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ABSTRACT Supercapacitor with ultrahigh energy density (e.g.,
comparable with those of rechargeable batteries) and long cycling
ability (>50000 cydles) is attractive for the next-generation energy
storage devices. The energy density of carbonaceous material
electrodes can be effectively improved by combining with certain

metal oxides/hydroxides, but many at the expenses of power density
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and long-time cycling stability. To achieve an optimized overall
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electrochemical performance, rationally designed electrode structures with proper control in metal oxide/carbon are highly desirable. Here we have

successfully realized an ultrahigh-energy and long-life supercapacitor anode by developing a hierarchical graphite foam—carbon nanotube framework and

coating the surface with a thin layer of iron oxide (GF—CNT@Fe,03). The full cell of anode based on this structure gives rise to a high energy of

~74.7 Wh/kg at a power of ~1400 W/kg, and ~95.4% of the capacitance can be retained after 50000 cycles of charge—discharge. These performance

features are superior among those reported for metal oxide based supercapacitors, making it a promising candidate for the next generation of high-

performance electrochemical energy storage.
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upercapacitors, which bridge the
Sstorage gap between high energy

batteries and high power dielectric
capacitors, have been considered as an
important class of energy source for high
power supplies, electric and hybrid vehicles,
and portable electronics." A basic super-
capacitor is composed of two electrodes,
electrolyte, and separator between the elec-
trodes, in which the electrode materials
are playing a decisive role in the overall
electrochemical performance. Supercapacitor
electrode materials can be divided into two
main groups: carbonaceous materials (such
as carbon nanotubes, graphene, and active
carbons) and pseudocapacitive materials
(such as transition-metal oxides/hydroxides
and conducting polymers).? As a traditional
electrode, carbonaceous materials can offer
very high power density (a power density of
more than 75 KW/kg has been demonstrated
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with an organic electrolyte®) and excellent
cycling ability (up to 10000 cycles).* How-
ever, the typical energy density of carbon-
based materials (e.g., 4—5 Wh/kg for active
carbon) is still too low, compared with
common rechargeable batteries (more than
180 Wh/kg for lithium ion batteries).>* In the
past decade, tremendous research efforts
have been devoted to developing super-
capacitors with high energy density in order
to meet the growing demands for both high
power density and high energy density and
fulfill the requirement for next-generation
energy storage devices.>®

To develop high energy density electro-
des, transition-metal oxides/hydroxides have
drawn specific attention since they can offer
much higher energy densities (with Faradaic
reactions) than those of carbon-based
materials.”® However, there are obvious
drawbacks of these metal oxides, such as
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low electric conductivity, poor rate performance, and
limited cycling ability.”'° Several strategies have there-
fore been devised in order to achieve high energy for
oxide-based supercapacitor electrodes. For example,
nanosized materials of metal oxides, especially
those with mesoporous and hollow features, have
been fabricated," ~'* where the downsized materials
provide much higher surface area for better electro-
de—electrolyte contact and short ion-diffusion
length, thus enabling fast redox reaction at high rates.
Several nanostructures have been demonstrated to be
effective, such as nanoparticles,’* nanowires,'> porous
nanoflakes,'® and hollowed nanospheres.'” An alter-
native approach is to combine metal oxides with
carbonaceous materials and/or conducting polymers
for better overall electrochemical performance, since
the carbon materials can improve the electric conduc-
tivity and contribute to the rate and cycling ability.'®"®
With this consideration, several different types of
hybrid structures (such as core—shell, core—branch,
and sandwiched structures of carbon and metal
oxide materials) have been reported, with some de-
monstrating improvement in energy density.?°~%’
Other approaches for achieving high energy density
for metal oxide electrodes include the development
of binderfree materials,®®**° conductive surface
coating,*° 32 and surface modification.>?

