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Owing to their unique properties compared with conventional
bulk analogues, two-dimensional (2D) nanomaterials, having
nano-scale thickness and infinite length, are attracting
increasing attention for their potential application in the
fields of electronics, sensing, energy storage, and conver-
sion.¥ In particular, transition-metal chalcogenides® ! and
metal oxide!"! nanosheets are highly promising functional 2D
nanomaterials, however, their synthesis in a large scale
remains a great challenge. Graphene, a 2D ‘“aromatic”
monolayer of carbon material having an ultralight weight,
high surface area, and electric conductivity, has emerged as an
ideal substrate for the growth and anchoring of functional
nanomaterials, such as metal oxide/hydroxide nanoparticles
(MO/MH NPs)."I The strong coupling between MO/MH
NPs and graphene in a confined 2D manner gives nano-
hybrids with unique structural features and synergistic
physical and electrochemical properties derived from both
counterparts.”>? Along this line, numerous 2D functional
nanohybrids comprising MO/MH NPs and graphene have
been successfully constructed.?*? Nevertheless, owing to the
general incompatibility between graphene and inorganic NPs
under synthetic conditions, the growth of MO/MH NPs on
a graphene substrate with uniform morphology, controllable
particle size, and enhanced coupling effects constitutes
a highly desirable synthetic target.

Polyaniline (PANI) is a typical low-cost conducting
polymer that can be readily shaped into multiform morphol-
ogies, such as fibers/tubes®?! dots/shells,*” and other
oriented nanostructures.’!! Hydrothermal treatment has
proven to be an excellent strategy for fabricating PANI
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NPs.*? Therefore, given that the protonated nitrogen atoms
in PANI can bind with metal ions and mediate their hydrolysis
process during hydrothermal treatment, we imagined that
graphene-supported PANI nanosheets can facilitate the
growth of MO and MH nanocrystals, and thus give rise to
ternary nanohybrid sheets with a uniform distribution of
hybrid NPs.

Herein, we demonstrate an efficient and universal strat-
egy for the controlled growth of MO/MH (such as Co;0,,
Fe,0;, and Ni(OH),) NPs on graphene to construct unique
2D nanohybrids employing PANI as the coupling linker
between the two components. These nanohybrids have a well-
defined 2D morphology, confined MO/MH NPs within the
PANI nanostructures, controllable particle size, and high
specific surface areas. The fabricated ternary hybrids of
graphene, PANI, and Co;0, (G-PANI-Co;0,) with a particle
size of 6 to 10 nm deliver excellent rate capability and cycle
performance when used as electrode materials for super-
capacitors. Further, thermal treatment of G-PANI-MOs/MHs
under inert gas yields nitrogen-doped carbon nanosheets
integrated with size-controlled metal NPs (GNC-M). For
example, N-doped carbon nanosheets supported by 3 to 5 nm
sized cobalt NPs (GNC-Co) are synthesized by pyrolysis of G-
PANI-Co;0,. The GNC-Co nanohybrids exhibit outstanding
catalytic behavior for the oxygen-reduction reaction (ORR).

The overall synthetic strategy of 2D ternary graphene,
PANI, and MO/MH (G-PANI-MOs/MHs)-coupled nanohy-
brids is illustrated in Figure 1a. First, graphene oxide (GO)
nanosheets were functionalized with polyaniline by in situ
polymerization of aniline in a GO suspension, which led to
the formation of GO-based polyaniline (GO-PANI) nano-
sheets after centrifugation. Second, at pH 7 the GO-PANI
nanosheets were mixed with the corresponding metal salts as
the precursors of MO/MH followed by hydrothermal treat-
ment. During this process, PANI particles formed on the
graphene surface, while MO/MH NPs grew simultaneously
and were confined within the PANI nanostructures. Specif-
ically, G-PANI-Co;0, (1:3), G-PANI-Co;0, (1:10), and G-
PANI-Co;0, (1:20) were fabricated using GO-PANI with
different GO to aniline weight ratios of 1:3, 1:10, and 1:20
respectively, in the first step of the synthesis. By the similar
means, graphene decorated with PANI-Fe,O; hybrid NPs (G-
PANI-Fe,O; (1:10)) and PANI-Ni(OH), hybrid NPs (G-
PANI-Ni(OH), (1:10)) were also synthesized. For compar-
ison, GO-PANI nanosheets were directly treated under the
same conditions with no addition of metal salts, the compo-
sites obtained were named G-PANI.

