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Dual Planar-Helix Type Energy Storage Wires
to Circumvent Universal Energy Lag Effect

Inho Nam, Jongseok Park, Soomin Park, Seongjun Bae, Young Geun Yoo, and Jongheop Yi*

Wire-shaped energy storage systems have become cutting edge
technology in the energy-science field within the past decade.!
Such energy systems are taking center stage for application to
postmodern electronics and related multidisciplinary fields
such as fashion and culture.> Until now, the mainstream
direction in modern electronics (and energy storage) including
flexibility, wearability, and implantability have involved the use
of conventional planar systems.[®”] However, the 2D structure
of the conventional formats has hindered their development in
terms of performance and moldability.”) In view of mechanics,
plane structures in 2D essentially have a unidirectional folding
characteristics. On the other hand, wires with 1D structure
have an omnidirectional serpentine structure in the other axes.
Compared with 2D planar formats, wire types can be easily
integrated into unique structures such as variety of textiles that
can be used in our daily life.2~

Although 1D structures can be strong, challenges funda-
mentally remain in the use of wire-type energy storage. In
conventional energy storage, energy is simply improved, either
by increasing the specific energy of materials or widening the
operational voltage range.[®°! However, wire-type energy storage
still have a low energy density even in cases of the systems that
include cutting edge materials in energy-science field, such as
high-surface carbon allotropes for improving electrical double
layer (EDL) charge and inorganic compounds, or conducting
polymers inducing faradaic reaction.'!8l From the standpoint
of physics, such a bottleneck is reasonable because the cur-
rent technologies associated with energy storage wires do not
satisfy the theoretical assumptions of electromagnetism that
have been in use for the past several decades. For example, in
an ordinary charged plane, the electric field is assumed to be
uniform and to have a 1D direction. On the other hand, the
electrodes in wire-type energy storage have a cylindrical struc-
ture which actually causes a 2D and decaying electric field.[!"]
In spite of the analytical problem, the exact potential distri-
bution and performance model for wire-type energy storage,
including a double-helix structure have not been exploited until
now. A theoretical analysis is one of most important aspects for
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the sustainable development of the energy storage field in next
generation.

Here, we propose two possibilities regarding energy storage
wires, especially, wire-type supercapacitors. (1) We investi-
gated the electrochemical performance of universal wire-type
supercapacitor using an analytical derivation. From the derived
equations, we verified that a difference exists between wire-type
and conventional planar supercapacitors and identified the fun-
damental limits of wire-type supercapacitors. We refer to this
limit as an “energy lag effect.” (2) To exclude the identified
limits, we designed a supercapacitor thread having completely
different structure compared with previous wire-type energy
storage systems. The supercapacitor thread was designed as
a dual plane-helix structure and does not show performance
limits, experimentally and analytically. Finally, the structure was
applied to a flexible textile and an integrated parallel and series
circuit analogous to show its structural advantage compared to
a conventional wire types with cylindrical electrodes. In here,
we only focused on a capacitive energy storage because most
wire-type energy storage was realized as the form of superca-
pacitors. The unique properties of the capacitive energy storage
include a fast charge/discharge capacity, long life cycle, wide
range of operating temperatures, and safety, suggesting that
they are higher applicable for use in next multidisciplinary
devices than conventional batteries.?22 However, the strategy
proposed here can be extended to other cylindrical electrodes
that are currently used in wire-type lithium ion batteries.

From electromagnetism, a charged plane creates 1D and uni-
form electric fields: E = Q/gyA, where E is the electric field, Q
is the total charge on the charged plane, g, is the permittivity
of free space, and A is the vector area of the plane (Figure S1a,
Supporting Information). With this equation, it is possible to
assume that an ordinary planar electrode also has a homoge-
neous E with the exception of edge effects. On the other hand,
a wire-type electrode has a cylindrical structure. Therefore, it
makes E in a radial direction, and the E is inversely proportional
along with a radial vector, r. The calculated E in a wire structure
via Gauss's law is derived as an Equation (1) with Figure S1b in
the Supporting Information

