize faster frequencies
because of the better wettability of carbon materials in organic
electrolytes than pure Ti fibers. Meanwhile, with the growth
time decrease, FSEC-T1, exhibits the faster frequency response
capability, which is attributed to the quicker ion transport in
the thinner VG electrode materials. Furthermore, at a “factor of
merit” frequency of 120 Hz, which is usually used to estimate
practical applications of capacitors such as AC line-filtering
capacitors, FSEC-Ti,,, FSEC-Ti,;, and FSEC-Ti,, all show a
phase angle approaching —81°, indicating their excellent high-
frequency response.

https://doi.org/10.1021/acsnano.4c05493
ACS Nano 2024, 18, 24154-24161


https://pubs.acs.org/doi/10.1021/acsnano.4c05493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c05493?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c05493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

The frequency dependences of the volumetric capacitances
(Cy) of FSEC-Tj, are given in Figure 3d. With the growth time
increase, the Cy of FSEC-Ti,, FSEC-Ti;o, FSEC-Ti,; and
FSEC-Tis exhibits an increasing trend at the whole frequency
range. It is owing to the fact that the thicker VG thickness will
add ionic adsorption sites and offer a higher capacitance
density. Specifically, at 120 Hz, the Cy values of FSEC-Tiy,
FSEC-Ti,;, FSEC-Ti,o, and FSEC-Ti,, were calculated to be
2.7, 3.4, 8.5, and 10 mF-cm™, respectively. It should be noted
that the volume of FSEC-Ti, includes two titanium wire
electrodes during the calculation of Cy. In addition, the specific
areal capacitance of FSEC-Ti, is also better than that of FSEC-
Ti (Figure S13). Besides, the complex model of the
capacitance was plotted versus the frequency (Figure 3e).
The characteristic frequency (f,) defines the relaxation time
constant (7, = 1/f,) that could be read out at the maximum
C". The 7, values of FSEC-Ti,,, FSEC-Ti,;, and FSEC-Ti, are
0.099, 0.215, and 0.316 ms, respectively, implying a quick ion
adsorption/desorption process of the fiber electrodes. More
importantly, all of these good properties can also be found
when the diameter of the Ti fiber is 200 ym (Figure S14).

We further conducted cyclic voltammetry (CV) tests to
confirm the high-rate capability of FSEC-Ti. The FSEC-Tiy,
sample was selected as an example for analysis. The CV profiles
of FSEC-Tiy, under progressively increasing scan rates,
reaching up to 1000 V-s™!, are shown in Figures 4a—c and
S15. Even at such rapid charge/discharge rates, the CV profiles
exhibited quasi-rectangular shapes, validating its good
capacitive behavior, which is different from that of FSEC-Ti
(Figure S16). Furthermore, a good linear correlation was
observed between the charge/discharge current density and
the scan rate within the range from 10 to 1000 V-s~' (Figure
4d), also indicating the absence of hysteresis during the
charge—discharge process. It is worth mentioning that the
achieved scan rate of 1000 V-s™' represents an exceptionally
high value compared to most carbon-based FSECs reported to
date (Figure 4e and Table 82).26_35 Moreover, the
galvanostatic charge—discharge (GCD) curves of FSEC-Ti,
exhibit quasi-isosceles triangular shapes as the current density
is incremented from 20 to 200 A-cm >, further substantiating
its ultrahigh rate performance (Figure 4f). FSEC-Tiy, also
possesses great electrochemical stability and durability when
subjected to continuous high-rate testing. Even after under-
going 30,000 cycles of charging and discharging at a rate of 10-
V 57/, the retention of the capacitance and phase angle at 120
Hz remains nearly 100%, indicating an excellent long-term
performance (Figure 4g).

Finally, with the ultrahigh frequency response capability and
excellent capacitive behaviors of the VG arrays, the practical
ripple filtering performance was tested. FSEC-Ti,, was
incorporated in an experimental model of AC/DC conversion
(Figure 4h), which includes a full-wave bridge rectifier, a filter
capacitor (FSEC-t), and a resistor (R = 1 MQ). Figure 4i
presents the ripple filtering demonstration of single FSEC-Ti,,
under a sinusoidal input signal (V. = 2.5 V, 60 Hz). The
output signal could be a smooth straight line, suggesting rapid
ion transport kinetics owing to the excellent vertical structure
on the fiber surfaces.

