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Here we report a novel strategy consisting in hybridizing
nanoporous NiO flakes with graphene oxide (GO) sheets. The as-
prepared flake-like-shaped nickel cyano-bridged coordination
polymers (NiCNNi) are hybridized with GO sheets and thermally
treated in air, so the organic materials can be removed without
affecting the integrity of the parent GO sheets. Thus, a layer-by-
layer construction followed by a thermal treatment can produce a
new hybrid nanoporous material consisting of NiO and GO. The
obtained hybrid material exhibits an efficient catalytic activity and
stability for the oxygen reduction reaction (ORR).

Hybrid materials have many scientific utilities due to the combined
effects of two (or more) building blocks. The development of such
materials covers a wide range of applications like catalysis,
adsorption, electrochemistry, sensor, and energy storage.
Therefore, finding efficient methods to prepare these materials in a
high yield is of fundamental importance. Among others, a promising
concept is the ‘layer-by-layer’ (LbL) fabrication of nanometer-level
layered hybrid structures in a designable manner. LbL approaches
are known to be simple, inexpensive, and versatile processes for the
fabrication of multilayered hybrid structures with various
compositions and have been performed through various
interactions, including electrostatic, hydrogen bonding, and charge-
transfer, as well as through chemical reactions such as sol-gel,
electrochemical coupling, and click reactions.! Recently, highly
flexible two-dimensional (2D) graphene oxide (GO) sheets have
been attracting a lot of attention for their potential in various
applications.m In particular, the hybridization of GO sheets with
various nanomaterials (e.g., nanoparticles) is a promising strategy
because of the unique properties arising from the resulting
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Fuel cells have attracted a significant interest due to their
implementation in highly efficient and clean energy storage
systems. Therefore, designing suitable electrocatalysts for oxygen
reduction reactions (ORR) is vital in fuel cell research.’
Tremendous efforts and extensive studies have been done on
developing suitable and low-cost catalysts for ORR with high
activity. An important challenge, however, remains unsolved. The
main problem associated with GO is its intrinsic low ORR activity,
which is usually enhanced by either doping with some heteroatoms
or hybridization with transition-metal species. Heteroatoms such as
nitrogen (N) are generally used to change the charge density in GO
and enhance their catalytic activity.[sl On the other hand, transition-
metals, such as Ni, Mn, Co, MoOs3, Fe;0,4, NiO, MoS, and WS,, have
recently gained noticeable popularity in various nanocomposite
systems owing to their low cost and high activity originating from
favourable kinetics phenomenon "' Wu et al. have reported that
Fe;0, nanoparticles supported on 3D nitrogen-doped graphene
aerogel are promising for improving the ORR performance.m
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Scheme 1 Schematic presentation of synthesis of NiO-GO hybrid materials
by assembling the NIiCNNi flakes and GO sheets followed by thermal
treatment.

Herein, we propose a new LbL approach for the synthesis of
multilayered NiO-GO hybrid materials. Rather disordered interfacial
structures in LbL films provide abundant nanospaces, which is
advantageous for interlayer = molecular diffusion. The
electrochemical performance of NiO can be enhanced when
combined with GO sheets through proper chemical interaction. The
electrochemical analysis performed in this work demonstrates that
our NiO-GO hybrid material can serve as an efficient catalyst for
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ORR. It also exhibits a good stability in comparison to PtC-5%
catalyst (current loss of about 24.6 % compared to 38.3 %,
respectively).

The nickel cyano-bridged coordination polymer (NiCNNi) flakes
consist of very thin plates with an average lateral size of around 170
nm (Fig. S1a). The flakes are highly crystallized, as confirmed by
selected area electron diffraction (SAED) patterns. On the other
hand, the GO sheets show a typical 2D morphology with lateral
sizes as large as 1 um (Fig. S1b). Their surface is smooth and the
sheets are detached from each other. The SAED patterns reveal the
typical hexagonal arrangement of a crystalline framework
characteristic of GO sheets. The lateral size of the NiCNNi flakes is
much smaller than that of GO sheets. The NiCNNi flakes and GO
sheets are sonicated separately to form colloidal solutions and their
measured zeta potentials are 2.97 mV and -30.7 mV, respectively.[8]

The NiO-GO hybrid materials were synthesized by assembling
the NiCNNi flakes and GO sheets followed by thermal treatment
(Scheme 1). The two colloidal solutions were mixed together under
strong sonication. The materials are well dispersed in the
suspensions (Fig. S2). Through this step, the positively charged
NiCNNi flakes become uniformly embedded into the negatively
charged GO sheets through electrostatic interactions. By changing
the NiCNNi:GO weight ratios, various types of NiO-GO hybrids can
be obtained. The zeta potential gradually decreases with increasing
the GO content. Scanning electron microscope (SEM) and
transmission electron microscopy (TEM) images of the typical
NiCNNi-GO hybrids before thermal treatment (NiCNNi:GO =75:25)
are shown in Fig. 1a. The introduced NiCNNi flakes can clearly be
observed inside the GO sheets. During the thermal treatment at
300 °C, the organic group from NiCNNi can be removed to generate
nanoporous NiO flakes.” Even after calcination, the NiO flakes are
still enclosed by the GO sheets. It is worth noticing that the lateral
size of NiO flakes remains mostly unchanged after thermal
treatment (Fig. 1b).

