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HIGHLIGHTS

e VACNTs are grown on both sides of
graphite substrate in one-step CVD.

e Bipolar supercapacitor is fabricated with
double sided graphite/VACNTs.

e State-of-art volumetric energy and
power among CNTs based
supercapacitors.

e Compact and low loss bipolar device is
obtained without sacrificing stability.
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ABSTRACT

The electrochemical capacitor (EC) is a key enabler for the miniaturized self-powered systems expected to
become ubiquitous with the advent of the internet-of-things (IoT). Vertically aligned carbon nanotubes (VACNTSs)
on graphite holds promise as electrodes for compact and low-loss ECs. However, as with all ECs, the operating
voltage is low, and miniaturization of higher voltage devices necessitates a bipolar design. In this paper, we
demonstrate a bipolar EC using graphite/VACNTs electrodes fabricated using a joule heating chemical vapor
deposition (CVD) setup. The constructed EC contains one layer of double-sided VACNTSs on graphite as bipolar
electrode. Compared to a series connection of two individual devices, the bipolar EC has 22% boost in volumetric
energy density. More significant boost is envisaged for stacking more bipolar electrode layers. The energy
enhancement is achieved without aggravating self-discharge (71.2% retention after 1 h), and at no sacrifice of
cycling stability (96.7% over 50000 cycles) owing to uniform growth of VACNTs and thus eliminating cell
imbalance problems.

1. Introduction

Miniaturized self-powered systems
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architectures have been recognized as a key enabler to the internet-of-
things (IoT) [1,2]. Electrochemical capacitors (ECs), also known as

with  harvest-store-use supercapacitors, are characterized by an extremely long cycle life, high
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power density and high coulombic/energy efficiency [3]. When utilized
as energy storage units in miniaturized self-powered systems, these
characteristics of ECs promise “fit and forget” maintenance-free net-
works with rapid energy storage/delivery at high efficiency.

Considering the need for integrating multiple electronics in a limited
footprint and space to construct compact miniature smart systems, the
form factor of the storage ECs is an important aspect to take into ac-
count. In this regard, micro-supercapacitors (MSCs), i.e. electrochemical
micro-capacitors, with merits of miniaturization, flexible designs, and
excellent integration compatibility are promising candidates [4-6]. The
term MSCs is generally adopted to refer to miniaturized ECs that are
designed and fabricated to serve as power sources or energy storage
units in microelectronic devices [5]. The most common MSCs can be
found in the form of in-plane interdigital patterns [7], though many
stack-layer [8] and wire-shape [9] ECs also fall within the same cate-
gory. The prefix micro-in the term “micro-supercapacitor” indicates a
small size of the device, correspondingly the capacitance and amount of
stored energy are not comparable with conventional ECs. Research ef-
forts have been directed on improving energy density for compact en-
ergy storage. However, it is worth mentioning that the capacitance and
energy level just need to be “moderate” for some applications, to limit
the amount of energy loss through self-discharge and leakage current («
energy and capacitance). The magnitude of transmitted energy by har-
vesters in miniaturized self-powered systems is usually relatively small,
therefore the energy loss through the storage EC can be detrimental for
the applications and therefore should be minimized.

Bearing in mind the high demand of cycling stability and low loss, as
well as a moderate requirement of capacitance and energy for minia-
turized self-powered systems, pure carbon-based electrodes can be more
suitable than other composites and pseudocapacitive materials, due to
relatively simple structure and composition of carbon electrodes, thus
straightforward energy storage mechanism and more controllable self-
discharge. Carbon-based ECs store ionic charges on the surface of the
electrode, forming electrical double layers (EDL) across the electrode-
electrolyte interface. The physical mechanism involves no volume
expansion or contraction during charge/discharge processes [3,10].
This enables a more superior cycle life than that of pseudocapacitive
mechanisms which involve a certain degree of variation in chemical
states and structures and inferior lifetime [11]. Therefore, EDL storage is
more suitable for “fit-and-forget” smart systems. Activated carbon has
been playing a frontier role as EC electrodes due to its low cost and high
surface area up to 2000 m? g ! and capacitance up to hundreds of Farads
per gram of active material [12]. Activated carbon is well suited for
large ECs but may exhibit significant self-discharge and leakage current,
and consequently not suitable for miniature systems. This concern
originates from the wide pore size distribution of activated carbon,
which leads to asynchronous charging and charge redistribution effects
[13]. Alternatively, low dimension carbon allotropes e.g. graphene and
carbon nanotubes (CNTs) have been demonstrated for advanced ECs
[14-16].

