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Abstract: A method was proposed to synthesize hollow
flower-like NiCo,04 composed of porous nanosheets using
a self-template approach. The unique structure is attributed
to the synergistic effect of the Kirkendall effect and the
Ostwald ripening mechanism. The sheet-like and porous
structure endowed the material with a specific surface
area of 137.1m*g ™" and a pore volume of 0.418 cm®g™. The
distinctive structure and high-density active sites imparted
excellent catalytic performance in oxygen reduction (ORR)
and oxygen evolution (OER) reactions. Electrochemical tests
showed that the limit current density of ORR reached
558 mA cm™2, comparable to that of the noble metal Pt/C
(20 wt%). The overpotential of OER at a current density of
10 mA cm ™% was only 380 mV, significantly lower than that of
the noble metal RuO,. These results indicate that the synthe-
sized hollow flower-like NiCo,0,4 has the potential to replace
noble metals in ORR and OER catalytic applications.
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1 Introduction

In recent years, there has been a rapid advancement in
energy technology with the development of industries.
However, the extensive use of non-renewable resources
causes environmental pollution on a global scale [1,2].
Therefore, the utilization of efficient and clean energy
sources is a future development trend [3]. Renewable
energy sources such as solar, wind, hydro, and tidal power
are being extensively developed and utilized, which has
led to a more widespread application of energy conversion
devices. For instance, the currently popular lithium-ion
batteries are widely used in various aspects of life [4,5].
However, a new emerging energy technology has recently
gained significant attention and is considered highly pro-
mising to replace lithium-ion batteries in the future due to
the high cost and explosion risk of lithium-ion battery. This
energy conversion device is the rechargeable metal-air
battery [6]. Compared with current lithium-based battery
technologies, metal-air batteries have significant advan-
tages, such as high energy density and a flat discharge
voltage profile, which make them more widely applicable
in various fields. This greatly increases their potential for
large-scale commercialization [7,8]. However, the slow oxygen
evolution (OER) and oxygen reduction (ORR) reactions during
the charge and discharge processes severely restrict the devel-
opment of metal-air batteries [9]. Therefore, catalysts are
needed to accelerate ORR and OER. Most commercially avail-
able metal-air batteries currently rely on the use of noble
metal catalysts, which are hindered by their scarcity, expen-
sive cost, and other limitations, preventing the widespread
commercialization of metal-air batteries. Additionally, similar
issues are encountered in other energy conversion devices
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such as electrolysis cells, emphasizing the urgent need for the
development of efficient non-noble metal catalysts [10].
Transition-metal oxides (TMOs) possess characteristics
such as high reserves, easy preparation, stability, and high
activity, making them widely recognized as the most pro-
mising candidates to replace noble metal catalysts [11].
However, due to the excessive or insufficient binding
with the intermediate oxygen, TMOs are only conducive
to one of the two oxygen reactions [12]. Consequently,
they have only a single catalytic function, which is not in
line with our pursuit of a dual-functional catalyst. To
address this issue, researchers have introduced secondary
metal substituents by composition modification to opti-
mize the electronic properties of active sites and have
also used material nano-engineering to regulate the mor-
phology, porosity, and specific surface area of the material
to increase the exposure of active sites during catalysis [13].
NiCo0,04 is a spinel-structured binary metal oxide with rich
multiple oxidation states formed by the substitution of one
Co atom on Co30, with a Ni atom [14]. The doping of Ni
effectively modulates the electronic structure of Co30y,
resulting in better electrochemical performance compared
to single TMOs [7]. In addition, the highly redox-coupled
Co**/Co®" and Ni**/Ni*" in NiCo,0, catalyst are considered
as the active sites for OER [15]. The synergistic effect of
Ni and Co endows NiCo,0, with great catalytic perfor-
mance. For example, the nanowire structure NiCo,0, was
prepared by Prabu et al [16] and evaluated for its ORR
performance in a 0.1M KOH electrolyte solution. The linear
voltammetric scan curve of linear sweep voltammetry (LSV) at
1,600 rpm exhibited a diffusion-limited current density of
6mAcm ™ and a half-wave potential of 0.78 Vygye. Under
equivalent conditions, the catalytic activity of ORR has
approached that of noble metals. Furthermore, in the OER
test, a current density of 10mA cm™ was achieved at a
potential of only 1.62 Ve Which is also superior to that
of noble metal catalysts. Devaguptapu et al. prepared nano-
needle [17], spherical, and sea urchin-like NiCo,0, using the
template-free, hard-template, and soft-template methods,
respectively. In electrochemical testing, NiCo,0, with dif-
ferent morphologies exhibited varying catalytic activities.
Additionally, researchers have designed numerous intri-
guing morphological structures of NiCo,04 For instance,
Zhang et al. synthesized core-shell structured NiCo,0,4 using
a hard template method [18]. Wei, by pre-adjusting the pH
value, grew NiCo,0, nanosheet arrays on graphene through
a co-precipitation approach [19]. Similarly, Sun utilized a
hydrothermal method to grow NiCo,0, nanosheets and
nanoflowers on nickel foam [20]. Different morphologies
confer distinct characteristics to the materials [21], modi-
fying the material’s shape is a common means of improving
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the performance of the catalyst. Among the many morphol-
ogies, sheet-like structures tend to have a large specific sur-
face area, which allows the catalysts to expose the active site
to a large extent during catalysis. However, most of the
currently available fabrication methods are complex and
time-consuming, which leads to a waste of time. Moreover,
the sheet-like structure, due to its two-dimensional nature,
tends to experience severe aggregation during the electro-
catalytic process. This phenomenon can lead to a decrease in
electron transfer rate, affecting charge transfer efficiency and
the contact between active sites and electrolyte, resulting in
reduced catalytic activity [22].