The morphology and microstructures of as-prepared GO-
PANI, G-PANI, G-PANI-Co;0, (1:3), G-PANI-Co0;0, (1:10),
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Figure 1. a) The overall synthetic procedure of G-PANI-MOs/MHs hybrids. b) The
schematic illustration of PANI-Co;0, hybrid particles. c)—e) The corresponding
TEM images. f)-h) The corresponding SEM images of G-PANI-Co;0, (1:3), G-
PANI-Co;0, (1:10), and G-PANI-Co;0, (1:20) hybrids. Insets: HR-TEM images
showing lattice spacings. The ratio is the ratio of graphene oxide:aniline in the
initial synthetic step. Thus, the ratio of PANI is increased by increasing the ratio of
aniline used initially.

and G-PANI-Co;0, (1:20) were investigated by field-emis-
sion scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM), Figure 1c-h. The TEM
image of GO-PANI (Supporting Information, Figure S1)
shows uniform 2D sheet morphology with a smooth surface.
In contrast, after hydrothermal treatment, abundant small
particles (ca. 5-15 nm) were formed on the graphene surface
for G-PANI (Figure S1). This finding suggests that PANI
readily assemble into small particles during the hydrothermal
process. When cobalt salts are added in the hydrothermal
treatment, sheets of the ternary hybrids should be formed.
FE-SEM images reveal the ideal 2D sheet morphology of the
nanohybrids with uniformly distributed PANI-Co;O, hybrid
NPs (Figure 1). For comparison, Co;O4 NPs directly grown on
pristine GO without PANI were also examined (Figure S1).
The particle size of Co;0, ranged from 200 to 600 nm with
irregular shapes, and it was difficult to identify any 2D sheet
structure in the composites. TEM images further disclosed the
successful growth of PANI-Co;0, particles on the graphene
surface for G-PANI-Co;0,. For example, uniformly distrib-
uted NPs with a size of 3-5nm were formed on G-PANI-
Co;0, (1:3) (Figure 1c). Interestingly, when the ratio of
graphene to aniline was increased to 1:10 in the first step of
the synthetic process, the particle size of PANI-Co;O,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

increased to 6-10nm (Figure 1d); and for G-
PANI-Co;0, (1:20), the particle size of PANI-
Co;0, was approximately 15nm (Figure 1e).
Thereby, this result strongly suggests that by adjust-
ing the ratio of graphene to aniline, the size of
PANI-Co;0, hybrid particles can be well-con-
trolled. Atomic force microscopy (AFM) measure-
ments further revealed that the thickness of the G-
PANI-Co;0, (1:3), G-PANI-Co;0, (1:10), and G-
PANI-Co;0, (1:20) sheet were approximately 26,
44, and 60 nm (Figure 2 a—c), with a surface rough-
ness of approximately 3, 5, and 12 nm (Figure S3),
respectively. This result matches well with the
particle sizes measured by TEM.

The crystallinity of Co;O,4 nanocrystals in G-
PANI-Co;0, hybrids was then investigated by high-
resolution TEM (HR-TEM). Clear shell-lattice-
fringes with d-spacing of 0.28 nm, corresponding to
the (311) planes of Co;0, can be seen in Figure 1c—
e. X-ray diffraction (XRD) patterns (Figure S4a)
further revealed that all the peaks for G-PANI-
Co;0, (1:3), G-PANI-Co0;0, (1:10), and G-PANI-
Co;0, (1:20) could be assigned to the Co;0, crystal
(JCPDS no. 43-1003). Thermogravimetric analysis
(TGA) showed that the weight content of Co;0, in
G-PANI-Co;0, (1:3), G-PANI-Co0;0, (1:10), and
G-PANI-Co;0, (1:20) was 24, 26, and 13 %, respec-
tively (Figure S4b). The low weight ratio of Co;0,
in G-PANI-Co;0, (1:20) might be due to the
overloaded and compacted PANI layer in the
composites that only absorbed a limited amount
of cobalt salts during the hydrothermal reaction.
The specific surface areas of G-PANI-Co,0, (1:3),
G-PANI-Co;0, (1:10), and G-PANI-Co;0, (1:20)
were calculated to be 84, 148, and 168 m?g™’,
respectively, based on the Brunauer-Emmett-Teller (BET)
method, (Figure S4c and d), which are higher than most
reported Co;0, nanosheet and mesoporous Co;O, parti-
cles.?!

Scanning TEM and elemental mapping analysis of G-
PANI-Co;0, (1:10) were performed to illustrate the distribu-
tion of carbon, nitrogen, cobalt, and oxygen components in
the hybrids (Figure 2d—i). Apparently, the carbon and nitro-
gen components were uniformly distributed in 2D nano-
sheets; in contrast, the cobalt and oxygen species were only
identified within the nanometer-sized domains, which are
nevertheless homogeneously distributed on the 2D nano-
sheets. These results imply that Co;O, nanocrystals are fully
confined within the shrunken PANI particles during the
hydrothermal treatment and the three components (PANI,
Co;0,, and graphene) are strongly coupled together in the
nanohybrids.