Compared with graphene, the 1D carbon material CNTs, especially
the vertically aligned CNTs (VACNTSs), can enhance the available surface
area per device footprint for the EDL storage, and thus exhibit sub-
stantially high capacitance and energy density. In contrast to randomly
entangled CNT electrodes prepared by solution processes, VACNTs have
relatively well-defined tube-spacing and uniform pore structure, which
are beneficial for fast ions transportation. Therefore, VACNTSs have been
recognized as high performance EC electrodes [17-23]. Most of the
demonstrated VACNTSs electrodes were fabricated by chemical vapor
deposition (CVD) method on a specific substrate. By growing VACNTs on
the surface of aluminum (Al) foil [18,23], flexible electrodes were
fabricated and potentially can be used for flexible storage ECs. However,
the Al substrate may limit the electrolyte options because Al is prone to
corrosion in both acidic and alkaline solutions. After VACNTSs growth on
silicon wafers, D. Futaba and co-workers [17] released VACNTSs from the
substrate after densification in liquid and obtained freestanding VACNTSs
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electrodes. However, possibly due to the existence of an iron catalyst
layer, a deviation from capacitive behavior could be observed from the
presented performance, which can cause problems of serious
self-discharge or leakage current. The problem concerning the catalyst
layer and its negative influence on the electrochemical performance of
ECs exists in other VACNTs based ECs. For the most common CVD
process, a base-growth mechanism with catalyst layer residing between
the grown VACNTSs and the substrate prevails. This electrode structure
makes it difficult to remove catalysts without damaging the integrity of
the material. Moreover, the catalyst layer could impede the electrons’
transportation from VACNTs to the substrate and external circuit.
Alternatively, a tip-growth process (“odako growth” [24]) was demon-
strated by Y. Zhu et al. [25], with a catalyst layer deposited in the order
of Fe under Al;O3 and eventually residing on the VACNTs tips. The
VACNTSs were grown on single-layer graphene attached to a copper foil
with a feature of covalent bonding between graphene and VACNTs. The
seamless bonding leads to enhancement in conductivity and thereby
power density of the demonstrated ECs. Later, a similar structure was
implemented for interdigital patterned MSCs, for AC line filtering ap-
plications [26]. The catalysts were not eliminated in either case,
potentially jeopardizing the self-discharge and leakage current.
Recently, tip-growth VACNTs were successfully grown on
highly-oriented graphite films [27]. Covalent bonding between VACNTs
and the surface graphene-like layer of the graphite substrate was ach-
ieved, enabling faster electron transportation compared to entangled
CNTs electrodes or non-anchored VACNTs. The tip-growth mechanism
leaves the Fe/Al,O3 on the tips of VACNTSs, making it possible to be
removed by a mild plasma treatment. Correspondingly, the graph-
ite/VACNTs based ECs displayed excellent frequency response with high
capacitance. Moreover, due to a reduced amount of catalysts, the
self-discharge rate and leakage current were kept at low levels. These
merits of tip-growth VACNTSs on graphite make the material suitable for
compact and low loss EC storage units in miniaturized self-powered
systems [27]. Nevertheless, the working voltage of the demonstrated
device was as low as 0.8 V, limited by the type of electrolyte e.g.
PVA/H5PO,.

In general, low voltage is an inherent property of ECs and other
electrochemical energy storage devices. For applications that require a
higher voltage than the maximum voltage of a single device, one can
connect two or more units in series. For interdigital patterned MSCs,
MSC arrays [28,29] can be designed to achieve high operating voltage.
However, the array design inevitably increases the device footprint area,
which is usually very limited in miniaturized systems. In contrast, stack
structured ECs in a bipolar design can achieve high voltage without
enlarging footprint but only expand the volume in an efficient way.
Compared with a normal series connection of multiple devices, a bipolar
EC design can guarantee a higher space-efficiency and therefore higher
energy density per volume of a device which is essential for miniature
systems due to a limitation in space allocated for energy storage units.