Despite considerable efforts with metal oxides, there
are still several challenges that need to be addressed in
order to realize the most desirable electrode 83*3* First
and foremost, although the metal oxides/hydroxides
can in theory lead to high energy density, in many
cases the power density is largely sacrificed due to their
poor electrical conductivity and insufficient electron
transfer at high rates, especially when the mass con-
tent of metal oxides/hydroxides is high. Thus, one of
the main issues with metal oxides/hydroxides is the
high power, which requires a proper structure design
and an optimized mass loading in order to balance the
energy and power density.® The second major chal-
lenge with these high energy metal oxide materials is
the cycling stability.” Currently commercially available
carbon-based supercapacitors can be cycled up to
100000 cycles. The reported results for metal oxides
electrodes cannot reach a level close to this (normally
below 10000 cycles). The poor cycling ability may well
be originated from the long-time Faradaic reaction of
metal oxides, which brings about considerable physio-
chemical change/strain on electrode materials; thus,
they cannot maintain the fully electrochemical active
state for a long period of time. Although nanosized
materials have shown potential improvement, they
remain a big challenge to developing metal oxide
electrodes with excellent cycling ability for long-term
practical usage.®® Third, high-energy density requires
a large mass loading/content of active materials
in supercapacitors.>**3” Most of the energy/power
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densities reported for supercapacitors are only based
on the active materials. However, in practical applica-
tion, these key parameters shall be based on the
weight/volume of the whole device including the
package and nonactive material substrates. Indeed,
the nonactive material substrate can be heavy in
weight and large in volume (for example, nickel foil
and nickel foam usually have mass loadings of
30—50 mg/cm?), which can be more than 10 times
that of the active material mass. It is thus a big
challenge to develop “truly” high energy and high
power with a low content of nonactive materials,>
yet the supercapacitor performance can be drastically
deteriorated by reducing or eliminating the use of
these nonactive but conductive/stable substrate.

With the above consideration, in this work we
describe a novel hierarchical structure consisting
of iron oxide nanoparticles decorated on a three-
dimensional (3D) ultrathin graphite foam—carbon
nanotube forest substrate (noted as GF—CNT@Fe,0s).
The integrated structure owns several advantages
when utilized as a supercapacitor anode. For example,
the graphite foam—CNT forest (deposited by chemical
vapor deposition (CVD) method and noted as GF—CNT)
can be utilized as a flexible, lightweight, conducive
substrate with robust mechanical stability. Its superior
performance as supercapacitor substrate has been
identified in our recent work.3¥3° Without other con-
ductive support or polymer-binder being required,
it can drastically reduce the nonactive material
mass. Iron oxide, a low-cost high capacitance anode
material,*°~* is then deposited on the GF—CNT by
atomic layer deposition (ALD). The amount of Fe,0;
deposited can be well controlled for optimizing the
electrochemical performance.***> ALD is shown to
be effective in developing material of high uniformity
with conformal features, especially for substrates with
a high-aspect ratio and complex morphology.*¢~°
The GF—CNT@Fe,03; demonstrates ultrahigh specific
capacitance and ultralong cycling ability, which are
superior compared with those previously reported for
iron oxide/carbon anodes.***! In addition, a full cell
with the GF—CNT@Fe,0O; anode and GF—CoMoO,
cathode is shown with high energy density and
long-time cycling stability at high rate, which indeed
compares favorably with the previously reported
performance for metal oxides based full cells.>”>°
The strategy of effectively decorating metal oxides
on highly porous, lightweight, but conductive
carbon support can also be extended to the combina-
tion of other pseudocapacitive materials and carbon
substrates for the next-generation high-energy super-
capacitors.

RESULTS AND DISCUSSION

Fabrication and Physical Characterization. As illustrated
in Scheme 1, GF—CNT was first made using a CVD
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GF-CNT@Fe,0,

Figure 1. SEM and TEM characterization of GF—CNT@Fe,0s. (a—c) SEM and (d—e) HRTEM images of GF—CNT@Fe,0s. (f)
HAADF—STEM image of a single CNT@Fe, 05 and (g—i) the corresponding STEM element mapping. The scale bar in (f) is 10 nm.

method according to our previous report, where a CVD
ultrathin graphite foam is used as substrate and Co—Ni
catalyst is adopted to synthesize CNTs forest on the
graphite foam.*® The GF—CNT has been demonstrated
to exhibit high electrical conductivity, high surface
area, and mechanical flexibility.3® In this work, to
further enhance the energy density, the GF—CNT sub-
strate was coated with nanocrystalline Fe,O3, a promis-
ing low-cost anode material with high theoretic
capacitance. ALD is adopted for the deposition of
Fe,0s since it gives rise to high uniformity in texture
and the deposition amount can be well-controlled.
With the ALD coating, a hierarchical structure of
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GF—CNT@Fe,0;3 is developed. A SEM image of the
GF—CNT@Fe,03 is shown in Figure 1a, from which
one can see the 3D graphite foam has been covered
with many wire-shaped structures and the one-dimen-
sional structure of CNT is well maintained after the
process. The high magnification image in inset shows
that the foam structure is also well-preserved after the
ALD coating. Enlarged images in Figure 1b,c clearly
show the CNTs have been uniformly coated with many
small nanoparticles, and no aggregation can be ob-
served. From these SEM images, one can see nano-
crystalline Fe,05 has been uniformly deposited on the
structure of graphite foam with CNT forest, and the
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Figure 2. (a) CV curves and (b) charge—discharge curves of GF—CNT@400Fe,03 and GF—CNT. (c) Rate properties and (d) EIS of

four samples.

