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efficient energy conversion and storage
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One-dimensional (1D) carbon nanotubes (CNTs) and 2D single-atomic layer graphene have superior thermal, electrical,
and mechanical properties. However, these nanomaterials exhibit poor out-of-plane properties due to the weak van der
Waals interaction in the transverse direction between graphitic layers. Recent theoretical studies indicate that rationally
designed 3D architectures could have desirable out-of-plane properties while maintaining in-plane properties by grow-
ing CNTs and graphene into 3D architectures with a seamless nodal junction. However, the experimental realization of
seamlessly-bonded architectures remains a challenge. We developed a strategy of creating 3D graphene-CNT hollow
fibers with radially aligned CNTs (RACNTSs) seamlessly sheathed by a cylindrical graphene layer through a one-step
chemical vapor deposition using an anodized aluminum wire template. By controlling the aluminum wire diameter
and anodization time, the length of the RACNTs and diameter of the graphene hollow fiber can be tuned, enabling
efficient energy conversion and storage. These fibers, with a controllable surface area, meso-/micropores, and supe-
rior electrical properties, are excellent electrode materials for all-solid-state wire-shaped supercapacitors with poly
(vinyl alcohol)/H,S0, as the electrolyte and binder, exhibiting a surface-specific capacitance of 89.4 mF/cm? and
length-specific capacitance up to 23.9 mF/cm, — one to four times the corresponding record-high capacities
reported for other fiber-like supercapacitors. Dye-sensitized solar cells, fabricated using the fiber as a counter
electrode, showed a power conversion efficiency of 6.8% and outperformed their counterparts with an expensive
Pt wire counter electrode by a factor of 2.5. These novel fiber-shaped graphene-RACNT energy conversion and

storage devices are so flexible they can be woven into fabrics as power sources.

INTRODUCTION

Carbon nanomaterials, including one-dimensional (1D) carbon nano-
tubes (CNTs) and 2D single-atomic layer graphene, have been demon-
strated to show superior thermal, electrical, and mechanical properties.
Because of the presence of strong covalent bonding in the carbon
plane and the much weaker van der Waals interaction in the trans-
verse direction between the layers, these 1D and 2D nanomaterials
exhibit strong direction-dependent thermal and electrical transport
properties with extremely low out-of-plane conductivities due to
the weak interlayer van der Walls interaction. However, many practi-
cal applications require high through-thickness thermal and electrical
conductivities. Recent theoretical studies (1, 2) have indicated that 3D
carbon architectures, particularly a 3D pillared structure, consisting of
parallel graphene layers supported by vertically aligned CNTs (VACNTS)
in between, have desirable out-of-plane transport and mechanical
properties while maintaining the excellent properties of their building
blocks. A few groups have tried to prepare multilayered 3D graphene-
CNT pillared structures (3-7). However, most of the reported prepa-
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ration methods involved multiple steps and/or chemical vapor deposition
(CVD) with metal nanoparticle catalysts, which could cause detrimental
effects on the interfacial mechanical and transport properties. So far,
3D graphene-CNT network with a covalently bonded pure carbon-
carbon junction at the graphene-CNT interface has rarely been exper-
imentally demonstrated. To ensure that the 3D graphene-CNT structures
have efficient thermal/electrical transport characteristics in all direc-
tions, it is necessary to create a seamless pure C-C nodal junction be-
tween the constituent graphene sheets and CNTs. In this study, we
developed a novel one-step CVD method without an additional metal
nanoparticle catalyst to directly grow hollow fibers made of radially
aligned CNT (RACNT) arrays bounded by cylindrical graphene layers
with covalently bonded seamless pure C-C nodal junctions between
the graphene and RACNTs (Figs. 1D and 2). Different from other
types of carbon fibers [for example, CNT fibers or graphene fibers
(8-13)], these novel 3D graphene-RACNT fibers have rationally de-
signed 3D micro-/mesoporous architectures with a large surface area
[Brunauer-Emmett-Teller (BET) surface area, 526.91 mz/g] and mini-
mized interfacial electrical/thermal resistances. Furthermore, the 3D
graphene-RACNT structure acts as an ideal electrode material for
super-efficient energy storage, with an area capacitance and a length
capacitance (capacitance per unit length) as high as 89.4 mF/cm?
and 23.9 mF/cm, respectively, both of which are one to four times
the corresponding record-high capacities reported for other fiber-like
supercapacitors (table S1). Moreover, dye-sensitized solar cells (DSSCs)
with the 3D graphene-RACNT fiber as a counter electrode to replace
Pt showed a power conversion efficiency up to 6.8%, which outperformed
the DSSC using CNT fiber, graphene fiber, and even Pt wire as a counter
electrode (table S2), indicating synergistic effects of the 3D architecture.
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Fig. 1. Schematic diagrams showing the synthesis and microstructures of a 3D graphene-RACNT fiber. (A) Aluminum wire. (B) Surface anodized
aluminum wire (AAO wire). (C) 3D graphene-RACNT structure on the AAO wire. (D) Schematic representation of the pure 3D graphene-RACNT structure.
(E to G) Top view SEM images of the 3D graphene-RACNT fiber at different magnifications. (I to K) SEM images of the cross-section of the 3D graphene-
RACNT fiber. (H and L) AFM images of the 3D graphene-RACNT fiber. (M to P) SEM image (M) and corresponding EDX elemental mapping of (N)