In principle, a bipolar design is simply the stacking of devices
through bipolar electrode plates. A bipolar electrode plate can serve as a
current collector for a positive electrode in one cell, while as a negative
electrode’s current collector in the adjacent cell. In this way, only N+1
plates are needed for stacking N devices, while normal stacking requires
2 N plates together with 2 N individual packages. A lighter and more
compact bipolar plate would further strengthen the advantage in spe-
cific and volumetric energy densities. Meanwhile, the bipolar plate
should be resistant to corrosion in a wide range of electrolytes and
remain highly conductive to reduce series resistance. Previous reports
showed the use of titanium [30,31], stainless steel [32] and aluminum
[33] as bipolar plates. For fabricating bipolar ECs, it is critical to ensure
a capacitance balancing for unit devices. In an ideal case, the unit cells
should be identical. Otherwise, cell imbalance will cause a severe
decrease in lifetime and other metrics e.g. self-discharge. The bench-
mark for an efficient design and fabrication of bipolar ECs, is not to
sacrifice the performance of single unit devices in the more complex
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bipolar fabrication procedure.

Fabrication of VACNTs based bipolar ECs has not been demon-
strated. The obstacles for the demonstration are related to the difficulties
in both electrode and device design and engineering. VACNTSs are syn-
thesized with CVD methods on substrates, and the choice of substrate
material determines the feasibility of their use in bipolar designs. A
smart design of VACNTs based bipolar ECs would be to directly use the
substrate as a bipolar plate to save weight and space. Rigid and bulky
wafers are not an option, not only because of a large weight and volume
fraction of inactive components in the final product, but also their
insulating nature rules out the stack structure design. For the use of
freestanding VACNTSs films [17] in bipolar ECs, it is necessary to use an
additional layer as a bipolar plate, and the interface between the
VACNTSs and the bipolar plate must be optimized. Taking into account
the factors discussed above, the substrate of VACNTSs should be light,
highly conductive, chemically inert and at the same time facilitate good
contact with VACNTSs. In this sense, graphite film is a perfect fit because
of its chemical stability, and the possibility of enabling a seamless
bonding structure. Additional merit is the flexibility of graphite film
makes it possible to engineer devices in diverse form factors for minia-
ture systems applications. It can thus be postulated that the
above-mentioned tip-growth VACNTs on graphite with a seamless
bonding structure [27] could be an excellent prototype for VACNTSs bi-
polar ECs. To that end, VACNTSs of the same quality must be grown on
the other side of the graphite substrate, which is a demanding task.

The high quality tip-growth graphite/VACNTSs electrodes for minia-
ture ECs were fabricated with a cold-wall CVD system [27]. Usually,
cold-wall CVD systems are equipped with a localized heater that raises
the substrate temperature to initiate VACNTs growth. With the same
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Fig. 1. a) Schematic of VACNTs grown
using conventional CVD, with Fe catalyst
and Al,O3 diffusion barrier layer beneath. b)
VACNTs grown using odako-growth, with Fe
and Al;O3 on top of the VACNT array. c)
Conventional cold-wall VACNTs CVD setup,
with VACNTSs grown on a Si chip placed on a
graphite heater. d) Joule heating CVD setup,
with VACNTs grown directly on the graphite
foil used as the heater. e-f) Photos of the
experimental setup before and after VACNTs
CVD growth, respectively.
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setup, bipolar electrodes can only be fabricated by running the same
process two times, in order to grow on both sides. The repeated process
increases time consumption and potentially leads to non-uniformity of
VACNTSs quality. The non-uniformity can be caused by any difference in
parameter control between the two successive runs, and also because the
VACNTs grown during the first run must undergo an additional process
run that involves high temperature growth conditions, the quality can
thus be different from that of VACNTSs grown on the other side during the
second run. To eliminate the concerns, it is preferable to grow VACNTs
simultaneously on both sides of the substrate. Base-growth VACNTs on
both sides of copper foils were grown using conventional quartz tube
furnaces [34-36] where the copper substrates were heated up by heating
elements along the quartz tube. Compared with cold-wall systems, these
methods pose disadvantages in terms of energy consumption, process
speed, and scalability. Since graphite is both electronically and ther-
mally conductive, a new CVD method can be developed by using the
graphite substrate directly as a heating element in cold-wall systems.
The current directly runs through the graphite that is heated up through
the joule heating effect. The substrate temperature and ramping rate can
be regulated by controlling the input power. In this way, VACNTs grow
on both sides of the substrate in a single run. A double-side VACNTSs on
graphite material was fabricated with such a self-joule heating CVD
method for thermal applications [37]. However, the VACNTs growth
was based on base-growth mechanism, therefore lacking the advantages
of seamless bonding structure and ease of catalyst removal, and it cannot
be directly used as EC electrodes for miniature systems that require low
loss.

