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ABSTRACT: Carbon nanomaterials have received much attention due to their
good electrochemical performance as electrode materials and as substrates for
pseudocapacitive materials. Herein, the graphene—carbon nanotube aerogel
(GCA) has been constructed by direct cryodesiccation from the aqueous
dispersion of a graphene oxide—carbon nanotube hybrid, the so-called “sol-
cryo” method, followed by high-temperature carbonization. The as-obtained
GCA with a unique sheet-scroll conjoined architecture not only displays an
excellent electrical double-layer capacitive performance but also performs as an
ideal three-dimensional template for the perpendicular immobilization of
Ni(OH), nanosheets. The capacitance of Ni(OH),@GCA is 1208 Fg™'at 1 A
g™ with 88% retention after 2000 cycles. The Ni(OH),@GCA//GCA
asymmetric supercapacitor exhibits a high energy density of 30 Wh kg™ at a
power density of 820 W kg ™. In addition, this template-free sol-cryo method
possesses simplicity and large-scale availability, which provides a novel approach
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for fabricating macroscopic electrode materials for supercapacitors.
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B INTRODUCTION

Supercapacitors have drawn wide attention with their good
power density, long lifetime, and rate capability' — and can be
categorized as electrical double-layer capacitors (EDLCs) and
pesudocapacitors in terms of charge-storage mechanisms.*™°
EDLCs with excellent cyclic and rate performances but poor
capacitance consist of carbon materials, such as §raphene,
carbon nanotubes (CNTs), and carbon aerogels.7_1 Pesudo-
capacitors include metal oxides, metal hydroxides, and
conducting polymers such as Ni(OH),,'*™"? C0,0,,°"*" and
polyaniline,”*~** which exhibit a higher charge-storage ability
but poor stability. Among these materials, Ni(OH), with a
high theoretical capacity stands out as an ideal candidate for its
application as a supercapacitor.'” However, morphologies of
electrode materials can greatly affect the electrochemical
performance.”*® Pure Ni(OH), usually forms severe
aggregates that inhibit the full exposure of its electrochemically
active sites. In addition, Ni(OH), has a very small electro-
chemical voltage window (0—0.5 V), which will cause a low
energy density and hamper its practical applications.'” One of
the strategies to solve both problems is to hybridize Ni(OH),
with carbon nanomaterials, which can tailor Ni(OH), to a
nanostructured morphology that provides a larger contacting
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area with the electrolyte and a shorter ion diffusion pathway,
thus improving the capacitance of the electrode. Assembling
the asymmetric supercapacitor (ASC) with carbon nanoma-
terials as the negative electrodes can provide a wider working
voltage.””*® As a result of both the improved capacitance and
the operating voltage, the energy density can be significantly
increased.

With the benefit of specific area and conductivity, three-
dimensional (3D) carbon frameworks (such as graphene
aerogels) are promising candidates as substrates for Ni(OH),
nanosheets (noted as Ni(OH), NSs) and suitable negative
electrodes.” The graphene-based aerogels have been obtained
by hydrothermal means, direct ink writing, chemical vapor
deposition, and ascorbic reduction.’’™** However, graphene
sheets are easily restacked during the synthesis of the aerogel in
many cases. Hence, CNTs are used as spacers to prevent
graphene sheets from restacking in previous reports.”> >’
Additional mesopores can be obtained by adding CNTs into
the aerogel, which further improves the impregnation of the
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electrolyte, resulting in improved electrochemical performance.
Besides, CNTs could also facilitate electron transport across
the whole aerogel by interconnecting adjacent graphene sheets.
However, those 3D graphene—CNT hybrid structures are
usually fabricated by either energy/time-consuming chemical
vapor deposition, a vacuum filtration process, or a process
involving surfactant modification, which hampers the overall
conductivity of the obtained hybrid. Therefore, a facile and
energy-saving method for constructing 3D graphene—CNT
hybrids is preferred for large-scale applications.