CONCLUSIONS

In conclusion, this study designed a cold-wall PECVD system,
which not only allows for the growth of VG perpendicular to
the substrate by coupling with an electric field but also enables

the growth of VG at a low temperature. In addition, VG-coated
Ti fibers as electrodes for FSECs exhibit ultrafast rate
performances and great capacitance properties. The FSECs
showed excellent Cy values and a phase angle at 120 Hz with
arbitrary AC filtering performances, which is better than most
of the reported fiber-based electrochemical capacitors. This
work demonstrated the colossal promising potential of VG on
fiber electrodes in wearable electronic devices.

METHOD/EXPERIMENTAL SECTION

Growth of VG Arrays with Cold-Wall PECVD. The cold-wall
PECVD system mainly contains two radio frequency copper coils; the
one wrapped around the quartz tube is used to generate plasma, while
the other one placed below the quartz tube is used to induce heating
in the conductive plates inside the quartz tube. The electric field was
provided by two electrodes connected to a direct current power
supply. The voltage can be adjusted easily. In brief, a 2 X 2 X 0.05 cm®
silicon wafer with a 300-nanometer oxide layer after cleaning was
placed on the lower electrode as the substrate. Plasma was then
generated with a radio frequency source power of 250 W. After that, a
carbon source such as methanol was introduced into the system. After
turning on the button of the water-cooled chiller, the voltage of the
power supply was adjusted to the impedance matching device. Then,
the copper coil could inductively heat the electrode in the quartz tube.
Finally, VG was grown on the substrate. When an electric field was
introduced into the system, oriented VG arrays could be obtained on
the substrate. Just by replacing the titanium fiber with the silicon
wafer, VG can be grown on the titanium fiber.

Assembly of the FSEC. Two of the same fiber electrodes were
positioned in a parallel configuration upon a polyethylene glycol
terephthalate (PET) plastic. The two electrodes were then secured in
place by clamps. Following this, the edges of the PET sheet were
enveloped by a double-sided tape (3 M VHB). These tapes served the
dual purpose of firmly affixing the fibrous electrodes while
maintaining a separation distance of ~2 mm between them.
Subsequently, S uL of 1 M acetonitrile solution of tetraethylammo-
nium-tetrafluoroborate electrolyte was added on two fibrous electro-
des. Finally, with another PET sheet covering the double-sided tape,
one FSEC device was fabricated.

Electrochemical Characterization. The electrochemical charac-
terizations were performed on a CHI 660E workstation (CH
Instruments Inc., China). For CV and GCD studies, the window
voltages were set from 0 to 2.5 V. EIS tests were conducted at S mV
amplitude in the frequency range of 1—100 000 Hz.

The specific areal capacitance (C,) of the FSEC was calculated by

CA - . "
21fZ'S (1)

The specific volumetric capacitance (Cy) of the FSEC was calculated
by

1
YT v @
The real specific areal capacitance (C’) was calculated by
7
" amizs 3)
The imaginary specific areal capacitance (C”) was calculated by
" z
" 2aflzis 4)
The 7, was derived from the f, at maximum C”
1
C ok )

where fis the frequency; Z’ or Z” is the real or imaginary impedance;
Z is the total impedance; S is the frontal projected area of the two
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fiber electrodes; V is the volume of the two fiber electrodes, including
the metal fibers and graphene; and f is the frequency at maximum
c’.

Characterization. The morphology and detailed structure of VG
was investigated by SEM (FEI Quattro S; acceleration voltage 5—20
kV), TEM (FEI Tecnai F20; acceleration voltage 200 kV), aberration-
corrected atomic-resolved TEM (Titan Cubed Themis G2 300; 200
kV), Raman spectroscopy (Horiba, LabRAM HR 800; 532 nm laser
wavelength), and XPS (Kratos Analytical Axis-Ultra spectrometer
with an Al Ka X-ray source). The AC line-filtering performances were
tested using a 33511B arbitrary function generator (Agilent
Technologies Inc, Tektronix) and a GBPC300SW readymade
single-phase silicon bridge rectifier (Sep Electron. Corp., Taibei,
China). All of the outputs were recorded on a RTB2002 mixed
domain oscilloscope (Rohde & Schwarz, Germany).
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