In this work, we are dedicated to developing a new process for
fabricating tip-growth VACNTS on both sides of highly oriented graphite
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films, and demonstrate the first VACNTs based miniature bipolar ECs.
With an energy-saving, fast and scalable self-joule heating CVD method,
VACNTs were grown on both sides of the graphite substrate in one
process run, with the feature of tip-growth and excellent contact to the
substrate. After a plasma treatment to remove the catalyst layer, the
materials were used for bipolar ECs of an efficient design. The demon-
strated bipolar ECs exhibited non-impaired performance compared with
single units. The presented electrode and fabrication strategy provide
hints for developing advanced ECs for miniaturized self-powered
systems.

2. Double-sided graphite/VACNT (DSGC) bipolar electrodes

Conventional VACNTSs CVD utilizes a catalyst structure consisting of
a ceramic barrier layer with a metal catalyst layer on top. Fig. 1a shows
the structure of an array of VACNTSs synthesized this way. During the
CVD process, VACNTs grow upward from the metal particles, which are
immobilized by the ceramic layer [38]. However, this leaves the cata-
lysts at the interface between each VACNTs and the underlying sub-
strate, most notably the ceramic layer which aggravates self-discharge
and prevents a good electrical connection which is crucial for EC
applications.

In order to form a seamless connection between the VACNTs and the
underlying carbon substrate, so-called “odako” growth can be used. By
reversing the catalyst layer structure, and depositing Fe catalyst un-
derneath an alumina layer, the catalyst stays on top of the VACNTSs
array, forming bundles of VACNTs with alumina flakes on top [24], as
shown in Fig. 1b. This method can form a seamless, covalent bonding
between the VACNTs and the topmost graphene layer [25,39] and has
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Fig. 2. SEM images of the VACNT arrays
grown on both sides of a graphite foil. a) The
as-grown VACNT arrays are broken up into
segments with an intact alumina layer on
top. b) Higher magnification of VACNT ar-
rays. ¢) Magnification of a single VACNT
bundle caused by one alumina sheet. d-f)
Corresponding images of VACNT arrays after
plasma etching and the removal of alumina.
g) Side view of the double-sided graphite/
VACNTs hybrid material. h) Magnification
of the VACNT arrays from the side. i)
Zoomed out view of the double-sided
graphite/VACNTSs hybrid.

previously been demonstrated as a good candidate for EC electrode
material [27].

The double-sided graphite/VACNTs (DSGC) bipolar electrode ma-
terial was fabricated through a recently developed joule heating CVD
method [37]. The method is based on a cold-wall CVD system, where the
substrate for VACNTSs synthesis is placed on a graphite heater in a low
pressure chamber, as seen in Fig. 1c. However, rather than placing the
chip on a heater, a 25 pm thick pyrolytic graphite sheet (PGS) from
Panasonic was used as both substrate and heater, enabling growth on a
larger area and simultaneously on both sides of the substrate. In prin-
ciple, PGS can be thinned down mechanically through e.g. scotch tape
method [40].

The catalyst layer consisted of 2 nm Fe and 3 nm Al;O3, consecu-
tively deposited by an electron beam evaporator (AVAC HVC600). The
VACNTs CVD setup is shown schematically in Fig. 1d. The graphite foil
was fastened between two electrodes inside the reaction chamber. The
process took place at a low pressure in a vacuum chamber with a gas
inlet for reactant gases. The sample was heated by joule heating from an
applied current through the graphite sheet, regulated with a thermo-
couple in contact with the substrate. The temperature was ramped up to
500 °C at a rate of 300 °C/min with a flow of 837 scem of Ho, and sub-
sequently held stable for 3 min for reduction of catalyst and cracking of
the alumina layer. In the growth step, the temperature was then quickly
ramped up to 650 °C and a flow of 240 sccm CyHp for 10 min was
introduced into the chamber. Fig. 1e and f shows the CVD setup before
and after the growth of a DSGC. VACNTs have grown on the entire area
between the electrodes.

Besides DSGC, we fabricated another version of EC electrodes: single-
sided graphite/VACNTs (SSGC) to be used as end electrodes in bipolar



J. Hansson et al.

SSGC

¢—— Separator
+——— S5GC
|~

B} pevICE 1X

& pevicE 2x

Journal of Power Sources 451 (2020) 227765

Kapton
Kapton S5GC
S5GC Separator
Separator S5GC
Kapton Kapton
DSGC 55GC
Separator Separator
55GC SSGC
Kapton Kapton

B DEVICE 1X + 1X

Fig. 3. Schematics of devicesa) 1 x ,b) 2 x and¢) 1 x + 1x

designs. SSGC were fabricated by catalyst deposition on only one side,
while the DSGC required sequential catalyst deposition on both sides.