aluminum, (O) oxygen, and (P) carbon from the 3D graphene-RACNT fiber.

RESULTS AND DISCUSSION

The synthetic route to the 3D graphene-RACNT hollow fibers is shown
in Fig. 1 (A to C). To start with, an aluminum wire (purity >99.99%,
Alfa Aesar) was anodized in 0.3 M oxalic acid solution at 40 V and 3°C
to convert the outside surface of an aluminum wire into an anodized
aluminum oxide (AAO) shell (step 1, Fig. 1, A and B). The thickness of
the resulting AAO shell can be regulated by changing the anodizing
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time. Thus, a prepared wire with aluminum core and AAO shell
(AAO wire) was then used as a template for a single-step CVD dep-
osition without additional metal nanoparticle catalyst to produce the
3D graphene fiber sheathed with RACNTSs (step 2, Fig. 1, B and C).
Upon CVD deposition, the color of the template wire changed from
white to black (fig. S1), indicating the formation of a graphitic carbon
layer over the template surface, including the inner holes of the AAO shell,
to produce the 3D RACNTS sheathed with graphene, as schematically
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Fig. 2. Microscopy characterization of the 3D graphene-RACNT structures. (A and B) Graphene sheet connecting to the open tips of RACNTSs. (C)
Closed end of RACNTs. (D) Schematic representation of the 3D graphene-RACNT network; inset shows the energy-minimized structure from MD sim-
ulations (Supplementary Materials). (E) Broken graphene sheet from the 3D graphene-RACNT network. (F) TEM image of the side view of the 3D
graphene-RACNT around the graphene-nanotube interface. (G and H) Cross-section view of the constituent RACNTs within the 3D graphene-RACNT
structure (G) and corresponding carbon mapping (H). (I) Circle-shaped 3D graphene-RACNT fiber. (J) Piece of weaved graphene-RACNT fibers. (K) SEM
image of a knot of the graphene-RACNT fiber. (L) Photograph of a 2-m-long graphene-RACNT fiber rolled on a long stick. [The diameter of the graphene-

RACNT fibers in (I) to (L) is 100 um.]

shown in Fig. 1D. The length of the 3D hierarchically structured
graphene-RACNT fiber thus produced is, in principle, only limited
by the length of the aluminum wire as the starting material, which
can be commercially produced in a continuous extrusion process to
allow for a large-scale production of the 3D graphene-RACNT fibers.
Because of the one-step CVD growth, covalently bonded seamless C-C
nodal junctions between the graphene and the RACNTSs were realized
to ensure efficient thermal/electrical transport characteristics for the
3D graphene-RACNT structures. The open ends of the RACNTs
on the fiber surface could not only provide a large surface area but
also allow for efficient diffusions of electrolytes to and from the con-
stituent nanotubes. These unique structural features make our graphene-
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RACNT fibers attractive for a wide range of potential applications,
ranging from wearable electronics to energy conversion and storage
devices, as exemplified by ultraperformance supercapacitors and
DSSCs developed in this study.

The structures of the 3D graphene-RACNT fibers were systemat-
ically characterized using microscopy techniques. Figure 1E reproduces
a typical low-magnification scanning electron microscopy (SEM) im-
age for the as-prepared 3D graphene-RACNT fiber, which shows a
homogenous diameter of ~100 um along the fiber length. Under
higher magnifications, opened tips of the “buried” RACNTS are evident
(Fig. 1, F and G). The hole diameter seen in the SEM image (Fig. 1G) is
in good agreement with that seen in an atomic force microscopy
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(AFM) image shown in Fig. 1H and can be estimated from the AFM
image to be about 50 nm, which is in consistent with the correspond-
ing hole diameter of the AAO template (Fig. 1L). Figure 1 (I to K) shows
the SEM images of the cross-section of the 3D graphene-RACNT fiber
under different magnifications.