Q

&g)2nrL

1)

The difference in E causes a disparity in the charged
energy in the electrodes. The “energy lag effect” is defined as
the energy density gap between a planar and cylindrical elec-
trode constituting wire-type energy storage. To be specific, we
analytically derived an equation for the difference of capaci-
tance densities (Cg,) in planar and wire-type supercapacitors.
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In the supercapacitor or an EDL capacitor system, the volume
between two electrodes is filled with an electrolyte. Therefore,
an electrical potential (y) is generated in the system between
the surface of the electrode and attractive counter ions in the
electrolyte. In conclusion, considering the different structures,
plane and wire, it is possible to simultaneously create different
EDL models on each electrode in this charge situation.

The sophisticated picture of a conventional planar EDL has
been described using the Gouy—Chapman-Stern (GCS) model
during the past decades.?3! The GCS model is derived from the
combination of the von Helmholtz and Gouy-Chapman model
using a Poisson—Boltzmann (P-B) equation with a Cartesian
coordinate. Regardless of the coordinate system, the P-B
equation is governed by a differential form as follows?

Viy=—L and
% e, an
p= e|:z+ ,,+exp( k; w)—zcwexp(zk:;fjn (2)

From Equation (2), the differential form of a yin EDL can be
described in Equation (3) with a valence of electrolyte

0 in Stern layer
(e,6Vy)=

B

2ezC.. sin h(iew)in diffuse layer (3)

where p is the charge per unit volume, &, is the dielectric con-
stant of the solvent, e the electron charge, z the ionic charge,
C.. the bulk ion concentration, kg the Boltzmann constant, and
T the absolute temperature. At low ion concentration, the P-B
equation was already solved on a cylindrical coordinate using a
numerical method for applications in plasma physics or DNA
double-helix structure mixed with liposomes.?>?% In a super-
capacitor system, a simple Stern layer (or a Helmholtz layer)
can be used as depicted EDL without a diffuse layer, because
it is reasonable for a relatively high ion concentration where
a diffuse layer is not expected to play a major role analogous
to the schematics in Figure 1a,b.?”28] The assumption is well
operated in a variety of supercapacitor electrolytes, e.g., 1 m
H;PO, and 6 M KOH in aqueous solvent or 1.5 M tetraethyl-
ammonium tetrafluoroborate in nonaqueous solvent (TEABF,/
CH;CN).[293% n this context, the P-B equation is simplified as
a Laplace’s equation (V’y = 0) in supercapacitor systems. The
Laplace’s equation expresses Y related to one electrode in a
supercapacitor system. However, Ay is almost zero in a bulk
electrolyte and the y has an inverse symmetry on both elec-
trodes, therefore the equation can show the distribution of y for
the entire system. In Figure S2 in the Supporting Information,
we showed the relationship between y and the dimensionless
location of electrodes in planar and cylindrical supercapacitors.
In conclusion, it is possible to analytically solve the differential
equation and to understand the electrochemical performance of
a wire-type supercapacitor.

The capacitances (C) of planar and wire-type supercapacitors
are depicted as in Equations (4) and (5) with Figure S3 in the
Supporting Information. C can be determined by the relations;
C = Q/Ay. The Ay is calculated by the integration of Laplace’s
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equation that arises from Equation (3) with a Cartesian and
cylindrical coordinate, respectively. The boundary conditions of
the calculation are that if t = ty and r = r,, Q = constant in the
surface of the electrode. t, is the half-thickness of the electrode,
1o is the radius of the electrode, and Q is a total charge on the
charged surface

A
o Q _&8A
Ay t—t,
if t=1t,, Q =constant in a planar electrode

“)

C= Q _ 2mesl
Ay ln(r/ro) (5)
if r=r, Q =constant in a cylindrical electrode

Equation (5) is similar to an EDL model in the cylindrical
pore structure of carbon as previously researched.?”?! In con-
sequence, the capacitance densities (Cyp) in planar and wire-
type electrodes are as follows

