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A class of novel nickel cobalt oxide hollow nanosponges were
synthesized through a sodium borohydride reduction
strategy. Due to the porous and hollow nanostructures,
synergetic effects between their components, the optimized
nickel cobalt oxide exhibited an excellent catalytic activity
towards oxygen evolution reaction.

The rational design of novel self-assembled architectures has
received great consideration in recent years driven by their
creative synergetic collective properties and widespread fields of
application.! Among them, three-dimensional (3D) porous
nanostructures consisting of various functional nanomaterials
have been a long sought-after class of materials due to their low
relative density, high specific surface area, and gas permeability
as well as their size-enhanced functionalities
applications.” As one of the most important functional materials
amongst transition metal oxides, nickel cobalt oxide has recently
attracted considerable attention in applications like energy
storage, catalysis, sensing, and field-emission, mainly because of
its unique chemical and magnetic properties.” Compared with
NiO and Co30,, binary nickel cobalt oxides are endowed with
rich redox reactions and improved electric conductivity, which
are beneficial to broad electrochemical applications ranging from
supercapacitors and fuel cells to water oxidation.* The
electrochemical efficiency of these materials strongly depends on
their morphologies. Namely, the materials possessing high
specific surface areas can offer abundant active sites for
electrocatalysis, easy transport channels for electrolyte ions, and
continuous passageways for charge carrier transport.” Efforts in
searching for advanced nickel cobalt oxide nanomaterials and
thus providing attractive opportunities to develop advanced
electrochemical devices lead to the accurate design of a variety of
3D porous nanostructures.

Meanwhile, highly active and cost-effective electrocatalysts for
the oxygen evolution reaction (OER) are essential components of
renewable energy technologies, such as solar fuel synthesis and
providing a hydrogen source for powering fuel cells.® Currently,
precious metal oxides (e.g. RuO, and IrO,) are regarded to be the
most robust and efficient catalysts for this oxidation reaction.”
However, the high cost and scarcity severely limit their
widespread application in the OER. In this context, intensive
efforts have been devoted to develop low-cost alternatives with
high activity.® Among various OER catalysts, nickel cobalt

in various

oxides have received enormous attention due to their low cost and

s0 large number of active centers.” To date, a number of approaches
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to obtaining functional nickel cobalt oxides, which can be
commonly transformed from appropriate precursors such as metal
hydroxides, carbonates, oxalate, and inorganic salts.*> > 10 The
various combinations of the cations and tuning the composition
within these materials provide more possibilities to change their
chemical properties and thus optimize their electrocatalytic
performance. Additionally, the synthesis of 3D porous nickel
cobalt oxides is believed to enhance their OER performance
because of the high surface area, profuse porosity as well as
tunable compositions.'!

Ni2+ NaBH, annealing

Co2+

Scheme 1. A schematic illustration of the synthesis of Ni-Co oxide HNSs.

Herein, we report on a series of nickel cobalt oxide hollow
nanosponges (HNSs), successfully synthesized using a facile
approach. 3D bimetallic nanosponges were first synthesized by
kinetically controlled sodium borohydride reduction process.
After supercritical drying, 3D nickel cobalt oxide HNSs can be
obtained via annealing at high temperatures (Scheme 1). Taking
advantage of the remarkable features of the novel materials, such
as their porous and hollow nanostructures as well as the
synergetic effect between the components, the resulting nickel
cobalt oxide HNSs abundant in the spinel structure exhibit greatly
enhanced OER activity.

With regard to the synthesis of bimetallic Co-Ni nanosponges,
6 mL of the metal precursors containing 4.0 mL CoCl, (0.1 M)
solution and 2.0 mL NiCl, (0.1 M) solution was quickly injected
into 30 mL of an aqueous solution of 0.1 M NaBH, with stirring.
More detailed experimental steps are presented in the Supporting
Information. Bimetallic Ni-Co, (the numerical subscripts denote
the mole ratio of the metal precursors) nanosponges are formed
within 5 min (Figure S1). Metal nanoparticles are formed instead
of porous nanostructures when the concentration of precursors
and reducing agent is low.'? After supercritical drying, oxide (Ni-
Co,-0) HNSs are obtained via annealing at 600 °C.
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Figure 1. (A, B) SEM, (C, D) TEM, and (E) HRTEM images of the as-

obtained Ni-Co,-O HNSs (Inset: photograph of the as-prepared Ni-Co,-O

HNSs). (E) The inset shows a SAED pattern. (F) EDX pattern of Ni-Co,-
s O HNSs.