As can be seen in Fig. 11, the unanodized aluminum core is sur-
rounded by the ~6 um-thick 3D graphene-RACNT shell, which is the
same as the RACNT length and depends mainly on the anodized
time. The SEM images of the cross-section of the shell under higher
magnifications show the presence of well-aligned CNTs (Fig. 1, ] and
K). The corresponding energy-dispersive x-ray spectroscopic (EDX)
elemental mapping shows the presence of carbon on the fiber surface
and through-thickness within the shell (Fig. 1P), indicating the forma-
tion of the 3D graphene-RACNT fiber (cf. Fig. 1D). Figure 1 (N to P)
further shows that the center of the fiber is only composed of Al (Fig.
IN), whereas the shell is composed of Al (Fig. IN) and O (Fig. 10)
in addition to C (Fig. 1P). Thus, the EDX mapping reveals that carbon
has been successfully deposited into the AAO holes within the shell
of the template fiber and its surface to produce the 3D seamlessly
bonded graphene-RACNT structure, as schematically shown in Fig. 1D.

By removing the aluminum and aluminum oxide in the 1 M KOH
solution, we obtained the neat hollow 3D graphene-RACNT fiber with
big graphene tube sheathing RACNT arrays along its inner surface
(fig. S2). Figure 2 (A to H) shows the transmission electron micros-
copy (TEM) images of the 3D graphene-RACNT fiber after removal
of the aluminum and aluminum oxide template. As can be seen in
Fig. 2A, the RACNTSs were connected to a graphene sheet of homo-
geneously distributed open holes (Fig. 2B and movie S1), consistent
with the SEM (Fig. 1G) and AFM (Fig. 1, H and L) images shown
in Fig. 1. The graphene edge can be observed in Fig. 2B, as indi-
cated by the green arrow, and also in Fig. 2E for a small piece of the
edge broken off from the graphene-RACNT sample. More TEM images
from the end and side wall of the 3D graphene-RACNT fiber can be
found in figs. S3 and S4, respectively. The nanotube bundles seen in
Fig. 2A and fig. S4A from the TEM images for broken pieces were
caused by the surface energy-induced bundling (14) during the template
removal, whereas the integrity of the 3D graphene-RACNT structure
could be largely retained by the sheathed graphene “tube” intimately
connected with the open end of the constituent RACNTS, as shown in
figs. S2D and S4D. The integrity of the 3D graphene-RACNT structure
can be further observed by dynamically rotating the TEM samples from
—19° to 30° (fig. S5 and movie S2). The TEM images for the other end
of the RACNT array are given in Fig. 2C, showing that the nanotube
end tips away from the graphene sheet in the 3D graphene-RACNT
fiber were all closed (Fig. 2C). These TEM images are consistent with
the 3D graphene-RACNT network schematically drawn in Fig. 2D,
which acts as a building block to form the 3D graphene-RACNT hollow
fiber, as schematically shown in Fig. 1D and supported by the SEM
and AFM images in Fig. 1. Also included in the inset of Fig. 2D is the
energy-minimized graphene-CNT junction from the molecular dy-
namic (MD) simulations (see below and the Supplementary Mate-
rials). As expected, Fig. 2D shows that the open end for each of the
constituent RACNT's was seamlessly connected to the graphene sheet.
The TEM image of the cross-section view of the 3D graphene-
RACNT structure given in Fig. 2F counterintuitively shows a connect-
ing angle about 135° (instead of 90°) at the graphene-RACNT interface.
Figure 2 (G and H) reproduces the TEM images and the electron
energy loss spectrum elemental mapping of carbon from the same part
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of a 3D graphene-RACNT network, respectively. The seamless carbon-
carbon nodal junction was revealed by using electron tomography re-
corded in TEM mode. By tilting the junction structure continuously
from -70° to 70° at 1° per step, a total of 141 TEM images were re-
corded from the junction, by which the 3D structure was reconstructed.
A movie made from those consequent TEM images can reveal the
seamless 3D junction structure between the CNTs and the graphene
sheet (movies S1 and S2). The observed ~135° connecting angle is fur-
ther confirmed by energy minimization and MD simulations described
in the Supplementary Materials. Figure S6 reproduces a TEM image of an
individual CNT from the graphene-RACNT fiber, which shows a rea-
sonably well-graphitized nanotube structure with an outer diameter of
~50 nm and about 15 concentric carbon shells.

