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ABSTRACT The reaction of 3-Co(OH), hexagonal platelets with graphite oxide in
an aqueous colloidal dispersion results in the formation of 3-Co(OH), hexagonal rings
anchored to graphene oxide layers. The interaction between the basic hydroxide layers
and the acidic groups on graphene oxide induces chemical etching of the hexagonal
platelets, forming 3-Co(OH), hexagonal rings. On heating in air or N, the hydroxide
hybrid is morphotactically converted to porous Co;0,/Co0 hexagonal ring—graphene
hybrids. Porous NiCo,0, hexagonal ring—graphene hybrid is also obtained through a

similar process starting from 3-Nig 33(04 67(0H), platelets. As electrode materials for
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supercapacitors or lithium-ion batteries, these materials exhibit a large capacity, high rate capability, and excellent cycling stability.
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anostructures of unusual shapes as-
N sociated with interesting properties

have been of continued interest.' ”
Among the unusual nanostructures, nano-
rings of metals®~'” (Ag, Au, Au—Ag alloy, Pt,
Ni, Co, Ni—Co alloy), oxides'®~2% (ZnO, CuO,
TiO,, Ag2V4O011, KoTigO1s, 0-Fe,03, Fes0,,
Gd,03, In,05, Zn,GeO,), nitrides®”*® (AIN,
GaN), chalcogenides®® 3¢ (CdS/Se, Sb,Ss,
Sb,Tes, PbS/Se, CulnSe,, Cu-NalnSe,), car-
bon,*” fullerene (C50),*® and Cd(OH),>*°
have been explored and found to exhibit
different properties in comparison to their
counterparts of different shapes. For exam-
ple, in the case of magnetic nanorings, the
unique geometrical configuration governs
the movement of a magnetic moment
around the loop structure. By virtue of the
stable vortex state possessed by the mag-
netic rings,'>?**1*? these have been pro-
posed to be potential materials for magnetic
random access memory®* and as magnetic
resonance imaging (MRI) contrasting agents.'”
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In Au nanorings, uniform field enhance-
ment effect has been observed in their
cavities, and hence, they could potentially
serve as resonant nanocavities to accom-
modate or probe smaller nanostructures in
sensing and spectroscopy applications.**
The nanorings are known to form due to
self-assembly of nanoparticles'#?%3%38 or
coiling of nanotubes,*® nanobelts,?'?22846
or nanowires®?” These have generally been
prepared by template-assisted synthesis,®*°
thermal treatment>? lithography,'>™ sol-
vothermal reaction,'”'*2"324 solution synthe-
sis accompanied by chemical etching®***/ion
exchange,®*® or by galvanic displacement
reactions.”'! Solution synthesis of nano-
rings has been demonstrated to be a facile
and scalable route. In solution synthesis,
one of the reactants usually acts as a chem-
ical etchant. For instance, the addition of
HAuCl, to a dispersion of Ag nanoplates
causes galvanic displacement of Ag by Au,
yielding Au nanorings.®'" Initially formed
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Figure 1. Schematic representation of the processes involved in the synthesis of Co30,/CoO hexagonal ring—graphene hybrids.

Figure 2. SEM images of 3-Co(OH), hexagonal platelets (a) and the 3-Co(OH), hexagonal ring—graphene oxide hybrid (b,c).

PbS nanoprisms are slowly etched to nanorings by
Cl™ ions in solution.>* Phosphate and sulfate ions play a
key role in the formation of o-Fe, 05 nanorings.?* While
the phosphate ions regulate the shape of the nano-
rings, hollowing of the a-Fe,0s structure is caused by
preferential dissolution due to the coordinating sulfate
ions.