HAADF-STEM and the elemental mapping images show a clear
layer-by-layer architecture (Figs. 2 and S4). The introduction of the
NiO flakes as spacers prevent restacking or aggregation of the GO

sheets.

Nickel

Fig. 2 Cross-sectional HAADF-STEM image and elemental mapping
(carbon, oxygen, and nickel) of NiO-GO hybrid prepared from
NiCNNi:GO=75:25.

Fig. 1 SEM and TEM images of (a) NiCNNi-GO hybrid (NiCNNi:GO=75:25)
before thermal treatment and (b) the corresponding NiO-GO hybrid after
thermal treatment.

From the elemental mapping, it is found that carbon, oxygen,
and nickel are uniformly distributed over the entire area of the
hybrid material (Fig. $3). However, it is hard to distinguish the NiO
flakes from the GO sheets, because several NiO flakes are
overlapped. Cross-sectional TEM images and the corresponding

2| J. Name., 2012, 00, 1-3

The crystal structure of NiO-GO hybrids after thermal treatment
was examined by wide-angle X-ray diffraction (XRD) (Fig. 3a). For
comparison, the spectra of individually calcined NiO flakes and GO
sheets are also displayed. The XRD pattern of NiO-GO hybrids
matches with the (111), (200), and (220) crystal planes of a
standard NiO crystal structure. *1 Another broad diffraction peak can
be assigned to the (002) plane of GO sheets.™™ The Raman spectra
of the NiO-GO hybrids and thermally-treated GO sheets are shown
in Fig. 3b. Along with the characteristic peak of layered graphene
oxide at 2913 cm™, the D and G bands of GO sheets can also clearly
be observed.™ The Ni0-GO hybrid shows two additional peaks (at
554 and 1077 cm™) corresponding to the NiO phase.[m
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Fig. 3 (a) Wide-angle XRD of the calcined NiO flakes, the calcined GO sheets,
and the typical NiO-GO hybrid after thermal treatment, (b) Raman spectra of
the calcined GO sheets and the typical NiO-GO hybrid after thermal
treatment, (c) N, adsorption-desorption isotherms of (i-iii) the NiO-GO
hybrids prepared from different NiCNNi:GO compositions  [(i)
NiCNNi:GO=75:25, (i) NICNNi:GO=50:50, (iii) NICNNi:GO=25:75] and (iv) the
calcined GO sheets.
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The porosity of the obtained materials was investigated by N,
adsorption-desorption isotherms (Fig. 3c). The corresponding BET
surface area is summarized in Table 1. The surface area of the
hybrid materials appear to increase gradually with increasing the
content of NiO flakes in the hybrid system. Actually, the GO sheets
possess a relatively small surface area as the layers tend to stack
and agglomerate. The introduction of the NiO flakes inside the GO
sheets as spacers leads to the enhancement of the overall surface
area. From the isotherms, an uptake at low relative pressure
(P/Py < 0.1) can be observed, indicating the presence of micropores.
At higher pressure, the adsorption gradually increases without
exhibiting any clear capillary condensation step, which is typical of
ordered mesoporous materials."”® It indicates that pore size
distribution inside the interlayer space is not uniform.

Table 1. Summary on the surface areas of the obtained samples.

Weight ratios Surface area (m’g™)
NiCNNi:GO = 100:0 78.5
NiCNNi:GO = 75:25 152
NiCNNi:GO = 50:50 99.8
NiCNNi:GO = 25:75 47.8
NiCNNi:GO = 0:100 12.5

The typical NiO-GO hybrid (prepared from NiCNNi:GO=75:25)
was examined by X-ray photoelectron spectroscopy (XPS) (Fig. S5).
The survey spectrum confirms the presence of Ni, O, and C
elements in the material. The high resolution spectrum centred on
Ni 2ps), reveals that the signal can be divided into at least four
contributions, highlighting a multi-coordinated Ni. While the
multiplet located at 855.7, 861.0 and 865.3 eV is a typical signature
of NiO,[14] the peak at 853.9 eV is believed to originate from the
interactions taking place between the NiO flakes and the GO sheets.
Indeed, this contribution was not observed for free NiO flakes
which are not embedded in GO.”¥ Two peaks at 529.4 eV and
531.4 eV are assignable to the O 1s peaks of NiO phase (Fig. SSc).[M]
The C 1s spectrum of GO clearly indicate the presence of a
considerable amount of oxidized carbon atoms (Fig. S5d). Four
types of carbon atoms in different functional groups are observed:
non-oxygenated ring (~284.56 eV), C-O (~286.01 eV), C=0 (~288.42
eV), and O-C=0 (~290.88 eV).[lsl It is expected that the NiO flakes
are more tightly anchored onto the surface of GO through
functional groups containing oxygen.