The high surface area, thinness, good conductivity, and
electrochemical activity of G-PANI-Co;0, nanohybrids make
them highly promising for application as electrode materials
in supercapacitors. Cyclic voltammetry (CV) was used to
evaluate the electrochemical behavior of G-PANI-Co;0,
(1:3), G-PANI-Co;0, (1:10), and G-PANI-Co,O, (1:20)
electrodes in 6.0M aqueous KOH electrolyte at a potential
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note that the capacitance of G-PANI-Co;0, (1:10)
was as high as 719 F/g at a scan rate of 100 mVs™'
(Figure 3¢). The charge-discharge behavior of G-
PANI-Co;0, (1:10) at different current densities is
depicted in Figure 3 d. The specific capacitances were
calculated to be approximately 1063, 1028, 952, 900,
and 844 F/g (based on the whole hybrids) at current
densities of 1,2, 5, 10, and 20 A g~!, respectively. The
cycling stability of G-PANI-Co,0, (1:10) against the
charge—discharge cycles was investigated at a current
density of 1 A/g (Figure S5). Remarkably, the spe-
cific capacitance of the electrode could be main-
tained at 1010 F/g (>95% capacitance retention)
after 2500 cycles. To our knowledge, such electro-
chemical performance of G-PANI-Co;O, (1:10) is
superior to that reported in the literature for Co;O,/
graphene,*  Co,0,/carbon,*"  Co;0,/conducting
polymer (such as polyaniline, polypyrrole),*® and
mesoporous Co;0,.53)

To gain insight into the prominent electrochem-
ical behavior of G-PANI-Co;0, (1:10) electrode, AC
impedance measurements were performed. Nyquist
plots (Figure S7) show that the diameter of the
semicircle of G-PANI-Co;0, (1:10) electrode in the
high medium frequency region is much smaller than
G-Co;0, electrode, suggesting that G-PANI-Co;0,

Figure 2. AFM images of a) G-PANI-Co,0, (1:3), b) G-PANI-Co,;0, (1:10), and
c) G-PANI-Co;0, (1:20) nanosheets showing their thickness, d) and e) scanning
TEM images of G-PANI-Co;O, (1:10) and the corresponding elemental mapping
images of f) C, g) N, h) Co, and i) O. The scale bars for (e)—(i) are 10 nm. (1:10) electrode has lower contact and charge-trans-
fer impedances. This result also validates that the

interval ranging from 0 to 0.4 V versus the
Ag/AgCl electrode in a three-electrode
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Co;0, (1:10) was further investigated by
Figure 3. Electrochemical characterizations of G-PANI-Co;0,: a) CV curves of G-PANI-Co;0,

CV at various scan rates from 5 to (1:3), G-PANI-Co;0, (1:10), and G-PANI-Co;0, (1:20) at te of 10 mVs™. b) CV
IR . :3), G- -Co;0, (1:10), and G- -Co;0, (1:20) at a scan rate of 10 mVs™'.
100 mV's™ (Figure 3b). Increasing the scan curves of G-PANI-Co;0, (1:10) at various scan rates. c) Specific capacitance of G-PANI-
rate further e.nha.lncefd the CV curve and Co;0, (1:3), G-PANI-Co;0, (1:10), and G-PANI-Co;0, (1:20) at various scan rates.
redox peaks, indicating the excellent rate d) Galvanostatic discharge curves of G-PANI-Co,0, (1:10) at various discharge current
performance of the hybrids. It is striking to  densities and mean specific capacitance at various discharge current densities.
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introduced PANI can improve the electrical conductivity of
the overall electrode. Therefore, the superior electrochemical
performance of G-PANI-Co;0, (1:10) can be assigned to the
synergistic effects of graphene, PANI, and Co;0, associated
with a unique 2D structure, this results in: 1) improvement of
the structural stability and chemical resistance of Co;0,
during the electrochemical process through the strong
coupling and interaction between the graphene, PANI, and
Co;0,; 2) the increased electrolyte contact area and reduced
diffusion distance for electrolytes and electrons as a result of
the nanoscale thickness and high specific surface area of 2D
hybrids; 3) the high electrical conductivity of the overall
electrode and thus enhanced electron transport as a result of
the combination of graphene and PANI; and 4) the additional
capacity contributed by the PANI layer in 2D nanohybrids.

Our synthetic method can be further extended to build up
other MO/MH NPs on graphene with well-controlled particle
size and 2D morphology. To this end, we also successfully
prepared G-PANI-Fe,O; (1:10) (Figure S8) and G-PANI-
Ni(OH), (1:10) (Figure S9) nanohybrids with uniformly
decorated PANI-Fe,O; and PANI-Ni(OH), hybrid NPs of
approximately 5-10 nm. The BET surface areas of G-PANI-
Fe,0; (1:10) and G-PANI-Ni(OH), (1:10) were calculated to
be 168 and 166 m*g~!, respectively. The loading amounts of
Fe,O; and Ni(OH), measured by TGA (Figure S10) were
30% and 21 %, respectively. As expected, G-PANI-Ni(OH),
(1:10) nanohybrids also displayed excellent electrochemical
activity when used as the electrode materials for super-
capacitors as a result of their thinness, high surface area, and
strong coupling effects between different components. It
delivered a capacitance of about 1100 F/g after 2000 cycles at
a current density of 1A/g (Figure S5),
superior to the reported graphene/Ni(OH),
nanohybrids.*!