Nanorings of layered metal hydroxides have not
been well-explored. The fact that nanoplatelets or disks
of metals,”~"" oxides,'®** and chalcogenides®***3¢ can
be chemically etched to nanorings suggests that it
should be possible to etch preformed nanoplatelets of
layered metal hydroxides by a simple acid—base reac-
tion using a mild acid as an etchant. Can mildly acidic
graphite oxide (GO) layers be used as etchants?
Though it has been well-established that the polar
oxygen bearing functional groups of GO assist in
solubilizing carbon layers and contribute to acidity
(due to —OH and —COOH groups),*” ~*° only recently
it was demonstrated that they also play a crucial role in
nucleation and growth of nanomaterials.>*~>? Though
there has been a plethora of studies where nanoma-
terial is formed in the presence of GO during chemical
reactions, studies on the interaction of GO with pre-
formed nanomaterial is limited. It would be interesting
to examine as to how the acidic functional groups on
GO interact with preformed nanomaterials like hexa-
gonal platelets of layered metal hydroxides. Using GO
as a chemical etchant would lead to the formation of a
layered metal hydroxide nanoring—GO hybrid which
can eventually be converted to a metal oxide nano-
ring—graphene hybrid. The formation of nanorings
on graphene would increase the overall exposed sur-
face area since the inner edges of the nanorings along
with graphene would also be available for catalytic
activity.>® These factors could be advantageous since
hybridization of a functional nanomaterial with high
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surface area, conducting, and lightweight graphene
has been explored as an effective strategy for enhanced
catalysis in energy conversion and storage.>’ >*

In this article, we report the interaction between
colloidal dispersion of cobalt hydroxide hexagonal
platelets and aqueous colloidal dispersion of GO that
induces chemical etching of the cobalt hydroxide
hexagonal platelets resulting in the formation of cobalt
hydroxide hexagonal rings. The cobalt hydroxide hexa-
gonal ring—GO hybrid could be morphotactically
converted to porous Co30,/CoO ring—graphene hy-
brids, which were examined as anode materials for
lithium-ion battery application. NiCo,0, hexagonal
ring—graphene hybrid prepared by a similar process
was examined for supercapacitor application.

RESULTS AND DISCUSSION

The processes involved in the synthesis of Co30,4/
CoO hexagonal ring—graphene hybrids are schemati-
cally depicted in Figure 1. The as-prepared -Co(OH),
has hexagonal platelet morphology. The low-magnifi-
cation SEM image of 3-Co(OH), (Figure 2a) shows uni-
form hexagonal platelets with a diameter of ~5 um
and a thickness of ~15 nm. On reacting with GO, these
platelets are converted into hexagonal rings due to
the etching out of the central part of the platelet by the
acidic functional groups of GO. The SEM images of the
B-Co(OH), hexagonal ring—GO hybrid (Figure 2b,c)
reveal the presence of (-Co(OH), hexagonal rings
randomly distributed within the corrugated GO layers.

Bright-field TEM images of the 3-Co(OH), hexagonal
ring—GO hybrid (Figure 3a,b) show hexagonal rings
present on GO layers. The inner diameter of the ring is
~500 nm. The selected area electron diffraction (SAED)
pattern obtained from an individual hexagonal ring
of brucite-like 3-Co(OH), (Figure 3b inset) could be
indexed to the [001] zone axis pattern. The hexagonally
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Figure 3. Bright-field TEM images of 3-Co(OH), hexagonal
ring—graphene oxide (a,b), Co30, hexagonal ring—graphene
(c), -Nig 33C00 67(0H), hexagonal ring—graphene oxide (e/f),
and NiCo,0, hexagonal ring—graphene (g) hybrids. HRTEM
images of Co30,4 hexagonal ring—graphene (d) and NiCo,0,
hexagonal ring—graphene (h) hybrids.

arranged sharp diffraction spots suggest that the
p-Co(OH), rings are crystalline. On heating in air,
-Co(OH), hexagonal rings of the 3-Co(OH), hexagonal
ring—GO hybrid decompose morphotactically to
Co30, rings, and GO in the hybrid is reduced to
graphene. TEM image of the Cos0, hexagonal ring—
graphene hybrid thus formed (Figure 3c) shows a
Co30,4 hexagonal ring with a number of cracks and a
rough surface in contrast to the smooth (3-Co(OH),
hexagonal rings seen in Figure 3a,b. The porous nature
of the Co30, hexagonal rings is shown in the
high-magnification images (Supporting Information,
Figure S1). The lattice fringes observed in the HRTEM
image of the Cos0, hexagonal ring correspond to (311)
lattice planes of Co;0,4. The SAED pattern (Figure 3d inset)
of the Co30,4 hexagonal ring on graphene corresponds to
the [111] zone axis. This is in line with the observation
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Figure 4. XRD patterns of pristine GO (a), pristine 3-Co(OH),
hexagonal platelets (b), $-Co(OH), hexagonal ring—GO
hybrid (c), Co30, hexagonal ring—graphene hybrid (d),
and CoO hexagonal ring—graphene hybrid (e).

made by Ma et al. that the conversion of hexagonal
cobalt hydroxide platelets to Cos30, is quasitopo-
tactic.>® Similarly, heating the 8-Co(OH), hexagonal
ring—GO hybrid in nitrogen atmosphere results in porous
CoO hexagonal ring—graphene hybrid (Supporting In-
formation, Figure S2).