Figure S7 shows a typical Raman spectrum of the as-prepared 3D
graphene-RACNT fiber. As can be seen, the D band at 1350 cm ™" is
relatively weak with respect to the G band at 1595 cm™, indicating a
reasonably high graphitization degree for the whole fiber sample. The
weak 2D band over 2700 cm™" suggests the presence of graphene,
although RACNT signals are dominant, as also indicated by Figs. 1D
and 2F. The x-ray photoelectron spectroscopy (XPS) spectra of the 3D
graphene-RACNT fiber are given in fig. S8, which also shows a main
carbon peak, along with small Al and O peaks from the AAO template.
The high-resolution XPS C1s spectrum shows a sharp peak at 284.5 eV,
which is attributed to the sp* C-C bond from graphitic carbons (15, 16).

Although the as-prepared AAO wire was electrically insulating, it
became highly conductive (16 ohms/cm) after being deposited with the
3D graphene-RACNT structure (fig. S9). The as-prepared 3D graphene-
RACNT fiber was also sufficiently flexible to be bent from a straight
line into a circle (Fig. 2I) and to be made into a piece of weave with
potentials for electronic textile applications (Fig. 2J). Similar to other
CNT or graphene fibers (8-13), our 3D graphene-RACNT fibers can
also be knotted (Fig. 2K) or rolled along a long stick (Fig. 2L).

The as-prepared 3D graphene-RACNT fibers with high conductiv-
ity, good mechanical property, and pinhole-free coverage on the AAO
template were found to be attractive electrodes for fiber-like superca-
pacitors. The electrochemical performance of the 3D graphene-RACNT
fiber was first evaluated in a three-electrode cell in 1 M H,SO, (fig. S10).
Several different graphene-RACNT fiber electrodes with different
shell thicknesses (fig. S11) were also investigated. Figure S12 shows
that their electroactive surface areas, and hence supercapacitances
(fig. S13), increased with increasing anodization time (fig. S12 and
table S3). To further enlarge the electroactive surface area, another
two large-diameter aluminum wires (380 and 810 pm) were selected
(figs. S14 and S15). The cyclic voltammogram (CV) curves of these
three fibers are shown in fig. S16A, which reveals a much higher cur-
rent density for fiber-810 than for fiber-380 and fiber-100. Never-
theless, fiber-100 has the lowest resistance of about 1.4 ohms (fig.
S16B and table S4).