GF—CNT is well preserved during the ALD process.
It is noted that the Fe,Os; loading can be easily
tuned by controlling the number of ALD cycles. In
the present work, three samples were prepared
with ALD cycles of 200, 400, and 600, respectively
(noted as GF—CNT@200Fe,05;, GF—CNT@400Fe,0s3,
and GF—CNT@600Fe,03). HRTEM images of typical
CNT@Fe,O3 are shown in Figure 1d,e. From
Figure 1d, one can see that CNT is uniformly covered
with tiny nanoparticles (typical particle sizes are
~10 nm). The fine-sized particles facilitate the access
of electrolyte to large surface area and are thus
desirable for high capacitance and high power of
superacpacitor electrode.'® The HRTEM image of
CNT@Fe,0; in Figure 1e clearly shows crystallinity of
the CNT (with a typical lattice distance of 0.34 nm) and
Fe,03 (hematite JPCD: 33-664, matches well with those
of previous reports®>°3). The chemical composition of
CNT@Fe,0s is further illustrated by the HAADF—STEM
image (Figure 1f) and the corresponding elemental
mapping (Figure 1g—i). From the mapping result, the
Fe and O are uniformly distributed on the CNT, further
confirming the conformal coating of Fe,Oz; nano-
particles. It is also noted that nanocrstalline Fe,Os is
assembled on the CNT surface with an island growth
mode, which is different from the previous report of
ZnO@Fe,05* and CNT@V,0s,>* where the ALD metal
oxides were in a 2D growth mode. It is also different
from the Fe,Os; deposited on TiO, nanotubes (see
Figure S1, Supporting Information). The difference
can be attributed to the different surface characteris-
tics of CNTs compared to other materials and different
substrates.”> > The growth per cycle of Fe,03 on CNT
substrate is determined ~0.25 A in the present study,
which is ~50% of that for flat substrate (~0.5 A). The
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rather inert surface of CNT reduces the growth rate
of ALD deposition,*®*° and surface modification can
result in a higher growth rate and different growth
mode.”®*® In the present study, the CNTs are used
“as received”, and no further modification was made.

X-ray photoelectron spectroscopy (XPS) is con-
ducted to study the GF—CNT@Fe,0s, and the results
are shown in Figure S2 (Supporting Information).
From the wide-range scan in Figure S2a (Supporting
Information) for GF—CNT@Fe,03;, one can see the
electronic state of three elements (Fe, O, and C), and
no other impurities are detected. From the Fe 2p
spectrum in Figure S2b (Supporting Information),
two peaks (Fe 2p 3/2 and 2p 1/2) are located at 710.8
and 724.4 eV accompanied by a broad satellite peak,
respectively. The result matches well with the previous
report of Fe>", and no other Fe®" state has been
observed.**** In Figure S2c (Supporting Information),
the principal peak of O 1s is centered approximately
at 530.3 eV, which is attributed to the metal oxide
form (0?7). The small shoulder located at 531.1 eV is
originated from the surface —OH group. In the C 1s
spectrum in Figure S2d (Supporting Information), the
peak centered at 284.5 eV corresponds to the C—C
bond, and the small peaks at 286.2 and 288.5 eV
are assigned to C—0 and C=0 bonds, respectively.>®
Raman and XRD experiment further confirm the crystal
structure of GF—CNT@Fe,05; detailed discussions are
in the Supporting Information.