Similar results were obtained when 5-Nip 33C00,67(0OH),
hexagonal platelets were treated with GO though the
platelets in this case were much smaller (~2 um in
diameter). Etching of the hexagonal hydroxide plate-
lets seems to be more pronounced in 3-Nig33C0g 67~
(OH), hexagonal rings—GO hybrid (Figure 3e,f) due to
the smaller width (~2 um) of the precursor platelets.
This hybrid was converted to NiCo,04 hexagonal ring
—graphene hybrid on heating in air. As in the case of
the Co30,4 hybrid, cracks and pores were developed
in the NiCo,0,4 hexagonal rings (Figure 3g). The HRTEM
image (Figure 3h) shows lattice fringes due to
(311) planes. The SAED patterns (shown as insets in
Figure 3e,h) of an individual 5-Nij33C0q 67(OH), hexa-
gonal ring on GO and NiCo,0, hexagonal ring on
graphene could be indexed to [001] and [111] zone axis
patterns, respectively. Well-defined hexagonal diffrac-
tion spots indicate that the hexagonal rings in both
cases are crystalline.

The XRD pattern of the [-Co(OH), hexagonal
ring—GO hybrid (Figure 4c) shows Bragg reflections
due to both GO and f-Co(OH),. There are small
changes in the Bragg reflections compared to the
starting components (Figure 4a,b). The basal spacing
of the GO component in the hybrid reduces to 7.7 A
(Figure 4c) from 9.0 A observed for the precursor
GO (Figure 4a), possibly due to partial reduction and
reduced interlayer water. The peaks due to 3-Co(OH),
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Figure 5. Raman spectra of 3-Co(OH), hexagonal ring—GO
(a) and Co30,4 hexagonal ring—graphene (b) hybrids.

(JCPDS 74-1057) in the hybrid (Figure 4c) are much
broader compared to those observed for the precursor
-Co(OH), (Figure 4b), suggesting increased disorder
in the hydroxide rings. In addition, the peak intensity of
the 001 reflection of 5-Co(OH), in the hybrid decreases
drastically compared to the precursor 5-Co(OH),, sug-
gesting a reduction of platelet thickness of 5-Co(OH),
due to etching.

The XRD pattern of the Co30, hexagonal ring—
graphene hybrid obtained on heating 8-Co(OH), hexa-
gonal ring—GO hybrid in air (Figure 4d) shows reflec-
tions due to spinel Cos0, (JCPDS 74-2120). Peak
broadening suggests that the crystallite size of the
oxide is much smaller compared to that of the hy-
droxide rings. Broad, low-intensity 002 reflection at
20 = 25° indicates that the GO layers are reduced
to graphene. Similarly, peaks due to cubic CoO
(JCPDS 75-0418) and graphene are observed in the
XRD pattern (Figure 4e) of the CoO hexagonal ring—
graphene hybrid obtained on heating the -Co(OH),
hexagonal ring—GO hybrid in nitrogen atmosphere.
The percentages of Co304 and CoO in the correspond-
ing metal oxide hexagonal ring—graphene hybrids
were estimated to be 48 + 2 and 43 &+ 3, respectively.

The XRD patterns (Supporting Information, Figure S3)
of 3-Nig33C00,67(0OH), hexagonal ring—GO and NiCo,0,
hexagonal ring—graphene hybrids confirm the con-
version of the mixed metal hydroxide to the spinel oxide
phase (JCPDS 73-1702). The percentage of NiCo,0, in
the NiCo,0, hexagonal ring—graphene hybrid was
determined to be 50 + 3.