Figure 3 (A and B) shows the SEM images of a solid-state wire-like
supercapacitor based on two twisted 3D graphene-RACNT fiber
electrodes sandwiched with poly(vinyl alcohol) (PVA)/H,SO, gel as
the solid electrolyte and binder. The CVs measured from the solid-state
wire supercapacitor at different scanning rates from 100 to 500 mV/s
all show a regular rectangular shape (Fig. 3C), indicating an ideal ca-
pacitive behavior with a high-rate capability. The CV curve is still
somewhat rectangular in shape even at the ultrahigh scan rate up to
50 V/s (fig. S17A) because of the ultralow resistance (fig. S16B and
table S4). Furthermore, the newly developed wire supercapacitor could
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Fig. 3. Performance of the solid wire supercapacitors of 3D graphene-CNT fiber for energy storage. (A and B) SEM images of the top and cross-
section of the solid-state wire supercapacitor based on the 3D graphene-RACNT fiber electrodes (the diameter of the fiber is 100 um). (C) CV curves of the
solid-state wire supercapacitor based on the 3D graphene-RACNT wire electrodes at scanning rates from 100 to 500 mV/s. (D) Galvanostatic charge and
discharge curves of the 3D graphene-RACNT wire capacitor at different currents. (E) Surface-specific capacitance of the 3D graphene-RACNT wire electrode
calculated from the galvanostatic charge/discharge curves. (F to L) Integrated solid wire supercapacitors either in series or in parallel (the diameter of the
fibers used in integrated devices is 380 um). (F) Schematic representation of an integrated supercapacitor in series from three graphene-RACNT wire
supercapacitors. (G and H) Galvanostatic charge-discharge curves and CV curves, respectively, for the series integrated graphene-RACNT wire supercapacitor
and a single wire supercapacitor. (I) Use of an integrated supercapacitor to light up a commercial LED. (J) Schematic representation of an integrated super-
capacitor in parallel from three graphene-RACNT wire supercapacitors. (K and L) Galvanostatic charge-discharge curves and CV curves, respectively, for the
parallel integrated graphene-RACNT wire supercapacitor and a single wire supercapacitor.
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be charged and discharged at either high (fig. S17B) or low current den-
sities (Fig. 3D). The galvanostatic charge/discharge curves measured at
high current densities from 424 to 2120 pA/cm” are nearly symmetric
straight lines (fig. S17B), indicating an ideal double-layer superca-
pacitor behavior. Even at a very low current density of 2.12 uA/cm?, the
galvanostatic charge/discharge curve shows a triangular shape (Fig.
3D). From the galvanostatic charge/discharge curve, a specific ca-
pacitance of ~3.33 mF/cm” was calculated at the discharge current
of 2.12 uA/cm? for the solid-state wire supercapacitor based on the
3D graphene-RACNT fiber electrodes. The specific capacitance
was found to decrease with increasing current density (Fig. 3E). By
using the 810-um-thick aluminum wire after a prolonged anodization
(120 hours) as the electrodes, we can further increase capacitance of the
solid-state 3D graphene-RACNT fiber supercapacitor. In fig. S18, a
record-high surface-specific capacitance up to 89.4 mF/cm® was ob-
tained for the 3D graphene-RACNT fiber (810 um), which is much high-
er than the capacitance of wire supercapacitors made from ZnO
nanorods (2 mF/em?) (17), CNT fibers (0.6 mF/cm?) (18), and graphene
fibers (1.7 mF/cm?) (19), and even higher than that of the PEDOT
[poly(3,4-ethylenedioxythiophene)] -coated CNT fibers (73 mF/cm®)
(20). The length-specific capacitance of the 3D graphene-RACNT wire
(810 pm) supercapacitor is as high as 23.9 mF/cm, which is almost
1000 times that of the CNT fibers (0.024 mF/cm) (18) and graphene

fibers (0.02 mF/cm) (19) and even 50 times higher than that of the
PEDOT-coated CNT capacitors (0.46 mF/cm) (20). Although some more
advanced capacitors have been reported in recent years (21-23), our 3D
graphene-RACNT wire capacitor is still among the best.

The newly developed solid-state wire supercapacitor based on the
graphene-RACNT electrodes was further subjected to a long-term sta-
bility test. As can be seen in fig. S19A, there was no obvious change
even after about 10,000 consecutive charge/discharge cycles, indicating
excellent long-term device stability. Moreover, the 3D graphene-RACNT
wire supercapacitor also showed high flexibility, wherein it could be
easily rolled over a glass tube without any noticeable effect on the de-
vice performance (fig. S20). Figure S19B shows bending cycle stability
measured for the 3D graphene-RACNT supercapacitor over 100 times
at bending angles up to 90°, indicating very good stability with about
90% capacitance retention over bending for 100 times.

Having demonstrated superb performance for the solid-state 3D
graphene-RACNT wire supercapacitor, we have further integrated in-
dividual 3D graphene-RACNT wire supercapacitors into assemblies
either in series or in parallel to meet specific energy needs for diverse
practical applications. Figure 3 (F and I) shows three wire supercapa-
citors connected in series. As expected, the charge/discharge voltage
window of the three graphene-RACNT wire supercapacitors connected
in series is about three times of that for a single wire supercapacitor
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Fig. 4. 3D graphene-RACNT fiber as the counter electrode for wire-shaped DSSCs. (A) Schematic representation of wire-shaped DSSC using 3D
graphene-CNT fiber as the counter electrode and the TiO, nanotube fiber as the photo anode. (B) Schematic drawing for the cross-section view of
the wire-shaped DSSC. (€) SEM image of the cross-section view of the wire-shaped DSSC. (D) Photograph of the wire-shaped DSSC sealed in a glass
capillary tube. (E) Flexible wire-shaped DSSC sealed in a transparent FET plastic tube. (F) Knot made from the flexible DSSC. (G) Current density-voltage
characteristics of DSSCs with graphene wire, CNT wire, Pt wire, or 3D graphene-RACNT fiber as the counter electrode. (H) Nyquist plots of the 3D graphene-
CNT fiber and the Pt wire measured in the I7/I5™ electrolyte (10 mM Lil + 1 mM |, + 0.1 M LiClO,4 + acetonitrile). (I) Current density-voltage characteristics of
DSSCs with the 3D graphene-RACNT wire counter electrode before and after bending.
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(Fig. 3, G and H) with an almost identical discharge time. The in-
tegrated devices can be used as a power source, as exemplified in Fig.
3, to light up a commercial LED (Red LED, 1.9 to 2.0 V, from Micro-
tivity). As can be seen in Fig. 3 (J to L), the output current density and
the discharge time for three graphene-RACNT wire supercapacitors
connected in a parallel configuration are about three times of those
for a single wire supercapacitor. These results show the scalability of
the 3D graphene-RACNT wire supercapacitors. To further demon-
strate the potential applications for the newly developed all-solid-state
graphene-RACNT wire supercapacitors as efficient energy storage
components for wearable devices, we weaved the 3D graphene-RACNT
wire supercapacitors into fabrics (fig. S21A). These wire capacitors
weaved into fabrics could be used as flexible power sources without
detrimental effect on their performance.