Three-Electrode Tests. The electrochemical behavior
of GF—CNT@Fe,Os is studied using a three-
electrode system with 2 M KOH as the electrolyte.
Figure 2a shows the CV cures of bare GF—CNT and
GF—CNT@400Fe, 05, from which one can see that the
bare GF—CNT has a rather rectangular curve, typically
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for electric double-layer capacitance, while the CV
curve of GF—CNT@400Fe, 05 has apparent redox peaks
(pseudocapacitive behavior). The enclosed area of
GF—CNT@400Fe, 05 is also much larger than that of
bare GF—CNT, showing the capacitance is significantly
increased after the Fe,O5 coating. The reduction peak
at ~1.1 V and oxidation peak at ~0.7 V can be well-
defined as the pseudocapacitance from the reaction
between Fe*™ and K species in the electrolyte.>"5°
The charge—discharge curves shown for the two sam-
ples in Figure 2b also depict the capacitance increase
after the Fe,0O3 coating. At the same current density
of 20 mA/cm?, GF—CNT@400Fe,05 expresses an areal
capacitance of ~470.5 mF/cm?, which is ~4 times
larger than that of GF—CNT (~93.8 mF/cm?). After
the ALD Fe,03 coating, the areal capacitance of the
carbon support is largely enhanced. Since the pseu-
doreaction takes place predominately on the surface
and in the near-surface region of the metal oxides, and
the Fe,0s; is rather insulating, it would be of interest to
comprehensively investigate the relationship between
the amount (controlled by ALD cycles) of Fe,O3 and the
electrochemical performance. It may pave a way for
achieving optimized supercapacitor performance and
understanding the key phenomenon behind.

The CV curves of all four samples (GF—CNT,
GF—CNT@200Fe,0;, GF—CNT@400Fe,0;, and GF—
CNT@600Fe,03) are shown in Figure S3 (Supporting
Information), from which one can see that all samples
with ALD Fe,03 coating show larger capacitance than
that of the bare GF—CNT, demonstrating the enhance-
ment by ALD coating of pseudocapacitive materials.
However, their electrochemical performances are quite
different. The GF—CNT@200Fe,O5; shows apparent
redox peaks similar to that of GF—CNT@400Fe,05,
but the peak current density is much smaller, which
is expected as a smaller Fe,05 mass gives rise to less
Faradaic reaction. On the other hand, when the ALD
cycles of Fe,0s3 is increased to 600 cycles (more mass
loading), the current density of the redox peaks did
not increase much as compared with that of GF—
CNT@400Fe,05; (which means a slight increase in
capacitance), yet the voltage difference between the
oxidation and the reduction peak is larger, showing a
decreased ionic and electronic conductivity due to the
thicker Fe,O3 coating. Therefore, the mass loading of
Fe,0Os is an important parameter in determining the
capacitance. To achieve optimized electrochemical
performance, the amount of Fe,O5; should be con-
trolled as any excess loading will delay the electro-
chemical reaction thus sacrifice power density. By
comparison, GF—CNT@400Fe,O3; appears to show
the best electrochemical performance.

The rate capability of the four samples has been
studied, and the results are shown in Figure 2c.
When the charge—discharge current density changes
from 5 to 40 mA/cm?, the GF—CNT illustrates the best
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capacity retention (724% of the capacitance is
maintained). However, since only electric double-layer
capacitance is involved in this material, its absolute
capacitance is the lowest. Upon depositing Fe,03 with
200 ALD cycles, the areal capacitance is increased
by ~2—3 times. The rate capability is, however, sacri-
ficed with 65.1% of capacitance retention. Further
increase in the ALD amount of Fe,O3 results in
higher areal capacitance, yet the capacitance reten-
tion for GF—CNT@400Fe,03; drops to 63.8%. GF—
CNT@600Fe,05 delivers the highest areal capacitance
of 659.5 mF/cm? at a current of 5 mA/cm?. It drops
very fast when the current density is increased to
40 mA/cm?, which is even lower than that of
GF—CNT@400Fe,03, showing the poor rate ability at
higher Fe,O3 content. Electrochemical impendence
spectroscopy (EIS) shows a similar trend. As illustrated
by Nyquist plots in Figure 2d, in the high frequency
region, the semicycle diameter in real part gradually
increases with the increasing number of ALD cycles of
Fe,03, indicating the charge-transfer resistance is in-
creased by the thicker Fe, O3 layer. In the low frequency
region, the slope of the curve represents the electrolyte
and proton diffusion resistance. The GF—CNT shows
the most ideal straight lines along the imaginary axis.
The curve slope decreases with increasing number of
Fe,03 ALD cycles, indicating higher resistance for ion/
proton diffusion. From the EIS study, it appears that a
thicker Fe, 05 coating largely increases the resistance
for charge transfer and ion diffusion; thus, the Faradaic
reaction will be slowed down with low power, which
agrees well with the results of rate capability.