The G band (~1581 cm™") associated with the
scattering of sp? carbon domains and disorder-related
D band (~1345 cm™") in the Raman spectrum of the
Co(OH), hexagonal ring—GO (Figure 5a) and Co30,
hexagonal ring—graphene (Figure 5b) hybrids are
characteristic of graphene.”®*’” Decreased intensity of
the defect-related D band (Ip/lg = 0.6) in the case of
Co30,4 hexagonal ring—graphene hybrid confirms the
reduction of GO to graphene in the hybrid. The elec-
tron energy loss spectrum (EELS) of the Cos0, hexa-
gonal ring—graphene hybrid (Supporting Information,

NETHRAVATHI ET AL.
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Figure 6. HAADF STEM image (a) and the spatially resolved
C (b), O (c), and Co (d) elemental maps of the 3-Co(OH),
hexagonal ring—GO hybrid.

Figure S4) exhibits a peak at 286 eV due to the 1s—a*
transition and another between 293 and 315 eV that
correspond to the 1s—o* transition, further supporting
the presence of graphene in the hybrid.>®>°

A detailed composition analysis of the hybrids
was carried out using high-angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM) and EDS elemental mapping. Figure 6a pre-
sents a HAADF STEM image of the 3-Co(OH), hexago-
nal ring—GO hybrid. The elemental maps of the con-
stituting elements C, O, and Co (Figure 6b—d) clearly
demonstrate a well-defined compositional profile of a
[3-Co(OH), hexagonal ring in the GO matrix. Similarly,
the HAADF STEM image and the elemental maps
(Figure 7) confirm the compositional profile of a
B-Nig33C0067,(0OH), hexagonal ring in the GO matrix.

The peak intensities of carbonyl (C=0), hydroxyl
(C—OH), and carboxylic acid (COOH) groups are rela-
tively reduced in the core level C 1s XPS spectrum of
the -Co(OH), hexagonal ring—GO hybrid (Figure 8b)
in comparison to pristine GO (Figure 8a). This could
possibly be due to the partial deoxygenation of these
groups in the presence of the alkaline dispersion of
-Co(OH), hexagonal platelets, similar to deoxygena-
tion of GO in an alkaline solution reported in the
literature.®® While the carbonyl peak is totally absent,
the peak intensities (Figure 8c) due to C—OH and
COOH groups are significantly reduced in the case of
Co30,4 hexagonal ring—graphene hybrid, indicating
further reduction of GO to graphene in the hybrid.
The core level Co 2p spectra (Supporting Information,
Figure S5) confirm the presence of Co®" of 3-Co(OH),
and Co®" and Co®" of Co30, in the 8-Co(OH), hexagonal
ring—GO and Co30,4 hexagonal ring—graphene hybrids,
respectively.

The formation of hexagonal hydroxide rings may be
explained as follows. When a hot colloidal dispersion of
B-Co(OH);, hexagonal platelets (pH = 7.5) was added to
the GO dispersion (pH = 3), both the layers flocculate
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instantaneously to form a black product. The pH of the
colorless supernatant was 6.8. The change in the pH is
due to neutralization of the acidic groups on GO by the
basic 5-Co(OH), hexagonal platelets. The functional
groups on GO execute dual functions—anchoring the
hydroxide platelets and etching them to form rings.
The hexagonal hydroxide platelets are anchored to the
GO layers through H-bonding interactions between
the hydroxyl planes of the brucite platelets and the
functional groups on GO. The H™ ions formed due
to the dissociation of the —COOH and phenolic —OH
groups of GO react with the hydroxyl groups of the
hydroxide platelets, causing dissolution. The central
part of the hexagonal platelets is expected to be highly
defective with a large extent of planar defects.'®32
Therefore, the central core dissolves faster than the
outer region. When the H* ions are exhausted, the

Co K——— 1.0 pm

——— 1.0 pm oK

Figure 7. HAADF STEM image (a) and the spatially resolved
C (b), Co (c), Ni (d), and O (e) elemental maps of the
B-Nig 33C00 67(OH), hexagonal ring—graphene oxide hybrid.

dissolution of the hydroxide platelets ceases, resulting
in the formation of rings. When 5-Co(OH), hexagonal
platelets were reacted with graphite under similar
conditions, no etching or ring formation was observed,
and the platelets remained unaffected (Supporting
Information, Figure S6). This further confirms the fact
that the functional groups on GO layers cause the
etching of the hydroxide platelets into rings.