The 3D graphene-RACNT fiber could also be used as an efficient
counter electrode in DSSCs to replace the expensive Pt while still re-
taining and even exceeding the high performance of the Pt-based DSSCs.
In Fig. 4 (A and B), the wire-shaped DSSC was fabricated by twining a
titanium wire sheathed with vertically aligned titanium oxide (TiO,) na-
notubes (fig. S22) as the photoanode with the graphene-RACNT counter
electrode (Fig. 4C), which was sealed in a capillary tube containing the
> electrolyte solution (Fig. 4D) (24, 25). The performance of the
wire-shaped DSSC thus prepared was evaluated under standard illu-
mination (AM 1.5, 100 mW/cm?). Figure 4G shows the current density—
voltage (J-V) characteristics with the corresponding numerical data
listed in table S2. As can be seen, the wire-shaped DSSC with a 3D
graphene-CNT fiber counter electrode exhibited a short-circuit cur-
rent (J,.) of 14.50 mA/cm?, an open-circuit voltage (V) of 0.70 V,
and a fill factor (FF) of 0.67. The overall power conversion efficiency
is as high as 6.80%, which is much higher than that of its counterparts
with the Pt wire (2.74%), graphene wire (0.63%), or CNT wire (1.14%)
as the counter electrode (Fig. 4G and table S2). The series resistance
and charge transfer resistance of the 3D graphene-RACNT fiber are
much smaller than those of the Pt wire (Fig. 4H). Compared with a
pure graphene electrode, the 3D graphene-RACNT fiber electrode has
rationally designed 3D micro-/mesoporous architectures with a large
surface area and a seamless nodal junction at the graphene and RACNT
interface. Thus, the 3D graphene-RACNT fiber electrode provides
enormous graphitic surface area to speed the I37/I" reaction, the 3D
micro-/mesoporous architectures to facilitate the reactants and elec-
trolyte diffusion, and the seamless nodal junction to minimize the in-
terfacial electrical/thermal resistances, which significantly enhanced the
device performance. Flexible wire-shaped DSSCs can also be prepared
by sealing the electrodes in a transparent fluorinated ethylene propylene
(FET) tube (Fig. 4E), which is sufficiently flexible to be made into a
knot (Fig. 4F). Bending the flexible DSSC shown in fig. $23 did not
cause any obvious change in its performance (Fig. 4I and table S5).
Because of its versatile and scalable nature, the methodologies devel-
oped in this study could be applicable to the scalable production of
other 3D hierarchically structured multifunctional materials for a wide
range of applications.

MATERIALS AND METHODS

Preparation of the AAO wire
Three different aluminum wires (purity > 99.99%) with diameters of
13, 100, 380, and 810 um were purchased from Alfa Aesar Company.
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Before use, the aluminum wire was washed in acetone for 10 min and
was then anodized by a two-step electrochemical process, as previous-
ly described (26, 27). In a typical experiment, aluminum wires were
anodized in 0.3 M oxalic acid solution at 3°C and 40 V. The first
anodizing step took 1 hour. The aluminum oxide layer was removed
in the mixture solution of 6 wt % phosphoric acid and 1.8 wt % chro-
mic acid at 60°C for 4 hours. The second anodizing step lasted for 2 to
120 hours depending on the desirable thicknesses for the AAO shell.
The pores in the AAO shell were finally widened in 0.1 M phosphoric
acid solution for 40 min.