Non-precious-metal catalysts based on
nitrogen-doped carbon-supported non-pre-
cious-metal (Fe, Co) for ORR have
attracted tremendous attention in the last
few years.”**!! The uncontrollable particle
size of metal NPs during the synthesis is the
current bottleneck of such catalysts. For
instance, large cobalt particles generally

PANI and subsequent high-temperature treatment. The HR-
TEM image (Figure 4c) clearly demonstrates the shell-
lattice-fringes, corresponding to the (111) planes of cobalt.
The crystallinity of cobalt NPs was further demonstrated by
the XRD pattern with the characteristic diffraction peaks of
(111), (200), and (220) peaks for cobalt (JCPDS No. 15-0806).
The maintained 2D morphology confers the hybrids with
a high specific surface area of approximately 280 m’g~!
(Figure S11).

The electrocatalytic properties of the fabricated GNC-Co
catalysts towards ORR were evaluated using the rotating
ring-disk electrode (RRDE) technique in 0.l KOH at
a rotation rate of 1600 rpm (catalyst-loading ca. 0.4 mgcm2).
Steady-state ORR polarization curves indicated that GNC-
Co showed excellent activity in terms of onset potential and
half-wave potential (Figure 4d). The onset potential differ-
ence between the GNC-Co and the Pt (20 wt. % Pt, BASF)
catalyst was only 55 mV, and for half-wave potential it was
only 15 mV, comparable to the best values reported for non-
precious-metal catalysts.*! The selectivity for the four-
electron reduction of oxygen by GNC-Co was studied. The
calculated value of the electron-transfer number can reach
3.95 at a potential of —0.1 V. Accelerated durability tests
showed that after 2000 continuous potential cycles, the half-
wave potential E,, of GNC-Co exhibited a negative shift by
only 11 mV (Figure 4¢).¥ The electrocatalytic activity of the
GNC-Co catalyst in acidic media was examined in 0.5M
H,SO, (catalyst loading ca. 0.2 mgcm 2, Figure S12). The
onset potential was approximately 0.45V vs. Ag/AgCl and
the current density reached 4.0 mA cm 2. The electron-trans-
fer number calculated from the RRDE was about 3.94 at

14 d)

2 —~=—GNC-Co

——Pt

Current density (mA/cm?)

0.2

0.0

08 06 -04 02

decrease the specific surface area and
active sites of the hybrids, thus weakening
the ORR performance.*>*! We subjected
G-PANI-Co;0, (1:10) to thermal treatment  /
at 900°C under nitrogen atmosphere for 2 h,
which led to the formation of 2D nitrogen-
doped carbon sheets integrated with size-

Potential V vs. Ag/AgCl

e)

—=—Before cycle
ad - After 2000 cycles

220

controlled cobalt NPs (GNC-Co). The FE-
SEM image (Figure 4a) revealed that the
cobalt NPs have a size of approximately 3—
5 nm and were uniformly distributed on 2D
sheets. The Co NPs are slightly smaller than
the original PANI-Co;0, hybrid NPs, which
is attributed to the decomposition and
carbonization of PANI during pyrolysis.
This result highlights the successful confine-
ment of cobalt nanoparticles by wrapping in
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Figure 4. a) FE-SEM image, b) XRD pattern of the GNC-Co composite, c) HR-TEM image of
GNC-Co, d) RDE curves of GNC-Co and Pt in 0.1 M KOH at a rotation rate of 1600 rpm, and
e) RDE curves of GNC-Co before and after cycling.
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0.45 V. Moreover, the durability of the GNC-Co catalyst was
tested by CV (Figure S12), which showed almost no differ-
ence for the onset potential and peak potential after
2000 cycles compared with the 2nd cycle.

In summary, we developed a universal strategy for the
controlled synthesis of strongly coupled nanosheets of
graphene and MO/MH NPs by employing PANI as the
coupling linker. These ternary nanohybrids have a well-
defined 2D morphology, controllable particle size, nano-
scaled thickness, and high specific surface area. These unique
structural features give rise to the outstanding electrochem-
ical performances of the hybrid nanosheets, thus facilitate
their applications in electrochemical devices. We believe that
the present synthetic method can be further extended to build
up various 2D hybrids with promising applications across
a broad range of catalysis, sensors, supercapacitors, and
batteries.
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