Scanning electron microscopy (SEM) was first employed to
investigate the morphology and structure of the as-prepared
nickel cobalt oxide HNSs. Figure 1 A, B reveal that Ni-Co,-O
HNSs are composed of porous and interconnected networks.

10 Furthermore, this sponge-like feature was confirmed by
transmission electron microscopy (TEM) imaging. As can be
seen from Figure 1C and D, both bimetallic Ni-Co, (Figure S2)
and their derived oxide nanosponges are not nanoparticle-based
aggregates but are fused architectures, similar to metal aerogels

1s reported previously."”® The obtained Ni-Co,-O HNSs consist of
irregular building blocks with enlarged diameter in comparison
with the pristine Ni-Co, nanosponges. The sponge-like features
can be well inherited after the annealing treatment. A close
inspection of the resulting Ni-Co,-O exhibits the presence of

20 hollowed structures in the product, which is ascribed to the
Kirkendall effect, a vacancy flux and subsequent void formation
resulting from diffusivity differences at inorganic interfaces.'
The highly porous structure and the large void space within the
Ni-Co,-O HNSs result in an ultralow density of around 0.08 g

s cm . High-resolution TEM (HRTEM) was carried out to
illustrate the detailed features. As shown in Figure 1E, no obvious
interstitial space was observed among these fused nanostructures,
which is different from aggregated type originated from well-
dispersed nanoparticles.'”” The lattice fringes can be readily

30 indexed to the (111) crystal plane of the NiCo,0, phase. In
addition, the corresponding selected area electron diffraction
(SAED) pattern (see inset in Figure 1E) indicates the
polycrystalline nature of these HNSs, and the diffraction rings
can be readily indexed to the (220), (311), (400), and (440) planes

35 of the NiCo,0, phase. The energy-dispersive X-ray spectroscopy
(EDX) (Figure 1F) result shows the presence of Co and Ni within

Ni-Co,-O and the sample has an overall Co/Ni mole ratio of ~
2.1, which is in accordance with the feeding molar ratio. The
effect of the composition on the morphology of the final product

40 was also studied. As expected, the as-prepared Ni,-Co-O shows
the same porous features as well as hollow nanostructures (Figure
S3). With regard to the monometallic system, Ni nanosponges
and the thereof derived oxide HNSs were also synthesized
(Figure S3). In contrast, only Co and the thereof derived Co30,

4s nanoparticles (Figure S4) precipitate rather than forming 3D
nanosponges using our kinetically controlled reduction method.
Moreover, no hollow structures were found within the Co3;0,
after annealing. This synthesis process is obviously different from
that of other Co nanoassemblies.' Additionally, the Co nuclei

so formed are not inclined to assemble spontaneously. The detailed
mechanism is still to be unravelled. Obviously, the introduction
of Ni species plays a significant role in the synthesis of 3D
bimetallic Ni-Co and their oxide HNSs.
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Figure 2A shows the X-ray diffraction (XRD) patterns of the

0 as-prepared nickel cobalt oxides. Broad reflections were observed
in all patterns, which indicate the existence of nanocrystalline
phases. The fringes in this Figure are assigned to the NiCo,O,
spinel (JCPDF 73-1702) and NiO (JCPDF 73-1519) structures.
For Ni-Co,-0O, the formation of NiC0,0, is predominant, which is

es well consistent with the SAED analysis mentioned above.
Besides, a part of NiO can also be found within the product. The
lattice constant value (0.8089 nm) determined from the crystal
plane (311) of the Ni-Co,-O is considerably smaller than the
0.8112 nm in JCPDS for NiCo,0,4, which can be explained by the