C_ &g

Cy= ST =) in planar electrode (6)
Cop= % = % in cylindrical electrode 7)

where v is the volume of electrode. Equations (6) and (7)
prove that a Cy, and energy density is closely related to the
morphology of the electrode. According to the following
Equation (8), it is reasonable that the wire-type supercapacitors
would have a lower capacitance compared to that of 2D planar
supercapacitors made up of identical materials

Acsp = Csp plane — Csp wire

_ o (8)
_28,80(2t0(t_t0) rozh’l(r/ro)]

We refer to the ACy, between planar and cylindrical elec-
trodes as the energy lag effect in supercapacitor or capacitance
lag effect. In Figure 1, the distance between surface of electrode
and counter ions (d) is uniform and it is same with a radii of
solvated counter ions. Therefore, d=t—t, =r—r, in Figure S3
in the Supporting Information. If d <, roln(r / ro) =r—r1,12830
Most reported wire-type supercapacitor systems satisfy this
assumption, therefore the capacitance lag effect is simplified as
Equation (9).[10-18]

2,60 1 1
AC, =———| ——-—
= (Zto ) 9)

L)

The calculated ratio of Cgj plane/Csp wire Using the capacitance
lag model (Equation (9) is ro/2t,. This result is independent of
the absolute radii in wire electrodes because specific shapes
cannot influence the absolute volume of identical materials.
To make Cgp plane/ Cop wire to be under 1, the ratio of width and
thickness (a/2t, in Figure S3 in the Supporting Information) in

Adv. Energy Mater. 2016, 6, 1501812
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Figure 1. Schematics of an EDL on a planar electrode and a cylindrical electrode. The sophisticated pictures of EDL on a) planar electrode and
b) cylindrical electrode. Schematics of c) dual planar-helix and d) double helix wire-type supercapacitors. Optical images of ) dual planar-helix and
f) double helix wire-type supercapacitors. The scale bars are 10 mm in length.

plane electrodes must be under 7 (=3.14). In practice, the ratio
in plane electrodes is at least >10, therefore ry > 2t,. In conclu-
sion, conventionally shaped supercapacitor wires always have
a lower energy density than 2D planar supercapacitors regard-
less of absolute size when identical materials are used. From
the analytic interpretations and schemes, we can not only prove
the fundamental limitation of wire types, but also find a break-
through to circumvent this geological issue.

In order to solve the capacitance lag effect, supercapacitor
wires must not have conventional double-helix structures. We
proposed a new design of a supercapacitor wire that contains a
dual planar-helix structure (Figure 1c—f). In the systems, parallel

Adv. Energy Mater. 2016, 6, 1501812
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and elongated flat electrodes are located at opposite sites and
twisted together, and both electrodes are separated by a gel-
polymer electrolyte (GPE). The twisting is a way to construct wire-
type supercapacitors utilizing elongated planar electrodes. The
way of twisting for the elongated planar supercapacitor was pre-
sented in Figure S4 in the Supporting Information. In this helix
structure, the z-axis is symmetrical without considering edge
effects. By the symmetry and a superposition law, the electro-
chemical properties of the supercapacitor are consistent along
with z-axis. In conclusion, the dual planar-helix type super-
capacitor has a complete wire structure and the performance is
analytically the same as an ordinary 2D planar supercapacitor,
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b

Figure 2. Structure difference of dual planar-helix and double helix wire-type supercapacitors. Scanning electron microscope cross-sectional images
of a,c) dual planar-helix and b,d) double helix wire-type supercapacitors. c,d) High-resolution images. The scale bars are 100 pm in length.

which means that the dual planar-helix types do not show the
energy lag effect observed in universal wire-type energy storage.

The proof-of-concept experiments for the planar-helix struc-
ture are based on a commercial carbon wires as an electrode
and PVA/H;PO, as a GPE (Figure 2). Carbon allotropes were
well known members of supercapacitor electrodes,*32 and
PVA/H;PO, GPE is widely used due to its nontoxic nature and
possible coupling of charge transport.?*3* The GPE in the
system serves as a separator, glue, electrolyte, and elastic skel-
eton component at once. The dual planar-helix supercapacitor
wires do not require the additional loading of active materials or
post treatment to increase their performance, which is another
distinct advantage of this system over conventional wire-type
supercapacitors from an engineering view point. The selected
materials for the electrode and GPE are replaceable and are not
limited in the system.