In this work, 3D graphene—CNT aerogel (GCA) has been
fabricated by a sol-cryo approach followed by high-temperature
carbonization, which is further employed as a conductive
framework for Ni(OH), immobilization (schematically illus-
trated in Figure 1). In this process, the GCA is directly formed
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Figure 1. Schematic for the preparation of the Ni(OH),@GCA
composite.

from the aqueous solution by cryodesiccation, that is, the sol-
cryo method, rather than from the hydrogels generally needed
in previous methods. In particular, because of the rapid
freezing process, the GCA forms a 3D network with a unique
graphene nanoscroll-interconnected-nanosheet structure, be-
tween which CNTs are inserted homogeneously. CNTs can
further improve the conductivity of the aerogel and hinder the
restacking of graphene layers, producing mesopores by
intercalating between graphene nanosheets or becoming
enwrapped by graphene nanoscrolls. The all-carbon framework
serves as a good matrix for the immobilization of Ni(OH),,
favoring the access of the electrolyte. As a result, the
capacitance of Ni(OH),@GCA is up to 1208 F g_1 (1A
g~ '). Moreover, an ASC of Ni(OH),@GCA and the GCA
electrode possesses a maximum energy density of 30 Wh kg™

B EXPERIMENTAL SECTION
Preparation of the Graphene—CNT Aerogel (GCA). The GCA

was prepared according to our previous work (see details in the
Supporting Information).*" Briefly, CNT dispersion (4 mg mL™") and
graphene oxide (GO) dispersion (8 mg mL™") were first prepared.
The GO and CNT dispersions were mixed in a volume ratio of 1:1
and then put into liquid nitrogen for shock cooling, followed by
freeze-drying. The GCA is obtained by heating the GO—CNT aerogel
at 800 °C for 2 h. The pure graphene aerogel (CA) without CNTs
was also made by following the same approach.
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Synthesis of the Ni(OH),@GCA Composite. The composite
was synthesized by chemical bath deposition. Briefly, 290 mg of
Ni(NO;),-6H,0 and 180 mg of CO(NH,), were dispersed in 30 mL
of an ethanol/DI (deionized) water (v/v 2:1) mixture. The GCA was
added to the dispersion, which was held at 70 °C for 8 h. Afterward,
the as-obtained Ni(OH),@GCA-1 was collected. To obtain
composites with various loadings of Ni(OH),, 580 and 1160 mg of
Ni(NO;),"6H,0 and 360 and 540 mg of CO(NH,), were applied,
respectively, and the resulting samples were identified as Ni(OH),@
GCA-2 and Ni(OH),@GCA-3. The Ni(OH), sample was fabricated
without adding the GCA.

Electrochemical Measurements. The tests are conducted in a 6
M KOH solution with Hg/HgO and Pt as a reference and a counter
electrode, respectively. The Ni(OH),@GCA composites were cut
into slices with an area of 10 mm X 10 mm and used directly as an
electrode material, followed by compression on stainless steel foil with
a mass loading of about 1.2 mg for a single electrode. The
electrochemical performance was tested by a CHI 660D electro-
chemical workstation. The ASC obtained by employing Ni(OH),@
GCA and GCA as the positive and ne§ative electrode was
characterized according to our previous work.”