70 appearance of NiO and the partial decomposition of the spinel
structure. Note that when the feeding molar ratio between Ni**
and Co®" increases to 2, the intensity of the diffraction peaks of
NiO is enhanced, which indicates that the amount of NiO
dominates within Ni-Co-O.!" In the case of NiO HNSs, good
75 crystallinity is obtained after heat treatment of Ni nanosponges.
The bimetallic Ni-Co, is thermally not stable, and it oxidizes
upon calcination and transforms into the corresponding metal
oxide. As confirmed by thermogravimetric analysis (TGA), the
oxidation of Ni-Co, occurred at about 150 °C and Ni-Co, was
so completely transformed into Ni-Co,-O at around 600 °C (Figure
S5A). With the increase in the annealing temperature, the product
turned grey black gradually with the corresponding XRD patterns
shown in Figure S5B. An amorphous structure is observed when
the samples were annealed at 200 °C and a distinct spinel phase

ss along with the NiO phase has be formed at higher temperature
(400 °C). With a further increase of the annealing temperature to
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600 °C, Ni-Co, was completely transformed into Ni-Co,-O and
the peak intensities gradually increase whereas peak width
decrease indicating the enlargement of the crystal domains with
the increase of the particle sizes. In addition, XPS spectra show
that the surface of the Ni-Co,-O materials has a composition of
Co**, Co®", Ni** and Ni*" (Figure S6). The Co/Ni atomic ratio at
the surface of the materials is larger than that of feeding molar
ratio, indicating a minor enrichment in Co at the surface of the
products (Table S1).

Figure 2B shows typical nitrogen adsorption-desorption
isotherms of NiO, Ni,-Co-0O, Ni-Co,-O and bimetallic Ni-Co,. It
is clear that all the isotherms recorded are similar in shape and
essentially of type II curve combined with a type IV contribution,
which implies the typical pore characteristics of all samples. The
amount of the N, adsorbed increases sharply at high relative
pressures and does not reach a plateaus, confirming the presence
of macropores within these products. In addition, the slight
hysteresis loop can be assigned to textural mesopores of fused
nanostructures. The specific surface-area values determined using
the Brunauer-Emmett-Teller (BET) model were found to be 43.6,
34.4,24.8, and 32.4 m* g for NiO, Ni,-Co-O, Ni-Co,-O and
bimetallic Ni-Co,, respectively. The introduction of Ni not only
plays a key role in the constructing of these bimetallic Ni-Co
nanosponges and their derived oxide HNSs but also affects the
BET surface area greatly. In detail, the BET surface area
increases with increasing Ni content within these oxides.
Compared with the bimetallic Ni-Co,, both specific surface area
and pore volume of the Ni-Co,-O HNSs decrease despite the
formation of the hollow structures within this oxide. This can be
explained by the growth and coalescence of the original
nanostructures and the subsequent elimination of a certain
porosity at higher temperature. Independant of the applied model,
the corresponding pore-size evaluation show the presence of a
wide distribution of pore-sizes, further confirming the co-
existence of micropores and mesopores in these materials (Figure
S7). Compared with micropores, mesopores and macropores
dominate the porosity of this class of nanomaterials (Table S2).
This range of pore sizes mainly originate from the void spaces
within fused nanoparticles in the process of the assembly and
hollow structures induced by the Kirkendall effect. The high
surface area and abundant porous structures indicate that the
inner edge and corner area are accessible from the outside, further
facilitating mass diffusion/transport and furnishing a high
electroactive surface area for catalytic applications.

To gain insight into the effect of Ni on the OER process, the
electrochemical properties were first investigated in 0.1 M KOH,
the corresponding cyclic voltammograms (CVs) being given in
Figure 3A. For the pure Co;0, and NiO electrodes, the CVs
exhibit two pronounced peaks in the anodic process at 1.183 and
1.406 V, which mainly result from redox reactions related to
Co*/Co* and Ni**/Ni**, respectively.®® The CV of Ni-Co,-O
shows only one broad anodic peak at around 1.249 V and a
cathodic peak at around 1.145 V. Due to the very close exchange
potentials of Co**/Co*" and Ni*"/Ni**, so that this broad anodic
peak can be correlated to the M>"/M** and M**/M*" (M=Co and
Ni).'"® The anodic peak of Ni»-Co-O shifts positively in
comparison with Ni-Co,-O. We note that the redox peak shifts
negatively with the increase in the Co/Ni molar ratio due to the