Synthesis of the 3D graphene-RACNT fiber on the AAO wire
The 3D graphene-RACNT fiber was grown on the AAO wire by using
a one-step CVD process. Typically, the AAO wire was put inside a quartz
tube furnace. The furnace was heated up to 620°C with argon gas con-
tinuously flowing at a rate of 200 SCCM (standard cubic centimeter
per minute). At 620°C, acetylene gas (20 SCCM) and hydrogen (10 SCCM)
were introduced to the furnace. The sample was kept in the furnace
under these conditions for 55 min to achieve the one-step growth of
the 3D graphene-RACNT fiber on the AAO wire. Upon completion
of the growth process, the 3D graphene-RACNT fiber was rapidly moved
away from the furnace center (620°C), and the quartz tube was air-cooled
down to room temperature. Thereafter, the 3D graphene-RACNT fi-
ber was taken out from the quartz tube for characterization and was
directly used as the wire electrode without any further treatment un-
less otherwise stated.

Fabrication of the solid-state wire supercapacitor

The PVA/H,SO, gel was used as the solid electrolyte, which was
prepared as follows: 2.2 g of PVA (weight-average molecular weight,
85,000 to 124,000; Sigma-Aldrich) powder was added into 20 ml of
water, followed by heating at 90°C under vigorous stirring, and then
2.2 g of H,SO,4 was added after the PVA solution became clear.

For supercapacitor construction, the 3D graphene-RACNT fibers
were precoated with a layer of PVA/H,SO, gel and then dried at room
temperature for 1 hour. The flexible solid-state wire supercapacitor
was then fabricated by intertwisting two of the 3D graphene-RACNT
fiber electrodes together.

The surface-specific capacitance for the solid-state wire capacitance
was calculated from the galvanostatic charge and discharge curves by
using the following equation:

C, = 4IAt/(SV),

where I is the applied current, At is the discharge time, S is the surface
area of the graphene-RACNT wire electrodes, and V is the potential
range.

The corresponding length-specific capacitance was calculated from
the galvanostatic charge and discharge curves using the following
equation:

CL = 4IAt)(LV),

where L is the length of the graphene-CNT wire electrodes.

The surface- and length-specific capacitances for the three-electrode
supercapacitor in H,SO, were calculated from the galvanostatic charge
and discharge curves using the following equations:

Cs = IAt/(SV) and C = IAt/(LV).
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Fabrication of the wire DSSC

The aligned TiO, nanotube/Ti wire was prepared by electrochemical
anodizing of titanium wire (diameter of 127 pum, purity of 99.99%;
Alfa Aesar) in 0.3 wt % NH4F/ethylene glycol solution containing 2 v %
H,O at voltages of 60 V for 5.5 hours (28). After being washed with
deionized water, the resulting TiO, nanotube/Ti wire was then an-
nealed at 500°C in air for 1 hour. The annealed wire was further treated
with 40 mM TiCl, solution at 70°C for 30 min, followed by annealing at
450°C in air for 30 min. The TiO, nanotube/Ti wire was immersed in
a mixture solvent of acetonitrile and isobutanol (1:1, v/v) solution
containing 0.5 mM N719 dye (Solaronix) for 24 hours to form the
sensitized wire photoanode. The wire-shaped DSSC cell was fabricated
by packaging the aligned TiO, nanotube/Ti wire photoanode and the
3D graphene-RACNT fiber counter electrode in a capillary tube or trans-
parent FET tube (purchased from Amazon) containing the electrolyte
of 0.6 M dimethyl-3-propylimidazolium iodide, 0.04 M I, 0.02 M Lil,
0.1 M guanidine thiocyanate, and 0.5 M 4-terbutylpyridine in a mixture
of acetonitrile and valeronitrile. To fabricate the reference DSSCs, the
graphene wire was grown on the copper wire under 1000°C with meth-
ane as the carbon source and used as the counter electrode while the
CNT fiber was obtained by dry spinning from VACNTs.

Characterization

The SEM images were recorded on a Hitachi SU8010 cold field emis-
sion SEM. SEM mapping was done on a Philips XL30 environmental
scanning electron microscope. TEM was carried out using an FEI
Tecnai F30 TEM working at 300 kV. The AFM images were ob-
tained on an Agilent Technologies 5500 Scanning Probe Microscope.
The XPS measurements were performed on a PHI 5000 VersaProbe.
The Raman spectra were collected using a Raman spectrometer
(Renishaw) with a 514-nm laser.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/8/e1400198/DC1

Fig. S1. Photographs of aluminum wire, AAO wire, and 3D graphene-RACNT deposited on the
AAO wire.