B RESULTS AND DISCUSSION

Morphology and Microstructure of the Ni(OH),@GCA
Composite. The GCA was obtained through the quick
freezing of the mixture of the GO/CNT aqueous dispersion
directly, followed by lyophilization and high-temperature
carbonization. In an overview, the pore size of a 3D porous
GCA varies from dozens of micrometers to hundreds of
nanometers (Figure 2A). Specifically, the microstructure of a
GCA was conjoined by the graphene nanoscrolls and graphene
nanosheets. It is believed that during the quenching process
the GO sheets partially roll up into a tubular structure, and the
nanosheets and nanoscrolls are conjoined together, resulting in
a 3D network. During calcination, the oxygen-containing
groups on CNTs were removed and GO was reduced to
graphene, while the graphene nanoscroll-interconnected-nano-
sheet network was well retained. In contrast to the smooth
graphene sheet in a GA (Figure S1A,B), the surface of the
graphene sheet in a GCA is much rougher, leading to a larger
surface area. As displayed in Figure S1C,D, CNTs distribute
homogeneously on the graphene sheets, suggesting a good
dispersibility of CNTs and graphene. TEM images also show
that the uniformly dispersed CNTs are either intercalated
between graphene nanosheets (Figure 2B) or enwrapped by
graphene nanoscrolls (Figure 2C). In this way, CNTs can
prevent the restacking of graphene layers to improve the
exposed surface area and produce some mesopores.
Furthermore, the CNTs intertwining and bridging with
graphene could improve the conductivity of the aerogel as
the conductivity increases from 56 S m™' of GA to 120 S m™"
of GCA, thus facilitating the electron transfer.

The structure of Ni(OH),@GCA hybrids was revealed in
Figure 2D—F. The inset in Figure 2D shows the digital photo
of the Ni(OH),@GCA composite, indicating its good
structural integrity. The Ni(OH), sheets form well-defined,
ultrathin sheet-like architectures with sizes from 400 to 500 nm
by using the GCA as a substrate. The 3D porous structure of
the aerogel was well retained with a proper loading of
Ni(OH), NSs, which are loaded homogeneously onto both
graphene nanosheets and graphene nanoscrolls (Figure 2D—
F). From the TEM images (Figure 2G—I), Ni(OH), NSs are
vertically adhered onto both graphene nanosheets and the
outer wall of graphene nanoscrolls. EDX results also indicate
that Ni(OH), NSs have an even distribution on the whole
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Figure 2. (A) SEM and (B, C) TEM images of GCA. SEM images of Ni(OH),@GCA-2 at (D) low and (E, F) high magnifications. The inset
shows the digital photo of a freestanding Ni(OH),@GCA composite. (G—I) TEM images of Ni(OH),@GCA-2. (H, I) Enlarged view of the
indicated circled and squared areas (G), indicating that Ni(OH), can grow on both graphene nanosheets and nanoscrolls.
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Figure 3. (A) XRD patterns of GCA, pure Ni(OH),, and Ni(OH),@GCA-2. XPS spectra of Ni(OH),@GCA-2: (B) survey scan, (C) high-
resolution Ni 2p spectrum, and (D) high-resolution C 1s spectrum. (E) Nitrogen adsorption isotherms of GA, GCA, and Ni(OH),@GCA-2. (F)
Corresponding pore size distribution of the Ni(OH),@GCA-2 composite.

skeleton (Figure S2). For Ni(OH),@GCA-1, few Ni(OH),
NSs are randomly loaded onto a GCA (Figure S3A,B). The
sample obtained by the increased addition of Ni-based salt and
urea shows that the overloading of Ni(OH), destroys the
porous structure (Figure S3C,D).
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From Figure 3A, the GCA shows a broad and flat peak at 20
= 26.4° that is the (002) plane of the carbon. As for
Ni(OH),@GCA-2, it has diffraction patterns similar to those
of Ni(OH),, suggesting that the Ni(OH), NSs are loaded onto
the GCA. The XPS result in Figure 3B shows that C, Ni, and O
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Figure 4. Electrochemical performance of the Ni(OH),@GCA-2 positive electrode. (A) CV curves of pure Ni(OH),, Ni(OH),@GA, and
Ni(OH),@GCA-1,2,3 at a scan rate of 20 mV s, (B) CV curves of Ni(OH),@GCA-2 at different scan rates from 10 to 50 mV s™*, (C)
galvanostatic charge—discharge curves of Ni(OH),@GCA-2 at different current densities from 1 to 10 A g~', (D) specific capacitance of pure
Ni(OH), and Ni(OH),@GCA-2 at different current densities, (E) cycling performance of Ni(OH),@GCA-2 measured at a scan rate of 200 mV
s™! for 2000 cycles, and (F) Nyquist plots of pure Ni(OH),, Ni(OH),@GCA-2, and Ni(OH),@GA.
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Figure 5. Electrochemical performance of the GCA negative electrode. (A) CV curves of GCA at different scan rates from 5 to 50 mV s™' and (B)
galvanostatic charge—discharge curves of GCA at different current densities from 1 to 20 A g™".