synergetic effect from the Co addition, which was reported to

o0 increase the activity and reversibility of the Ni**/Ni**.%® Clearly,
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Ni-Co,-O possesses the highest current density amongst these
samples, indicating the largest active surface area and the highest
amount of stored charge. Among them, the high charge densities
corresponding to the transitions of M*>"/M*" (M=Co and Ni) are
particularly favourable to enhancing the OER performance.' As
shown in Figure 3B, the current density increases with an
increase in the scan rate for Ni-Co,-O HNSs. The inset shows the
dependence of the current density on the square root of the scan
rate, demonstrating that the diffusion of OH is the rate
controlling step in the whole process.
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Figure 3. (A) CVs of pure NiO, Ni,-Co-O, Ni-Co,-O hollow nanosponges,
and Co;04 nanoparticles at a scan rate of 20 mV s (insert: magnifies the
CVs of pure Co3;0,4 nanoparticles). (B) CVs of Ni-Co,-O hollow
nanosponges at various scan rates ranging from 10 to 200 mV s (Inset:
the plots of anodic and cathodic peak current density against the square
root of the scan rate). (C) LSV curves for OER on modified GCE
comprising Ni-Co,-O NiO, Ni,-Co-O hollow nanosponges, Co;04
nanoparticles, and commercial Pt/C in 0.1 M O,-saturated KOH,
respectively. Catalyst loading: ~0.2 mg cm 2 Sweep rate: 5 mV s . (D)
Tafel plot derived from (C).

Subsequently, the OER catalytic performance of the Ni-Co,-O
HNSs and their corresponding reference materials were
investigated by linear sweep voltammetry (LSV) in 0.1 M O,-
saturated KOH solution (Figure 3C). Compared with the other
materials, Ni-Co,-O exhibits the highest catalytic activity towards
the OER with the onset potential being as low as 1.501 V (see
Table S3). The current density of 10 mA cm 2, which is a metric
relevant to solar fuel synthesis, can be achieved at a small
overpotential () of 0.362 V with our constructed catalyst, being
advantageous over e.g. the Mn;0,/CoSe, nanocomposites™ and
the nanoporous carbon—cobalt-oxide hybrids?® and comparable to
the performance of Co;0,/graphene catalysts®' at similar loading
(Table S4). In addition, the Ni-Co,-O electrode shows the
smallest Tafel slope value (64.4 mV/dec) amongst all the samples
investigated, corresponding to most favourable OER kinetics
(Figure 3D). However, after 500 cycles, the anodic current
decreased to some extent, largely because the physically attached
catalyst on the electrode lose contact with the electrode over
repeated catalytic cycles due to the production of oxygen (Figure
S8). The remarkable enhancement in the OER performance of the
porous Ni-Co,-O can be attributed to its high specific surface area

This journal is © The Royal Society of Chemistry [year]
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and profuse porosity, which provide effective diffusion channels
for the electrolyte ions leading to an improved electrochemical
performance. More importantly, the favorable composition factor
plays a dominating role in enhancing the electrocatalytic activity
towards the OER. Of the three different oxides, Ni-Co,-O HNSs
abound in the spinel structure, which provides more active sites,
enhance the conductivity, accelerate the adsorbing of H,0, and
efficiently detach gas bubbles and are thus beneficial for surface
electrocatalytic conversions.

In summary, we have demonstrated a kinetically controlled
strategy for the synthesis of a class of novel 3D nickel cobalt
oxide HNSs. Significantly, taking advantage of the remarkable
features of the novel materials, such as their porous and hollow
nanostructures, synergetic effects between their components, the
optimized Ni-Co,-O HNSs with spinel structure exhibit an
excellent catalytic activity, which makes them ideal candidates
for the next generation of OER catalysts. This class of nickel
cobalt oxides can offer very attractive prospects and could be
extended to electrochemical applications in various fields, such as
supercapacitors, fuel cells, batteries and electrochemical sensors,
etc.
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