As a key parameter of supercapacitor performance,
the cycling ability of Fe,03-coated GF—CNT is further
studied and the results are shown in Figure 3a—c.
The first and last two cycles for GF—CNT@400Fe,05
are shown in Figure 3d,e. It is of interest to note that
all three samples deliver excellent cycling ability, which
can maintain 93.5%, 111.2%, and 86.2% of the initial
capacitance even after 50000 cycles of charge—
discharge at the current density of 20 mA/cm?
The cycling ability of the ALD Fe,Os-coated GF—CNT
is therefore much better than most of those reported
for iron oxides/carbon-based materials.>®*' Few
iron-based oxides are cycled up to 10000 cycles, as
summarized in Table S1 (Supporting Information).
Although the exact reasons for the much improved
cycling ability are not yet clear, we have considered the
following parameters that can contribute to the overall
cycling stability. (i) The structure of Fe,03 nanoparticles
on CNT is mechanically stable; otherwise, the Fe,0O;
nanoparticles would be “blown away” during the ALD
purge process. This mechanically stability is also shown
by the well-preserved structure observed in TEM ex-
periment, where ultrasonic was used in TEM sample
preparation. (ii) Fe,Os is in a refined nanocrystallite
form, which exhibits a lower charge-transfer resistance
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Figure 3. (a—c) Cycling tests of three samples with ALD Fe,03 coating. (d, e) First and last two cycles of GF—CNT@400Fe,03
during the cycling test. (f, g) TEM images for GF—CNT@400Fe,0; after 50000 cycles. The TEM image in (f) shows the feature

change and aggregation of the particles, and the HRTEM image in (g) shows crystalline Fe,03 can be still observed.

and shorter ion/proton diffusion path compared with
large nanowires or nanoparticles. It can thus better
maintain the long-time reversible reactions and keep
the electrode integrity.°' (iii) There is enough free
space between the Fe,O3 nanocrystallites; thus, the
mechanical strain and volume expansion generated by
the fast and long-time Faradaic reaction are effectively
buffered.’ This point has been further confirmed by
TEM experiment after the cycling as discussed later. (iv)
In our previous study, the GF—CNT is mechanically and
electrochemically stable;*® thus the long cycling ability
of the GF—CNT@ Fe,05 can also benefit from the stable
substrate of GF—CNT. If the substrate is fragile, the
hierarchical structure could not maintain the cycling
ability in the long-time cycling test. To further under-
stand the excellent cycling ability, a TEM experiment
was conducted on the sample after a 50000 cycles test.
From the typical TEM image shown in Figure 3fg,
one can see the core—shell structure is well-preserved,
although the nanoparticles are somehow slightly
aggregated. Similar phenomenon of aggregations of
Fe,03 nanoparticles in electrochemical reaction were
observed, which was believed to shorten the cycling
life of Fe,03.5% In the present work, nevertheless,
the overall degree of particle aggregation is rather
small (~20—30 nm), suggesting that the aggregation
is alleviated.®® This supports the stability of electro-
chemical activity of the GF—CNT@Fe,0s.

The above three-electrode electrochemical tests
demonstrate that the GF—CNT@Fe,Os is a rather stable
supercapacitor anode with high capacitance and
excellent rate capability. To evaluate its application
for high-energy density supercapacitor, a full cell
was constructed with the GF—CNT@Fe,O5 as anode
and a CoMoO, nanohoneycomb on graphite foam
(GF—CoMo0Qy,) as cathode. The GF—CoMoO, cathode
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is a metal oxide-based lightweight material which can
express high pseudocapacitance in alkaline electrolyte.
The SEM image of the GF—CoMoO, is shown in
Figure S4a,b (Supporting Information), from which
one can see the highly porous honeycomb structure
of nanosheets is assembled on the graphite foam,
where there is open space formed between the
porous sheets. The electrochemical performance of
GF—CoMoQ, is further tested using a three-electrode
system with 2 M KOH electrolyte. Its CV curves in
Figure S4c (Supporting Information) clearly show the
pseudoreaction of GF—CoMoOQ, in alkaline electrolyte,
with a pair of redox peaks located around 0.3 V (vs SCE).
Its charge—discharge curves are shown in Figure S4d,
and the corresponding rate capability is shown
in Figure S4e (Supporting Information). The specific
capacitance of 2555.6 F/g (at 10 A/g) drops to
62.1% when the current density increases to 40 A/g.
GF—CoMoO, also shows excellent cycling ability
(Figure SA4f, Supporting Information); i.e., there is
little change in capacitance after 50000 cycles of
charge—discharge at 20 A/g. The electrochemical per-
formance measured for GF—CoMoOQ, in the present
work is slightly different from that reported for
CoMoOQ, nanohoneycomb—graphene foam,*® due to
the much higher mass loading (~2 times) in the
present work. Nevertheless, in terms of the capacitance
and long cycling ability, GF—CoMoO, is a good
cathode choice for GF—CNT@Fe,05 anode.