polarization curves of a RDE modified with (i) the calcined NiO flakes, (ii-iv)
the NiO-GO hybrids prepared from different NiCNNi:GO compositions [(ii)
NiCNNi:GO=75:25, (iii) NiICNNi:GO=50:50, and (iv) NiCNNi:GO=25:75], and
(v) the calcined GO sheets. The plots are obtained in O,-saturated 0.1 M
KOH at a rotation rate of 1600 rpm with a scan rate of 10 mV s, (d) Current
retention plot during chronoamperometric measurements for NiO-GO
hybrid prepared from NiCNNi:GO=75:25 and PtC-5%.
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Fig. 4 (a, b) CV curves obtained under N,- and O,-saturated 0.1 M KOH, and
0O,-saturated 0.1 M KOH together with 0.5 M CH;OH catalyzed by (a) NiO-GO

hybrid prepared from NiCNNi:GO=75:25, and (b) PtC-5%. (c) ORR
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Inspired by the unique structure of our NiO-GO hybrid
materials, oxygen reduction reaction (ORR) was selected to examine
their performance in energy conversion systems. Cyclic
voltammetric (CV) measurements were performed to compare the
ORR activity of the hybrid materials prepared from different NiO:GO
compositions. The NiO-GO hybrid prepared from NiCNNi:GO=75:25
shows a significant enhancement in ORR activity, compared to the
other samples (Fig. S6). From the CV curves obtained in O,-
saturated 0.1 M KOH, the NiO-GO hybrid prepared from
NiCNNi:GO=75:25 showed an onset potential of about -130 mV (Fig.
4a3), and a reduction peak at about -370 mV, which are comparable
to the previously reported NiO-based catalysts.[m] More
importantly, this NiO-GO hybrid shows a good tolerance toward
small organic fuels (e.g., methanol), compared to a standard 5% Pt
supported on carbon (abbreviated as PtC-5%) (Fig. 4a-b).[17] All the
results indicated that our NiO-GO hybrid materials are good
candidates for ORR and do not suffer from the cross over effects of
organic fuels.

The ORR performance was further tested by using a rotating
disk electrode (RDE) in an O,-saturated 0.1 M KOH solution at a
rotation speed of 1600 rpm. The linear sweep voltammograms
(LSVs) of all the samples are shown in Fig. 4c. The electrochemical
behavior toward the ORR varies depending on the NiO:GO
compositions. The NiO-GO hybrid prepared from NiCNNi:GO=75:25
shows the best performance from the standpoints of both onset
potential and limiting current. The onset potential of NiO-GO hybrid
prepared from NiCNNi:GO=75:25 (-100 mV) for the ORR is more
positive (-100 mV) compared to the other samples [NiO (-180 mV),
NiO-GO hybrid prepared from NiCNNi:GO=50:50 (-100 mV), NiO-GO
hybrid prepared from NiCNNi:GO=25:75 (-140 mV), and GO (-120
mV)]. A larger surface area can be obtained by increasing the
proportion of NiO flakes. The NiO-GO hybrid with high surface area
probably tends to decrease the mass transport resistance and
facilitate the access of the electrolyte to the active sites, which is
greatly beneficial during  the ORR process.us] A
chronoamperometric measurement over a time period of 5000 s
was further performed on the NiO-GO hybrid, and benchmarked to
the PtC-5% catalyst. The current retention performance is shown in
Fig. 4d. The NiO-GO hybrid shows a current loss of 24.6 %, which is
much less than for the PtC-5% catalyst (38.3 %).

In conclusion, we successfully prepared NiO-GO hybrid materials
with high surface area through the thermal conversion of NiCNNi-
GO hybrids. The NiO flakes are uniformly distributed and tightly
anchored onto the surface of the GO sheets, thereby forming a
robust hetero-layered structure assembled through LbL process.
The NiO-GO hybrids exhibit an efficient catalytic activity for ORR.
Combining the desirable electrochemical properties of both NiO
and GO lead to a synergetic improvement of their electrocatalytic
activity. Our strategy can be applicable in the future for the
preparation of various functional metal oxides wrapped in GO
sheets for promising electrocatalytic applications.
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