For a control experiment, we fabricated both dual planar-
helix and conventional double-helix supercapacitor wires using
identical electrodes and electrolyte. The morphologies of the
fabricated supercapacitors can be seen clearly in optical and
scanning electron microscopic (SEM) images (Figures le,f and
2). The electrical resistances of the electrodes were measured as
shown in Figure S5 in the Supporting Information. The resist-
ances of electrodes with a planar and a cylindrical shape are
3.03 and 2.94 Q, respectively. Both electrodes showed equiva-
lent values of resistances, which represents that the difference
in the performance of two systems is determined by geom-
etry, not conductivity. These results of electrical conductivity
are rational, because the material (carbon wire) and the length
(8 cm) of electrodes of both dual planar-helix and double-helix
type supercapacitors used are identical. The electrochemical
properties and the resistive behavior of the planar-helix and

wileyonlinelibrary.com
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double-helix systems were examined by cyclic voltammetry
(CV) and galvanostatic charge/discharge (C-D) analyzes shown
in Figure 3a,b, respectively. The prototype device with planar-
helix structure has a 3.14 F cm™ of Cg, at a current density
of 4 mA cm™ and the value is converted as 19.72 mF cm™ of
capacitance per unit length of the wire (see calculation details
in Supporting Information). This value is about from three
times to two orders of magnitude higher than that of currently
available 1D electrodes, such as carbon fibers (0.504 mF cm™)
and carbon nanotubes (CNT5) (0.51 mF cm™) in EDL capaci-
tors, 12131 MnO,/CNT (0.022 mF cm™!) and Ni(OH),/ordered
mesoporous carbon (6.67 mF cm™) as transition metal
oxides,"*13] polyaniline/CNT as a conducting polymer electrode
(0.9 mF cm™) in pseudocapacitor,!'® respectively. In addition, it
is further possible to increase the performance of the concep-
tual system by using cutting edge electrode materials similar to
conventional wire types, e.g., metal oxide hybrids for inducing
pseudocapacitance behavior.

The Cg, of dual planar-helix supercapacitor (1.91 F cm™
at 10 mV s7!) is 3.0 times higher than that of a double-helix
type prepared using the identical materials (0.66 F cm™ at
10 mV s71). The calculated ratio of Cep dual planar-helix/ Csp double-helix
using the capacitance lag model (the ratio = ry/2ty) is 3.36
which is similar to the measured ratio (=3) from experiments.
This proves that the analytical model describing the energy
lag effects operates well and is rationally applicable to real sys-
tems. When the scan rate was increased from 3 to 50 mV s7/,
approximately 30% of its original capacitance was measured
(Figure 3a). The Cg, values were found to be 2.59, 2.30, 1.91,
1.45, 1.16, and 0.76 F cm™ for scan rates of 3, 5, 10, 20, 30, and
50 mV s71, respectively. Although the system exhibited a slight
resistive behavior at a scan rate of 50 mV s}, the measured CVs

Adv. Energy Mater. 2016, 6, 1501812
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Figure 3. Electrochemical properties of dual planar-helix and double helix wire-type supercapacitors. a) Cyclic voltammograms of dual planar-helix
and double helix wire-type supercapacitors at various scan rates (3, 5, 10, 20, 30, and 50 mV s'). b) Galvanostatic charge—discharge profiles of dual
planar-helix and double helix wire-type supercapacitors at various current densities (4, 6, 8, 10, 15, and 20 mA cm™3).