Full-Cell Test. Figure 4a shows the schematic illustra-
tion of the full-cell package, where the two electrodes
are separated with an electrolyte-soaked separator and
packed between two PET films. The digital images of
single anode and prototype full-cell are shown in the
insets of Figure 4c. Figure 4b shows the CV curves of
GF—CNT@Fe,05//GF—CoMoOQ, full device at different
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single electrode and full cell.

scan rates within a cell voltage window of 0—1.6 V.
A couple of redox peaks are observed, indicating
the pesudoreaction from the electrodes (Fe®<>Fe®"
and Co*"<Co*"). Galvanostatic charge—discharge
tests of the full-cell are conducted (Figure S5, Support-
ing Information), and the rate capability is shown in
Figure 4c. Within a short discharge time of 192 s, the full
cell can deliver a specific capacitance of ~210 F/g
(based on the mass of the whole electrodes). When
the current density further increases to 14 A/g, at a
corresponding discharge time of only 13.2 s, the device
could maintain a specific capacitance of ~115.5 F/g,
showing the desirable rate performance. More interest-
ingly, GF—CNT@Fe,03//GF—CoMo0Q, also expresses
excellent cycling ability, as shown in Figure 4d. Since
both the electrodes exhibit excellent cycling stabilities,
the full-cell was also tested for 50000 cycles at a current
density of 7 A/g. Significantly, ~95.4% capacitance
could be maintained after the large number of cycles.
The cycling ability of GF—CNT@Fe,03//GF—CoMoOQ, is
much better than most of those reported for metal
oxide-based full-cells®* % (see also from Table S2,
Supporting Information). Indeed, it is comparable with
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those results achieved from pure carbon based
full-cells. Based on the total mass of the electrode
materials, the Ragone plot is shown in Figure 4e.
GF—CNT@Fe,03//GF—CoMo0O, expresses a high en-
ergy density of ~74.7 Wh/kg at the power density
of ~1.4 kW/kg. Even at a high power density of
~11.2 kW/kg, the cell can deliver a high energy density
of ~41.1 Wh/kg. The combination of high energy and
power densities of the GF—CNT@Fe,03//GF—CoMoO,
full device are compared favorably with those of
iron oxide or CoMoO,/carbon material based super-
capacitors. 3! It is indeed superior among metal oxide
based supercapacitors including those using organic
electrolytes (see also from Table S2, Supporting
Information), demonstrating the merits brought in by
the rational design of hierarchical carbon—metal oxide
nanostructure. By taking into account of the whole
device mass being 50% of active materials,”’ GF—
CNT@Fe,03//GF—CoMo0Qy still delivers very high energy
densities (~20.5—37.3 Wh/kg) without sacrificing much
in power densities (~0.7—5.6 KW/kg).

To demonstrate the potential application of the

GF—CNT@Fe,03//GF—CoMo0, supercapacitor, three full
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cells (each contains 3 x 3 cm? of GF—CNT@Fe,0;) are
connected in series (not shown). This three-cell config-
uration (after charging) can easily light up 30 parallel
orange light-emitting diodes (LEDs).

CONCLUSIONS

To conclude, we have successfully developed a
novel iron oxide decorated 3D graphite foam—CNT
forest hierarchical structure (GF—CNT@Fe,0s), pro-
cessed by the combination of CVD (for carbon
materials) and ALD (for metal oxide) techniques. By
utilizing the high conductivity and porous structure