Scanning electron microscope (SEM) images of the fabricated
VACNT arrays are presented in Fig. 2. Fig. 2a—c show the as-grown
VACNT arrays. During growth, the alumina layer is cracked into
flakes, each of which rests on top of a VACNT bundle. Each of these
bundles are held together by the alumina, which stays on top of the
array, but are relatively independent from each other. The end result is
that the VACNT array consists of bundles with slight different height and
orientation, seen clearly in Fig. 2h.

Samples were subjected to post-growth O, plasma treatment at 100
W for 30 s in order to remove the alumina from the top of the VACNT
arrays. Fig. 2d—f show the VACNT arrays post plasma etching, as
compared to Fig. 2a—c respectively. Before plasma etching, the alumina
flakes were clearly defined, while almost completely absent after
treatment, with exposed VACNT tips visible instead.

Fig. 2g shows a side view of the DSGC, with a closer view of the side
of the VACNT arrays in Fig. 2h. Individual VACNT bundles vary in
length, but the average VACNT array height is approximately 30 m, with
a total thickness of the graphite/VACNTSs hybrid of 85 m. The height was
chosen to optimize the trade-off between longer CNTs and array uni-
formity, where longer CNTs growth time causes unacceptable variation
in height between bundles. This variation is typical of odako-growth of
VACNT arrays, and the arrays in this work have similar height and
uniformity as previously reported comparable CNTs arrays on graphite
[24,27]. On a larger scale, as seen in Fig. 2i, the uniformity of the
VACNT arrays is still relatively even.

Gravimetric measurements showed a weight fraction of 6% VACNTSs
for the DSGC sample, corresponding to about 3% for each side. The
VACNT arrays were further characterized by XPS and Raman measure-
ments which can be found in the supplementary information. The results
are consistent with previous works despite the modification of the CVD
process. However, the relatively high defect concentration of the
VACNTSs leaves a potential for significant further improvements.

3. Bipolar electrochemical capacitors
3.1. Device fabrication

Three different types of EC devices were fabricated for comparison.

The first type, denoted as “1 x ”, is in a normal quasi-solid stack
configuration with SSGC as the electrode materials. A schematic in
Fig. 3a demonstrates the device structure. The fabrication started with a
piece of SSGC in size of dia. 8 mm placed on a Teflon substrate, with
approximately 3 pL PVA/H3POj electrolyte dropped on the VACNTSs
side. The hydrophilicity of SSGC allows the water based gel electrolyte
to spread evenly over the surface. Afterward, a piece of dia. 10 mm
cellulose separator was placed on top and then wetted by the electrolyte.
In the subsequent step, another piece of SSGC was used with the VACNTs
side facing downwards and aligned to the first electrode. A vacuum pen
was deployed to facilitate the assembly process. After drying in vacuum

for 3 h at 90 °C, the material stack was separated from the Teflon sub-
strate, and encapsulated under compression by Kapton tape O-rings with
outer dia. 12 mm and inner dia. 6 mm. The total thickness of device 1x
was measured to be about 70 pm.

The second type of device, denoted as “2 x 7, is the bipolar quasi-
solid EC with one layer of DSGC material. A schematic in Fig. 3b dem-
onstrates the device structure. The fabrication also started with a piece
of SSGC electrode and 3 pL. PVA/H3PO4 electrolyte followed by cellulose
separator. Instead of a piece of SSGC for 1 x device fabrication, DSGC
was applied on the top. After drying in the same conditions, a piece of
Kapton O-ring tape (outer dia. 12 mm and inner dia. 8 mm) was aligned
and glued to the separator periphery, for preventing from electrolyte
crossover between adjacent unit cells. Then, the application of electro-
lyte, separator was repeated carefully, and finally capped with a piece of
SSGC end electrode before drying. The device was encapsulated by
Kapton tape O-rings. The total thickness of device 2 x was measured to
be approximately 115 pm.

The third type of device, denoted as “1 x + 1 x ” (Fig. 3c¢), is a stack
of two 1 x devices, equivalent to two SSGCs back-to-back replacing the
DSGC bipolar electrode in device 2 x. Device 1 x + 1 x is a represen-
tative of a series connection of EC units. The total thickness of device 1
x + 1 x was measured to be about 140 m.