The hybrid formation reaction was carried out tar-
geting a 1:1 Cos04—graphene hybrid, and hence a
dispersion containing ~80 mg of cobalt hydroxide
platelets was added to a dispersion of 200 mg of GO.
In order to see if the amount of GO plays a role in the
formation of metal hydroxide rings, the reaction was
repeated with 100, 300, and 400 mg of GO. The amount
of GO and the pH of the supernatant after flocculation
of the hybrid seem to be crucial in the formation of the
hybrid. The pH of the supernatant depends on the
amount of GO used (Supporting Information, Table S1).
When the amount of GO was decreased (100 mg), the
supernatant was alkaline and the etching was not
significant. The SEM image of the product (Figure 9A)
shows that the hydroxide platelets have not been
etched at the center. When the amount of GO was
increased (300 mq), the supernatant was acidic and the
platelets were etched in several regions in addition to
the center (Figure 9B), resulting in perforated platelets
and broken pieces. The hexagonal platelets were
completely destroyed (Figure 9C) when the amount
of GO was further increased to 400 mg. The reflections
due to cobalt hydroxide gradually decrease in intensity
and eventually are absent as the amount of GO is
increased (Figure 9D), supporting the fact that the
dissolution of the hydroxide platelets increases with
the increase in the amount of acidic GO.

The formation of porous metal oxide rings on gra-
phene would increase the overall exposed surface
area since the inner edges of the ring along with
graphene would also be available for catalytic activity.
The adsorption—desorption isotherms of nitrogen at
77 K obtained using the multiple-point BET method
were used to measure the surface area and pore size.
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Figure 8. Core level C 1s XPS spectra of GO (a), /-Co(OH), hexagonal ring—GO hybrid (b), and Cos0, hexagonal ring—

graphene hybrid (c).
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Figure 9. SEM images of 3-Co(OH), hexagonal ring—graphene oxide hybrids formed using 100 (A), 300 (B), and 400 (C) mg of
GO. The arrows in (B) point to the perforated 5-Co(OH), platelets. XRD patterns (D) of 3-Co(OH), hexagonal ring—graphene
oxide hybrids formed using 100 (a), 200 (b), 300 (c), and 400 (d) mg of GO.

While the specific surface area was measured using the
lower part of the adsorption isotherm, desorption
curve of the isotherm was used for pore size analysis.
Nitrogen adsorption—desorption curves and BET sur-
face area analysis of metal oxide—graphene hybrids
are shown in Figure 10. The hybrids exhibit higher
surface areas compared to pristine porous hexagonal
metal oxides obtained by heating the metal hydroxide
platelets in air/N, (Supporting Information, Figure S7).

The electrochemical performance of the samples
was measured using the standard half-cell method.
The cycling performance, together with the Coulombic
efficiency of the Cos0, hexagonal ring—graphene
hybrid, is depicted in Figure 11a. The hybrid shows
excellent cycle life with a stable capacity and almost
100% Coulombic efficiency. Even after 50 charge—
discharge cycles, the reversible capacity of 748.3 mAhg ™"
is retained. The achieved capacity is ~14% less than
the theoretical capacity of Co30,. In contrast, a com-
mercial Co304 sample exhibits an extensive capacity
fading (Figure 11a); its capacity decreased from the
initial value of 1029 to 134.5 mAhg ™" within 20 cycles.
More importantly, a Cos0, hexagonal ring—graphene
hybrid exhibits much improved rate capabilities
(Figure 11b). A high capacity of ~585 mAhg~' could
be delivered even when the current density is in-
creased to 2C, and a reversible capacity of 405 mAhg ™"

NETHRAVATHI ET AL.

could be maintained even at a much larger current
density of 5C. The electrochemical performance is
comparable to other Cos04—graphene hybrids reported
in the literature (Supporting Information, Table S2). These
observations suggest that the unique Co30, hexagonal
ring—graphene hybrid architecture is beneficial for the
improvement of Cos0,4 anode materials.

Similar results were obtained in the case of CoO
hexagonal ring—graphene hybrid. Figure 11c depicts
the discharge/charge capacity when cycled at a current
rate of (/5. The first discharge capacity of the sample
is larger than the theoretical value of CoO (715.4
mAhg™"), which is usually attributed to irreversible
reactions such as formation of a solid electrolyte inter-
phase (SEl) layer. It is also observed that CoO hexagonal
ring—graphene hybrid demonstrates much enhanced
cycling performance than the commercial CoO sample.