retained a reasonable rectangular shape.’*! From C-D analyzes,
the planar-helix type obviously exhibited a longer discharge
time than that values based on the double-helix structure. With
planar-helix electrodes, Cg, values of 3.14, 2.84, 2.59, 2.43,
2.17, and 1.98 F cm™ were achieved at various current densi-
ties of 4, 6, 8, 10, 15, and 20 mA cm™3, respectively. Whereas,
the double-helix type only showed Cg, of 1.10, 0.91, 0.77, 0.66,
0.46, and 0.34 mF cm™ at same current densities (Figure 3b).
All of the above electrochemical results not only prove the cor-
rectness of the energy lag effect but also show the advantage of

Adv. Energy Mater. 2016, 6, 1501812
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dual planar-helix types in view of performance. The stability of
a supercapacitor is also an important parameter for evaluating
the suitability of systems for practical applications. Figure S6
in the Supporting Information shows the cycling stability of
the planar-type during a repetitive C-D analysis. The structure
showed good cyclic stability, and it maintained a capacitance
of over 90% of the original value at the initial cycle even after
10 000 charge—discharge cycles. For control experiments, the
electrochemical performances of the dual planar-helix wire-
type supercapacitor before and after twisting were evaluated.
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Figure 4. Woven textile composite with warp and weft electrodes. Schematics of n X n warps or wefts connected in a) parallel and b) series and optics
images of woven textile composited with 6 x 6 warps or wefts. In the schematics, the red lines and blue lines show positive and negative charged yarns,
respectively. In (b), center line appears location of cutting line of sectionalized electrolyte. Cyclic voltammograms and charge/discharge curves of the
textile supercapacitor with c) parallel and d) series circuit analogs. In (c), the red dots indicate the characteristic in bending deformation and the gray
dots show that in flat. The blue lines in (d) show the stable potential window (0.8 V) of single supercapacitor wires.

As shown in Figure S7 in the Supporting Information, the
cyclic voltammetry curves of the supercapacitor before and after
twisting were identical, which means that the electrochemical
performances are equal irrespective of the twisting deformation.

Concerning the applicability of such systems in wearable
devices, many wire-type energy storage have been incorpo-
rated into textile products.'”18 In a further study, we applied
our planar threads as warp and weft yarns themselves and
used them to prepare textiles as shown in Figure 4. The
planar-type carbon thread was first capsulated with GPE, and
was then used as a warp or weft. The yarns were in intimate
contact, thus guaranteeing a good ion-transport pathway the
same as the planar-type supercapacitor. In the energy storage
cloth, the extension is easily permitted with parallel and series
connections. Figure 4a,b illustrates the schematics of n X n
warps or wefts connected in parallel and series (wire length
is 36 mm). From CV and C-D analyzes, the output current of
parallel connected textiles were increased by a factor of three
compared with the single planar-helix supercapacitor wire
(Figure 4c). We also evaluated the electrochemical character-
istics of the textile under severe bending conditions. There
was actually a small increase (about 10%) in capacitance
when the systems are bent (the curvature, k, is 4 cm™ and
bending radius is 2.5 mm). The improved performance can be

wileyonlinelibrary.com
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attributed to the fact that the bending condition induces pres-
sure in orthogonal direction between GPEs and electrodes as
observed in our previous studies.®3¢l This also suggests that
there is no significant change in the carbon thread electrode
when the supercapacitor was in a severely bent shape, which
is in good agreement with the 3D finite elemental modeling
(3D-FEM) of the carbon thread in Figure S8 (see details in the
Supporting Information). In Figure 4d, an enhanced voltage
range with the combination of series connection is also pro-
vided. In conclusion, the current and voltage range can be
easily improved by connecting the wires in parallel or in series
analogs to meet the power and energy demands needed. The
electrochemical properties are maintained at various rates
regardless of the type of circuits and deformation conditions
as proved by a series of CV and C-D analyzes (Figures S9 and
S10 in the Supporting Information).