»

3.2. Electrochemical characterization methods

Electrochemical characterizations were conducted with Gamry
Reference 3000 AE potentiostat. Cyclic voltammograms (CV), galvano-
static charge/discharge (GCD), electrochemical impedance spectros-
copy (EIS) and cyclic charge/discharge (CCD), as well as self-discharge
measurements, were applied to fully evaluate the device performances.
Device areal capacitance (mF cm_z) was calculated from GCD mea-
surements through the equation

Ixt

Cy=1000 X ———— 1
A XVm(LY*VIR ()

where I (A cm™?) is the current density calculated based on the device
area A, t (s) is the discharge time, and VIR (V) is the IR drop. The factor
1000 converts the unit of capacitance from F to mF.

Areal energy density (4Wh cm™2) and areal power density (W cm™~2)
were calculated according to

Cy X (‘/max - VIR)2

Ex=1000 x ——="2¢00

(2

P = 3600 x E4 3)
t
The factors 1000 and 3600 in Equations (2) and (3) converts the units
from mWh to pWh, and seconds to hours, respectively. Volumetric
capacitance (Cy, F em ™), energy (Ey, pWh em %) and power (Py, pW
em™2) can be obtained through dividing C4, E4 and P4 values by the
device thickness values.
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Fig. 4. Performance of devices 1 x , 2 x and 1 x 4+ 1 x . a) CV scans and b) GCD curves within respective voltage ranges; ¢) Ragone plot; d) Cycling stability.

Table 1
Performance metrics of devices 1 x , 2 x and 1 x + 1x

Device Capacitance Energy Power Voltage Rate capability Cycling stability
areal vol. (mF cm™2) (F em™3) (uWh em ™) (uWh cm ™) (uW ecm2) (uW em ) W)
1x 1.57 0.14 19.83 0.8 47% 96.3%
0.22 19.61 2832.14
2 x 0.78 0.27 39.73 1.6 44% 96.7%
0.068 23.85 3454.35
1x+4+1x 0.78 0.27 39.50 1.6 42% 96.6%
0.056 19.40 2821.43

3.3. Electrochemical performances

Electrochemical performances of device 1 x, 2 x and 1 x + 1 x are
displayed in Fig. 4 and Table 1. Fig. 4a represents CV curves at a scan
rate of 10 mV s~ ! of the three devices within respective voltage ranges.
The quasi-rectangular curves demonstrate the dominance of the EDL
storage mechanism. At the same scan rate, device 1 x exhibited current
response approximately two times of device 1 x + 1 x, corresponding to
two folds of capacitance. The result complies the relation of capacitor
series connection, i.e.

Lo
Cl><+l>< C]>< C‘1><

(€]

The decreased capacitance of the stack devices was compensated by
the two fold increase in voltage window from 0.8 V to 1.6 V. The amount
of energy per sub-cell remained the same, and devices 2 x and 1 x + 1 x
have approximately 2 times the energy of device 1 x.

Device 2 x displayed almost the same current response and thus
similar capacitance as for device 1 x + 1 x, suggesting that each
VACNTSs layer in device 2x resembled those in device 1 x. This feature is
of significance for engineering bipolar devices. Each pair of electrodes in
bipolar devices should have rather similar capacitance values for cell
balancing, and avoiding overcharging/discharging any individual unit
components; otherwise, electrolyte decomposition, electrode oxidation
and eventually accelerated device aging is inevitable [41].

In accordance to CV results, the GCD measurements in Fig. 4b show
almost overlapped linear curves for device 2 x and 1 x + 1 x at voltage
window 1.6 V, while device 1 x displayed triangle GCD curves within
0.8 V. All devices were fully charged and discharged in nearly the same
time periods, which is another proof of reproducibility of electrode
quality with a joule heating method.

As mentioned earlier and manifested by CV and GCD results, the
energy values are close to each other for the device 2 x and 1 x + 1 X,
however, when normalized to the total device volumes, differences



J. Hansson et al.

E'].e 2 timesof 1x_{ 100
/
1.2 -75
2%
208 ' . ' 50
o
@
508 100
>
0.6 F 75
1x
0.4 T T T 50
0 900 1800 2700 3600

Time (s)

Voltage retention (%)

Journal of Power Sources 451 (2020) 227765

E 1 6 B L
D --».\‘ —; . ‘7‘ . 7
1.2 =
2%
> —O— Fitted —— Ohmic
; 0.8 _j— — Diffusion-controlled M
% —<— Faradaic / Charge redistribution| |
= 0.8 fpmmmm— ‘
> T R n—
0.6
1%
0.4 T r T
0 900 1800 2700 3600

Time (s)

Fig. 5. Comparison of self-discharge between devices 1 x and 2 x . a) Original data and b) curve fitting.