coexisted in the composite. The Ni 2p spectrum (Figure 3C)
exhibits two peaks related to Ni 2p;/, and Ni 2p, ,, revealing
the presence of Ni**. From C 1s results (Figure 3D), the major
composition of the characteristic C 1s is nonoxygenated
carbon and the intensity of C—O is dramatically reduced,
indicating the successful removal of the oxygen-containing
groups. From Figure 3E, the surface area of the GCA (247 m*
g™') is larger compared with that of the GA (131 m* g™'),
possibly due to the fact that CNTs intercalating between
graphene can effectively prevent them from restacking. The
pore size of Ni(OH),@GCA-2 is approximately 4 nm, which is
in the mesoporous range (Figure 3F). This mesoporous
architecture of the composite is favorable for utilization as
electrode materials, which can promote ion diffusion.

Electrochemical Performance of Positive Electrode
Materials. From Figure 4A, redox reaction peaks are seen in
cyclic voltammetry (CV) results, suggesting that charge storage
is related with the Faradaic redox reactions of Ni(OH),:

a-Ni(OH), + OH™ « y-NiOOH + H,0 + e~ (1)
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Among all samples, Ni(OH),@GCA-2 has the largest CV
curve area, indicating the maximum capacitance, which can be
due to the proper amount of Ni(OH), on the sheet-scroll
conjoined skeleton of a GCA. As for Ni(OH),@GCA-1, a
lower pseudocapacitive capacitance is obtained from Ni(OH),
because of the small loading of Ni(OH), NSs, while for
Ni(OH),@GCA-3, the severe aggregation of Ni(OH), NSs
can lead to a deceased performance of electrode materials. It is
observed from Figure 4B that with the increase in scan rates
the CV curve shapes of Ni(OH),@GCA-2 almost do not
change, demonstrating that the composites have excellent
electron conduction and a small equivalent series resistance.
The galvanostatic charge—discharge test for evaluating the
capacity of the Ni(OH),@GCA-2 composite is revealed in
Figure 4C. The capacitance is 1208 F g™' at 1 A g™". Notably, a
69% capacitance is retained at 10 A g~' for the composite in
comparison to 44% for bare Ni(OH), (Figure 4D). The
composite exhibits an 88% retention of its capacitance after
2000 cycles of the CV test (Figure 4E). As displayed in the
Nyquist plots (Figure 4F), the composite exhibits a more
vertical line than that of Ni(OH), in a low-frequency area,
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Figure 6. Electrochemical performance of the Ni(OH),@GCA-2//GCA asymmetric supercapacitor: (A) schematic of the assembled structure of
an asymmetric supercapacitor based on Ni(OH),@GCA-2 as the positive electrode material and GCA as the negative material, (B) CV curves at
different scan rates from 20 to 500 mV s™*, (C) galvanostatic charge—discharge curves with a cell voltage of 1.6 V at current densities varying from
1to 10 A ¢!, (D) Ragone plot, (E) cycling performance measured at a scan rate of 200 mV s~ for 2000 cycles, and (F) Nyquist plots.

indicating better performance. Furthermore, the composite
possesses an improved performance compared to that of
Ni(OH),@GA, indicating an improved conductivity by adding
the CNTs.