After 50 cycles, the CoO hexagonal ring—graphene
hybrid delivers a capacity of 644.5 mAhg~'. The fading
rate for CoO hexagonal ring—graphene hybrid is 0.7%
per cycle. In contrast, fading rate for the commercial
CoO sampiles is about 3.3%. The rate capability of the
hybrid is compared with that of the commercial CoO
sample in Figure 11d. It is evident that the hybrid
structure exhibits much improved rate capability than
the commercial CoO. Even at a high current rate of 5C,
the CoO hexagonal ring—graphene hybrid can deliver
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Figure 10. Nitrogen adsorption—desorption curves of Co;0, hexagonal ring—graphene (a), CoO hexagonal ring—graphene (b),
and NiCo,0, hexagonal ring—graphene (c) hybrids. The BET surface area analysis of the hybrids is summarized in table (d).
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a capacity of 373.1 mAhg ™" while the commercial CoO
exhibited only 42.8 mAhg ' at 5C. The electrochemical
performance is comparable to other CoO—graphene
hybrids reported in the literature (Supporting Informa-
tion, Table S3).
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The superior electrochemical performances of por-
ous Co30,4 and CoO hexagonal ring—graphene hybrids
originate from their unique structural features. First,
the conductivity of the hybrids would be dramatically
enhanced due to the presence of graphene. Therefore,
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Figure 12. (a) Cyclic voltammograms at different scan rates, (b) charge—discharge curves at different current densities,
(c) specific capacitance at various current densities, and (d) cycling performance of the NiCo,0, hexagonal ring—graphene

hybrid.

the electronic transport length (L) in the hybrids
would be effectively shortened compared to pure
Co30, and CoO nanocrystals, leading to reduced
particle—particle interface resistance. Second, the
nanopores in the oxide rings can effectively buffer
the volume changes during lithiation/delithiation.
Hence the problem of pulverization of the electrode
materials is greatly alleviated, and the cycling perfor-
mance is remarkably improved. Third, the thin nano-
rings (~15 nm) not only render a short transport length
for Li* during charging/discharging but also enhance
the surface area, favoring a high rate performance.
Fourth, the crystal plane effect also plays an important
role. The SAED patterns of the hybrids (Figure 3d and
Supporting Information, Figure S2) suggest that (111)
planes are dominantly exposed in the porous oxide
rings, which results in more cobalt atoms on the
surfaces of Co30, crystals when compared with (001)
planes. According to literature, 1.875 Co*" belongs to
(111) facets, while only 1 Co?* is found in the (001)
facet.®"52 The synergetic effects of high conductivity of
hybrid, small diffusion lengths in thin rings and nano-
porous surface that buffers the volume expansion
unique to the porous Cos04 and CoO hexagonal ring—
graphene hybrids are responsible for the excellent
electrochemical performance of the electrodes.

The NiCo,0,4 ring—graphene hybrid exhibits excel-
lent electrochemical performance as a supercapacitor
electrode (Figure 12). Figure 12a shows the cyclic
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voltammetry (CV) curves of the hybrid electrodes
measured in a 5 M NaOH aqueous electrolyte solution
at various scan rates ranging from 5 to 80 mV s~ .
The lack of symmetry in the curves is due to pseudo-
capacitance behavior. Broad redox peaks within —0.1
to 0.4 V (vs standard calomel electrode, SCE) are
observed in all CV curves. These are mainly attributed
to the Faradaic redox reactions related to M—0O/
M—O—OH (M = Ni or Co). The redox peaks could be
observed even at a very high scan rate of 80 mV s~ .
Figure 12b depicts the charge—discharge behavior of
the NiCo,0, ring—graphene hybrid between —0.1 and
0.3 V at various current densities ranging from 1 to
12 Ag™". All the charge—discharge curves are nearly
symmetric in shape, revealing good capacitive beha-
vior and electrochemical reversibility. Figure 12c illus-
trates the current density dependence of the
capacitance of the hybrid. The hybrid shows a high
capacitance of 1337 Fg~ ' at 1 Ag™ . A specific capaci-
tance of 1230 Fg™" is delivered even when the current
density is increased by 4 times to 4 Ag™'. When the
discharge current was enhanced to 12 Ag ', the
NiCo,0, ring—graphene hybrid showed 77.8% reten-
tion of the capacitance. This further demonstrates that
NiCo,0, hexagonal ring—graphene hybrid architec-
ture and the porous surface of the oxide rings play a
positive role in the overall supercapacitor perfor-
mance. In addition, the NiCo,0, hexagonal ring—
graphene hybrid exhibited high cyclic stability. Only
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a small loss of capacitance (less than 7%) was detected
after 5000 charge—discharge cycles (Figure 12d).
Therefore, owing to the highly nanoporous surface
and thin nanorings, the NiCo,0, hexagonal ring—
graphene hybrid exhibited not only high capacitance
but also long cycling stability, which are the key
parameters for commercial applications in high-
demand energy storage. The specific capacitance of
NiCo,0, hexagonal ring—graphene hybrid is better
than the hybrids with other morphologies of NiCo,0,
reported in the literature (Supporting Information,
Table S4).