become significant. The boost in volume-, as well as weight-based
metrics is a clear advantage of bipolar designs, because of the less
usage of current collector (graphite paper in this work) and packaging
materials. As shown in Fig. 4c, the bipolar device 2 x has about a 22%
increase in volumetric energy density and power density, reaching
23.85 pWh cm > and 3454.35 pW cm >, Moreover, another advantage
of bipolar 2 x device is potentially reduced equivalent series resistance
(ESR) compared to device 1 x + 1 x. Although marginal difference in
ESR can be observed here in the case of 2 x and 1 x + 1 x, the ESR of
connecting multiple 1 x devices can surge to a huge value, providing
one imperfect connection would occur between any of two adjacent
cells. In contrast, adjacent cells are connected seamlessly through one
piece of graphite current collector in the DSGC based bipolar design,
thus enabling reducing the ESR from contacts, besides simplifying the
fabrication process.

The enhancement in energy and power was achieved at no sacrifice
of cycling stability as shown in Fig. 4d. Capacitance retention of 96.7%
was found over 50 000 cycles of charge/discharge process, obviously
indicating the absence, or fairly insignificant if any, of cell imbalance.
Together with the overlapping curves, this is another indication of the
uniformity of VACNTSs growth.

Self-discharge has been recognized as one of the most problematic
features of ECs [42-44], especially for applications in miniaturized
systems where the power source is limited. Fig. 5a shows the comparison
of self-discharge properties of device 1 x and 2 x. For the convenience
of quantifying, the data is presented in two separate panels for different
working voltage windows. After 1 h of open circuit from the respective
fully charged state, device 1 x and 2 x retained 72.6% and 71.2% of
original voltage. By mathematically scaling the self-discharge curve of
device 1 x by multiplying each data point by a factor of 2, it can be seen
that the actual 2x device voltage decay generally followed the projected
curve. These results indicate that the self-discharge process was not
aggravated by the graphite/VACNTSs bipolar designs.

To further elucidate the involved self-discharge mechanisms, curve
fitting was performed on both devices. It is generally acknowledged that
mechanisms following three different voltage-time function forms are

involved [42,45]. One is ohmic leakage mechanism caused by any

imperfect insulating components, voltage curve is presented as
t

V = Vyexp (77> 5)
a

where a is the time constant of the capacitor. The second is a diffusion-

controlled mechanism, caused by a low concentration of impurity ions
shuttling between electrodes, following the equation

V=V, — bVt ©
where b is a product of values including diffusion constants. The third
class of mechanisms is divided into activation-controlled discharge and
charge-redistribution. The former is related to overcharging to poten-
tials above the thermodynamic equilibrium values of redox reactions
(from impurities). The latter is a dynamic equilibrium process due to the
non-uniformity of pore sizes in porous electrodes. Voltage decay caused
by both mechanisms mathematically follows the same trend

V=Vy—c—dlIn(t+e) 7
where ¢, d and e are constants varying from system to system.
Combining all the mechanisms, the self-discharge curve can thus be
modelled as

(8)

V:V()exp( )7b\/ffcfdln(t+e)

t
a
Curve fitting using the above model intends to deconvolute the self-
discharge curves into the three terms representing different mecha-
nisms, as shown in Fig. 5b. Note that only by assuming zero contribution
from ohmic leakage can a reasonable fitting be performed. This is in
accordance with a recent work where it is explained by ideal insulation
between electrodes and encapsulation [46]. According to the result, the
diffusion-controlled process accounts for 22.8% voltage loss, and the
rest results from Faradaic activation-controlled or charge redistribution
mechanisms. As the vertically aligned CNTs render relatively uniform
structures, charge redistribution is regarded as a minor issue herein. The

Table 2

Volumetric performance comparison of CNT based ECs.
Material (device) Electrolyte Voltage (V) Vol. capacitance (F cm %) Vol. energy (Wh cm ™) Vol. power (W cm ™) Ref.
DSGC (2 x ) PVA/H3POy4 1.6 0.068 23.85 3454.35 This work
SSGC (1 x ) PVA/H3PO4 0.8 0.22 19.61 2832.14
Paper/CNTs PVA/H3S04 1.0 0.004 0.52 186.57 [47]1
PET/CNTs PVA/H3POy4 1.0 0.014 1.81 211.11 [48]
Al/CNTs NaySO4 0.8 0.089 7.9 1333.33 [49]
Graphene/CNTs HySO4 0.8 0.022 6.97 313.44 [50]
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presence of residual catalyst particles, especially Fe that can lead to
Fe3*/Fe?* shuttle ions and redox reactions may be the major cause of
self-discharge. Nevertheless, the capacitance retention over 1 h with
only a short voltage holding period is satisfactory, meaning the residual
content is relatively low, as suggested by the XPS spectrum in supporting
information (Fig. S1).