In summary, the outstanding performance of the composite
is mainly owing to the following aspects. First, Ni(OH), NSs
loaded vertically onto a conductive skeleton can maximize the
utilization of their high pseudocapacitance. Second, the 3D
porous carbon matrix favors the diffusion of electrolyte ions
and facilitates charge transfer. Finally, the unique nanosheet-
interconnected-nanoscroll structure offers a high electrical
conductivity pathway for facilitating the rapid charge transfer
in the electrode.

Electrochemical Performance of Negative Electrode
Materials. The CV curves of the GCA sample show
rectangular shapes and maintain well even at high scan rates,
suggesting excellent EDL capacitance behavior (Figure SA).
The capacitance of the GCA from charge—discharge curves is
149 F g_l. Moreover, the absence of CNTs reflects a lower
capacitance in comparison to that of the GCA (Figure S4),
indicating that the existence of CNTs is favorable for the
capacitance of graphene aerogels. The improved electro-
chemical behavior of GCA possibly results from their unique
sheet-scroll conjoined architecture with a highly porous
structure and good conductivity.

Electrochemical Performance of Asymmetric Super-
capacitors. An ASC was assembled utilizing the Ni(OH),@
GCA-2 and GCA electrodes (Figure 6A). CV curves with
various voltage windows were exhibited in Figure S5 to
evaluate the optimized operating voltage of the ASC. At the
voltage of 1.6 V, the existence of redox peaks indicates faradic
reactions coming from the positive electrode. The evolution of
oxygen would occur when the voltage is above 1.8 V. Hence,
an operating potential of 1.6 V of the asymmetric device is
selected to further conduct the electrochemical tests.
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The CV curves of the ASC show a quasi-rectangular shape,
and the curve shape is well maintained at high scan rates
(Figure 6B). The capacitance of the ASCis 81 Fg™'at 1 A g™
(Figure 6C). The negative electrode (GCA) has a unique
sheet-scroll conjoined architecture with a highly porous
structure and good conductivity, which delivers an excellent
double-layer specific capacitance. The positive electrode
(Ni(OH),@GCA-2) maximizes the utilization of its high
pseudocapacitance, which benefits from the highly dispersed
and perpendicularly oriented Ni(OH), NSs. Figure 6D
presents Ragone plots of the ASC performed in the operating
potential of 0—1.6 V. The ASC displays energy densities of 30
and 10 Wh kg™' at 820 and 7590 W kg™', respectively. The
performance of the device is comparable to those of previous
works about Ni(OH),-related ASCs, which includes works
about Ni(OH),//activated carbon (AC),"” Ni(OH),/AC/
CNT//AC,"® and CNT/Ni(OH),//rGO" (Table S1). After
2000 cycles, the ASC still exhibits a high capacitive retention of
78% (Figure 6E). The Nyquist plots of the ASC were shown in
Figure 6F to study the electron and ion diffusion behavior
during the charge—discharge process. There are no semicircles
in the high-frequency area, demonstrating a rapid charge
transfer from the electrode and the electrolyte. While in a low-
frequency area, the line is almost parallel to the vertical axis,
indicating an excellent performance of the supercapacitor.

B CONCLUSIONS

The GCA with a unique nanoscroll-interconnected-nanosheet
structure has been prepared through a facile sol-cryo method,
which has been utilized as a 3D porous skeleton for anchoring
Ni(OH), NSs. The as-obtained GCA with a unique sheet-
scroll conjoined architecture not only provides a fast electron
and jon diffusion pathways but also maximizes the exposure of
the active site on Ni(OH),. With the benefit of both Ni(OH),
and the GCA, the capacitance of Ni(OH),@GCA is up to
1208 F g' at 1 A g”'. The Ni(OH),@GCA//GCA ASC
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shows an energy density of 30 Wh kg™" at 820 W kg™". Hence,
an alternative approach for fabricating macroscopic electrode
materials is proposed.
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