The large improvement in the capacitance of the
NiCo,0, ring—graphene hybrid could be attributed
to synergy effects of thin nanorings, nanoporous sur-
faces, and graphene support. Graphene in the hybrid
contributes to high conductivity, while the nanoporous
surface (BET surface area 308.5 m? g™, Figure 10) in-
creases the available electroactive surface area. More-
over, the nanopores of the nanorings would not only
serve as a robust reservoir for ions, leading to greatly

METHODS

Synthesis of G0. The method of Hummers and Offeman®® was
adopted to prepare GO from graphite powder. About 1 g of
graphite powder was added to 23 mL of cold (0 °C) concen-
trated H,SO4. About 3 g of KMnO, was added gradually under
stirring and cooling, so that the temperature of the mixture was
maintained below 20 °C. The mixture was then stirred at 35 °C
for 30 min. About 46 mL of distilled water was slowly added to
increase the temperature to 98 °C, and the mixture was main-
tained at this temperature for 15 min. The reaction was termi-
nated by adding 140 mL of distilled water followed by the addition
of 10 mL of 30% H,0, solution. The solid product was separated
by centrifugation, washed repeatedly with 5% HCl solution until
sulfate could not be detected with BaCl,, then washed 3—4 times
with acetone and dried in an air oven at 65 °C overnight.

Synthesis of 3-Co(OH), Hexagonal Platelets. 3-Co(OH), hexagonal
platelets were synthesized as reported in the literature.%* First,
0.237 g of CoCl,-6H,0 and 1.68 g of hexamethylenetetramine
(HMT) were dissolved in 200 cm? of a 9:1 mixture of deionized
water and ethanol. The mixture was heated at 90 °C for 1 h. The
product was recovered by centrifuging, washed with water, and
dried at 65 °C overnight. Typical yield of the platelets is ~80 mg.

Synthesis of /3-Co(OH), Hexagonal Ring—GO Hybrid. GO (200 mg)
was dispersed in 400 mL of water by sonication for 1 h (pH = 3).
Then, 200 mL of the pink colored colloidal dispersion of 3-Co(OH),
hexagonal platelets obtained in the previous step (90 °C, pH = 7.5)
was added to the GO dispersion with constant stirring. The stirring
was continued for a further 10 min. Immediate flocculation was
observed. The settled black precipitate was washed repeatedly
with water—ethanol mixture and dried at room temperature.

Synthesis of C0;0,/Co0 Hexagonal Ring—Graphene Hybrids. -Co-
(OH), hexagonal ring—GO hybrid was heated in air or N, at
500 °C for 5 h.

Synthesis of NiCo,0, Hexagonal Ring—GO Hybrid. /3-Nij33C006,(0OH),
hexagonal platelets were synthesized as reported in literature.®
CoCl,+6H,0 (0.237 g), NiCl,-6H,0 (0.118 g), and HMT (1.26 g) were
dissolved in 200 mL of water, and the mixture was refluxed for
5 h with stirring under a N, blanket. 5-Nig 33C007(0OH), hexagonal
platelets were reacted with graphene oxide as explained in the
case of synthesis of 5-Co(OH), hexagonal ring—GO hybrid. The
resulting sample was heated in air at 500 °C for 5 h to obtain
NiCo,0,4 hexagonal ring—graphene hybrid.
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improved diffusion kinetics within the electrode, but
also ensure efficient contact between the surface of the
electroactive rings and the electrolyte even at high
rates. In addition, the interaction between conductive
graphene with each NiCo,04 nanoring with good
intrinsic electrical conductivity supports fast electron
transport leading to high rate capability.