Here, we addressed two sequential topics that are of
interest for universal wire-type supercapacitors. First, we
analytically designed a valid method for calculating the cut-
ting edge wire-type supercapacitor based on fundamental
electromagnetism. Second, we fabricated rationally optimized
supercapacitor threads based on this knowledge. The fabri-
cated high performance supercapacitor could be transformed
into wires, textile, and integrated parallel and series circuit

Adv. Energy Mater. 2016, 6, 1501812
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analogous. We believe that our concept has important implica-
tions across a number of disciplines that are directed toward
the development of next generation energy storage and multi-
disciplinary electronics.

Experimental Section

Fabrication of Planar and Cylindrical Shape Elongated Electrodes:
Commercial carbon wires (Taekwang Co.) were used as an electrode
for fabricating the supercapacitor wire. The commercial carbon wires
have an elongated planar structure and are composed of microsized
carbon fibers and sizing agents to maintain the planar structure.’]
The sizing agent was eliminated by heat and acid treatments before
changing the structure. To eliminate the organic sizing agent (epoxy
resin) on the surface, the electrode was heated under an N, flow at
800 °C (2 h), followed by an additional acidic treatment (12 h) using
the mixture of sulfuric acid (95 wt%) and nitric acid (60 wt%) in

1 (v/v). The acid-treated carbon thread was rinsed with deionized
water followed by a complete drying at 60 °C in an oven. The
elimination of sizing agent was verified by X-ray photoelectron
spectroscopy analyzes (XPS) (Figure S8, Supporting Information).
After the elimination of sizing agents, the planar structure can be
converted to cylindrical shape by the agglomeration of carbon fibers
in water. For the comparison of planar and cylindrical wire structures,
the carbon fibers were shaped into planar structures (4.35 mm in
width and 144 pm in depth) and cylindrical structures (447 pm of
radius) (structural details are shown in Figure 2). The effective radii
of dual planar-helix and double-helix type supercapacitor devices are
1.19 and 1.12 mm, respectively.

Fabrication of Dual Planar-Helix and Double-Helix Type Supercapacitor
Wires: PVA/H3PO, gel was used as a GPE. 5 g of PVA (Sigma, reagent
grade, degree of polymerization: 2000-3000) was mixed with 40 mL
deionized water and 2.4 mL of H3PO4 (85 wt%). The temperature
was then raised to 358 K on a hot plate with sufficient stirring until a
transparent gel was formed. This viscous liquid was poured onto the
planar glass bath and allowed to spread to an equal thickness after a
minute. As-synthesized carbon wires were placed in the PVA/H;PO, gel
solution for 12 h to complete the solidification. The other side of the
wires was coated in the same way. Finally, the PVA-coated carbon thread
electrodes (independent half-cells) were peeled off from the glass bath,
combined in pairs by the graft force originated by the GPE and twisted to
create a wire-type full cell.

Weaving of Energy Storage Textiles with Warp and Weft Electrodes: To
fabricate textile supercapacitors with parallel circuit analogs, PVA-
coated planar thread electrodes were placed together so as to cross
over and under each other to produce a fabric with a checkered pattern
(Figure 4a). In this study, a total of 12 electrodes were used in single
textile supercapacitor cell, six in each direction. An additional step was
needed to prepare series circuit analogs (Figure 4b). In the middle of
the six electrodes laid on the same direction, there were uncoated
GPE lines, one on each single thread. The sectionalized GPE line was
fabricated by a lift off method which has been described in our previous
research.’l As a consequence, each side of textile sectionalized by GPE
acted as an independent capacitor unit allowing the entire textile to be
two supercapacitors in series.

Characterization and Electrochemical Measurement: Cross-sectional
SEM images of dual planar-helix and double-helix wire-type
supercapacitors were obtained using a field-emission scanning electron
microscope operating at 2 kV with an in-lens detector (Sigma, Carl Zeiss).
CV was carried out using a computer-controlled potentiostat (Zive sp2,
Zive Lab) at various potential windows (0-1.6 V) and galvanostatic C-D)
measurements were carried out using the same equipment at various
current densities (4 —22.13 mA cm™3). XPS spectra were obtained using
a Kratos AXIS-HIS electron spectrometer equipped with a Mg—Ka X-ray
source and a hemispherical electron energy analyzer.
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