METHODS

Material Synthesis. (a) GF—CNT hierarchical structure is devel-
oped by modification of a previously reported method>® where
GF was synthesized by the CVD method using Nickel foam
(8 x 8 x 0.2 cm?) as substrate. CNT was fabricated using a NiCo
catalyst with First Nano's EasyTube 300 System. A gas flow of
C,H4, Hy, and Ar (flow rates is 20, 40, and 100 sccm, respectively)
was used for the CNT growth at 750 °C. After the growth,
samples were put into 3 M HCl (60 °C) to remove the catalyst,
and the areal density of GF—CNT was adjusted to 0.65 mg/cm?.
(b) ALD Fe,03 was conducted using a SUNALE R-200 ALD
reactor (Picosun Oy) with Fe(Cp), and O3 (ozone concentration
~10%, generated in a 500 sccm mixture of oxygen (99.99%) and
nitrogen (99.998%)) as sources for iron and oxygen, respec-
tively. The Fe(Cp), was held in a stainless steel bottle maintained
at 165 °C, while the reaction chamber was maintained at 300 °C
and 14 hPa during the reaction. The carrying and purge gas was
nitrogen with a purity of 99.999%. Pulse time of iron precursor
was controlled at 1.6 s with a boosting function, and each Os
precursor exposure time is 0.2 s. Six second and 4 s N, purge
steps were used after the iron and Os exposure, respectively. The
ALD Fe,05 thin film thickness on flat Si substrate was measured
using spectroscopic ellipsometry (o-SE, J. A. Woollam). At
400 ALD Fe,05 cycles, the resultant thin film thickness is about
20 nm, which presents a growth rate of ~0.05 nm per cycle. (c)
GF—CoMo0, was synthesized following a reported hydrother-
mal method,?® where Co(NOs), and NaMoO, were used as the
sources, a GF foam was used as the substrate, and the mass of
GF—CoMo0Qy, is ~1 mg/cm?.

Characterization. Samples were characterized using scanning
electron microscopy (SEM, Zeiss, 5.0—20.0 kV), transmission
electron microscopy (TEM, JEOL-2100F) with an EDX detector,
X-ray photoelectron spectroscopy (XPS, AXIS Ultra), X-ray
Diffraction (XRD, Bruker D8 diffractometer), Raman scattering
spectra (LABRAM-HR Raman spectrometer, excited with
514.5 nm Ar' laser), and thermal gravimetric analysis (SDT
Q600). The mass of electrode materials was also recorded by
an AX/MX/UMX Balance (METTLER TOLEDO, maximum = 5.1 g;
A =0.001 mg).

Electrochemistry Measurement. Electrochemical measurements
were performed using an electrochemical workstation
(Solartron 1470E) at room temperature. For three-electrode
system tests, GF—CNT@Fe,O; or GF—CoMoO, was directly
attached to a metal clip to be used as the working electrode,
and no metal support or other current collector was used. A Pt
plate and SCE were used as the counter electrode and the
reference electrode, respectively. KOH (2 M) was used as the
electrolyte. For two-electrode tests, GF—CNT@Fe,03, an elec-
trolyte-soaked separator, and GF—CoMoO, were packed using
two PET sheets and sealed with a Lacor home vacuum pack.

The specific capacitance in the three-electrode system is
calculated by C = It/(AVm), and areal capacitance is calculated
by C, = It/(AVS), where | is the discharge current, t is the
discharge time, AV is the voltage drop upon discharging, m is
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of carbon materials and the controllable ALD metal
oxide with high energy density, GF—CNT@Fe,0;
expresses ultrahigh capacitance and excellent cycling
ability in supercapacitors. A full-cell with the
GF—CNT@Fe,03 anode and GF—CoMoQ, cathode is
demonstrated with “truly” high energy density with-
out sacrificing the high power density and excellent
cycling ability. The rational design concept for metal
oxide/carbon nanocomposites can be extended
to other metal oxides and carbon substrates, which
can pave ways for ultrahigh energy density storage
devices.

the individual electrode mass including the GF and CNT, and
S is the geometrical area of the electrode.

To assemble a full cell, the following equation is used
to balance the charge between the anode and cathode,
C*AV*m~ = C™*AVT*m™, where C (F/g) is the specific capa-
citance of single electrode, AV (V) is the working potential
range, and m is the mass of the electrode.

The energy density (E) and power density (P) are calculated
by E = CeetAV?/2, P = E/t, where Co is the cell capacitance
calculated by Cee= It/(AVm), AV is the voltage drop upon
discharging, t is the discharge time, / is the discharge current,
and m is the total mass of the two electrodes. To estimate the
energy and power density of the whole device including
the package mass, the Myevice is estimated to be 2 times that
of the electrode mass.
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