CONCLUSION

We demonstrate that the mildly acidic GO layers can
be used as etchants to convert hexagonal metal hydro-
xide nanoplatelets into hexagonal rings. Using GO
layers as etchants is advantageous as the nanorings
formed are hybridized with GO layers. These hybrids,
on heating, yield porous metal oxide nanoring—
graphene hybrids. The unique metal oxide nanoring—
graphene architecture exhibits enhanced electro-
chemical performance in energy storage applications.
This method could be extended to other preformed
nanostructures. It could also promote the develop-
ment of novel functional graphene hybrids.

Electrochemical Studies. Lithium-lon Battery. For electrochemi-
cal measurement, the samples were initially heated at 80 °C
under vacuum for 5 h to remove adsorbed water. Active
material (80 wt %), polyvinylidenedifluoride (10 wt %), and
acetylene black (10 wt %) were mixed and ground to a
consistent paste. The working electrode was prepared by
pressing the paste on a 0.25 cm? Cu mesh (100 mesh). The
working electrode was dried under vacuum to constant weight.
Lithium metal pressed on Cu mesh was used as reference and
counter electrodes. LiClO4 (1 M) in ethyl carbonate (EC)—diethyl
carbonate (DEC) mixture (EC/DEC = 1:1 v/v) was used as
electrolyte. Cell assembly was carried out in a glovebox under
an argon atmosphere. The charge—discharge performance of
the material was investigated in such three-electrode cell using
lithium metal as counter and reference electrodes, similar to the
procedure reported in literature.®® Galvanostatic discharge—
charge studies were carried out in a potential range of 50 mV to
3.0 V (Li*/Li) at different current densities. The electrochemical
measurements were normalized to the mass of the active
material (Co30,/Co0O hexagonal ring—graphene hybrid or com-
mercial Co30,4/Co0). Reproducibility of the electrochemical
data was confirmed by repeating the experiments with at least
another electrode of the same sample.

Supercapacitor. The electrochemical properties of the
NiCo,0, hexagonal ring—graphene hybrid were measured
using a Solartron electrochemical workstation. The standard
three-electrode cell was composed of SCE as a reference
electrode, Pt mesh as a counter electrode, and the synthesized
composite sample as the working electrode, respectively. A5 M
NaOH solution served as electrolyte at room temperature. Cyclic
voltammetry was analyzed at various scan rates (5—80 mV/s).
Galvanostatic charge/discharge curves were obtained at var-
ious current densities of 1—12 A/g to evaluate the specific
capacitance. The loading mass of active materials in the elec-
trode was ~2—4 mg/cm? for the supercapacitor and Li-ion
battery measurements.

Characterization. All the samples were characterized by pow-
der X-ray diffraction (XRD) using a Philips X'pert Pro diffracto-
meter (Cu Ka radiation, secondary graphite monochromator,
2° 26 per min). Transmission electron microscopy (TEM) images
were recorded using a JEOL-3000F microscope operated at
300 kV. Scanning electron microscopy (SEM) images were
recorded on a Hitachi S4800 electron microscope operating at
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15 kV. X-ray photoelectron spectroscopy (XPS) measurements
were carried out with an ESCALab220i-XL spectrometer using a
twin-anode Al Ko (1486.6 eV) X-ray source. All spectra were
calibrated to the binding energy of the C 1s peak at 284.51 eV.
The base pressure was around 3 x 10”7 Pa. Raman spectra were
recorded on a Horiba Jobin-Yvon T6400 Raman spectrometer.
The nitrogen physisorption isotherms were recorded at 77 K on
a Quantachrome Autosorb-1 system after outgassing of sam-
ples at 150 °C for 24 h. The metal contents of the samples were
estimated by ion chromatography using a Metrohm 861 ad-
vanced compact ion chromatograph with Metrosep C 250
cation column and conductivity detector.
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