Fig. S2. SEM images of the cross-section view of the 3D graphene-RACNT fiber after the
removal of the aluminum and AAO template under different magnifications.

Fig. S3. TEM image of the edge of the 3D graphene-RACNT fiber with different magnifications.
Fig. S4. Top view TEM images of the center of the 3D graphene-RACNT fiber with different
magnifications.

Fig. S5. TEM images of the side of the 3D graphene-RACNT fiber rotated with different angles
from —19° to 30° around the red arrow.

Fig. S6. TEM images of an individual carbon nanotube from the 3D graphene-RACNT fiber
under different magnifications.

Fig. S7. Raman spectrum of the 3D graphene-RACNT fiber on the AAO wire.

Fig. S8. The XPS survey spectrum of the 3D graphene-RACNT fiber, and the corresponding
high-resolution XPS C1s spectrum.

Fig. S9. The resistance of the as-prepared 3D graphene-RACNT wire.

Fig. S10. CV curves and galvanostatic discharge curves of the 3D graphene-RACNT wire (0.1 mm in
diameter) electrode in 1 M H,SO, solution.

Fig. S11. SEM images of the 3D graphene-RACNT wire (100 um in diameter) with different shell
thicknesses via anodizing at different times.

Fig. S12. CV curves of the fiber-100um-2hrs, fiber-100um-4hrs, and fiber-100um-12hrs in 5 mM
KsFe(CN)/0.1 M KCI solution.

Fig. S13. CV curves, galvanostatic charge and discharge curves, and the surface specific
capacitance of the 3D graphene-RACNT wire electrodes (fiber-100um-2hrs, fiber-100um-4hrs,
and fiber-100um-12hrs).

Fig. S14. Photographs of the 3D graphene-RACNT fibers prepared from aluminum wire with
different diameters.
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Fig. S15. SEM images of the 3D graphene-RACNT fibers prepared from aluminum wires with
different diameters.

Fig. S16. CV curves and Nyquist plots of the 3D graphene-RACNT fibers with a diameter.
Fig. S17. CV curves of the solid-sate wire supercapacitor at high scanning rates, and galvanostatic
charge and discharge curves of the 3D graphene-VACNT wire capacitor at high current density.
Fig. S18. Photograph, CV curves, galvanostatic charge and discharge curves, and the surface
specific capacitance and length specific capacitance of the solid-state wire supercapacitor
based on the 3D graphene-RACNT fiber electrodes (810 mm in diameter).

Fig. $19. The long term stability and bending stability tests for the supercapacitor based on the
3D graphene-RACNT electrodes with diameter of 100 um.

Fig. S20. Photographs, CV curves, and galvanostatic charge/discharge curves of the 3D
graphene-RACNT wire supercapacitor before and after rolling on a glass tube.

Fig. S21. Photographs of graphene-RACNT wire supercapacitor weaved into a piece of fabric
and rolling over a stick, and its CV curves and galvanostatic charge/discharge curves before
and after rolling on a stick.

Fig. 522. SEM images of TiO, nanotube/Ti wire.

Fig. S23. SEM images of a 3D graphene-RACNT flexible wire DSSC before and after bend.
Fig. 524. Schematics of Al,O3 template with a filleted hole in the center, and MD model of the template.
Fig. S25. Schematics of CNT-graphene junction.

Fig. 526. Side view and cross section of three-layered CNT-graphene junctions with 135° fillet
and without fillet.

Fig. S27. Normalized bending energy predicted by the analytical model, and normalized
potential energy calculated by MD as a function of the fillet angles.

Table S1.The reported areal capacitance and length capacitance of the fiber supercapacitor in references.
Table S2. Ji., Vo, FF, and power conversion efficiency for wire-shaped DSSCs with the 3D
graphene-CNT fiber, and Pt wire as the counter electrode.

Table S3. Electroactive surface areas of the 3D graphene-RACNT fiber electrodes.

Table S4. Series resistance of the 3D graphene-RACNT fiber electrodes.

Table S5. Js, Vo, FF, and power conversion efficiency for wire-shaped DSSCs with the 3D
graphene-CNT fiber before and after bend.

Movie S1. A movie made from those consequent TEM images, showing the seamless 3D
junction structure between the CNTs and the graphene sheet.

Movie S2. A movie made from those consequent TEM images, revealing the aligned CNT
bundles (see text) and their seamless junction with the graphene sheet.
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