4. Discussion

Table 2 shows a comparison of the volumetric performance of CNT
based ECs. As can be seen, the graphite/VACNTSs based ECs display state-
of-art performance at a device level in comparison to previously re-
ported CNT based devices, owing largely to the seamless bonding be-
tween surface graphite and VACNT arrays generated during CVD growth
[25,27,39]. This unique bonding feature could enable a relatively high
loading of long VACNTSs thus high energy density with little compromise
in power densities [27].

With the new self-joule heating CVD method, sufficient uniformity of
the VACNT arrays was achieved to allow for bipolar electrode stacking.
We have demonstrated a prototype device 2 x with stacking one layer of
DSGC bipolar electrode, improving approximately 22% volumetric en-
ergy compared to a series connection of 1 x devices, reaching 23.85
pWh cm™3. This already significant improvement of the volumetric
metrics can be further enhanced by stacking more layers of bipolar
electrodes. According to the thickness values of device 2 x (115 pm) and
1 x (70 pm), the thickness of device “N x " is 70 + 45 x (N - 1) pm.
Assuming a linear relationship between energy value (Wh) and the
number of unit cells (N), the percentage of volumetric energy increase
compared to a series connection of a number of N 1 x devices is

70 x N

PN % 100% 9
0r45x(N-1) |~ ©

According to the relationship, a relatively rapid increase of volu-
metric energy can be envisaged by increasing N from 2 to 10
approaching a limit of 55% improvement over a series connection of 1 x
devices. Further stacking results in a slower increase in energy but a
continuous linear increase in operating voltage.

Fabrication of bipolar ECs with multiple bipolar electrodes can be a
complicated process for demonstrating lab-scale prototypes through
manual assembly, due to the special attention to ensure precise electrode
alignment and to avoid electrolyte crossover. Nevertheless, we have
demonstrated a prototype fabrication that improves voltage limit and
energy density at no expenses in cycling stability and self-discharge,
benchmarking a rational bipolar design with the unique DSGC mate-
rial. The difficulty associated with manual handling in fabrication could
be combated in the mass production process, with the aid of automatized
machines. Fig. 6 illustrates a possible solution for up-scale production of
DSGC based bipolar ECs. The electrode and separator/electrolyte stack
wafers are prepared first (alignment is more convenient to be done when
handling a large piece of materials), after which bipolar devices of
arbitrary lateral dimensions can be individualized through dicing the
wafers with a dicing saw or a laser cutter. Finally, the diced units can be
encapsulated individually. Combining this method with the developed
joule heating CVD for DSGC materials, a comparatively simple and
highly scalable method, enables mass production of inexpensive high-
performance ECs.

Similar methods could be used to create high voltage AC line filters

using an aqueous electrolyte instead, although a higher degree of diffi-
culty is inevitable in preventing electrolyte crossover. The double-sided
graphite/VACNTs can also simply serve as 3D current collectors and
bipolar plates for constructing more advanced bipolar ECs. Finally, the
graphite/VACNTs material can be useful for other applications utilizing
VACNT array properties and strong bonding towards graphite, for
instance, thermal interface materials or heat spreaders.

5. Conclusions

This work demonstrates bipolar electrochemical capacitors featuring
double-sided VACNTs on graphite electrodes, which is obtained by a
novel joule heating CVD method. The bipolar device exhibited a 22%
increase in volumetric energy comparing to a series connection of two
unit devices. The energy value reaching 23.85 pWh cm™ at a device
level represents the state-of-art CNTs based ECs. The voltage decay of
bipolar devices over a self-discharge process was kept as low as its unit
cells. A 71% voltage is retained after 1 h open-circuit after charging to
1.6 V and only 5 min voltage hold. The capacitance retention is as high
as 96.7% after 50 000 cycles, proving the absence of cell imbalance and
high uniformity of electrodes. This works serves as a proof of concept for
the stacking of bipolar graphite/VACNTs for ECs, with significant
additional performance enhancement envisioned for further stacking of
additional layers within one device. In addition, the fabrication methods
are compatible with large-scale simultaneous fabrication of multiple
devices, allowing for the possibility of industrial utilization of VACNTSs
based bipolar ECs for miniaturized self-powered systems.
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