Based on the above considerations, this study prepared
a hollow flower-like structure of NiCo,0, nanomaterials
assembled from porous nanosheets using a self-template
method. This preparation method is not only concise and
effective, but the unique flower-like structure produced
by this method also addresses the issue of nanosheet
aggregation. The best-performing sample (NiCo-300) exhib-
ited ORR catalytic activity comparable to that of the noble
metal Pt/C and OER catalytic activity and significantly
exceeded that of the noble metal RuO, in the electroche-
mical tests.

2 Experimental section

2.1 Synthesis of nickel-cobalt glycerate
microspheres (NiCo-G)

In a typical method [23], mix 0.25mmol Co(NOs3),-6H,0,
0.125 mmol Ni(NOs),-6H,0, and 8 mL of glycerol in 40 mL
of isopropanol by stirring vigorously to form a uniform
pink solution. Transfer the resulting solution to a stainless
steel autoclave and keep it at 180°C for 6 h. After cooling to
room temperature, the brown precipitate was subjected to
centrifugal separation at a speed of 10,000 rpm using a
centrifuge, then washed with an alcohol solution 3-5 times.
Finally, vacuum dry the obtained solid powder at 60°C for
8h, and name the resulting solid powder as NiCo-G.

2.2 NiCo-G is transformed into hollow
flower-shaped nickel-cobalt hydroxide
(NiCo-OH)

Mix 20 mg NiCo-G with 40 mL of deionized water and stir
vigorously. Transfer the evenly mixed solution into a stain-
less steel autoclave and maintain a constant temperature
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of 150°C for 180 min. After cooling to room temperature,
wash and dry the precipitate with alcohol for 2-3 times,
and vacuum dry it in a drying oven at 60°C for 8 h. Finally,
the solid product is recorded as NiCo-OH.

2.3 Preparation of hollow flower-like
NiCo,0, materials from NiCo-OH

NiCo-OH was heated in an air atmosphere at 300°C for 2h
in a tube furnace, and the resulting black powder NiCo,0,4
was labeled as NiCo-300. To analyze the effect of heat treat-
ment temperature on the morphological characteristics of
the retained matrix (NiCo-OH) of NiCo,0,, NiCo-OH was
subjected to heat treatment at 250 and 350°C for 2 h, respec-
tively. The resulting samples were labeled as NiCo-250 and
NiCo-350, respectively. The experimental procedures were
thoroughly documented to ensure reproducibility.

2.4 Characterization

Different stages of the products were traced and observed
for their morphology using field emission scanning elec-
tron microscopy (JSM-7800F). Thermal gravimetric (TG)
analysis was carried out using a TA-Q600 thermal analyzer
with a heating rate of 10°C/min. X-ray diffraction (XRD,
Bruker-AXS D8 Advance) and transmission electron micro-
scopy (TEM, JEM-2100) were employed for phase and struc-
tural analysis of NiCo,0,. X-ray photoelectron spectroscopy
(XPS) was used to analyze the atomic valence states and
their relative contents. The pore size distribution and spe-
cific surface area of the pyrolysis products were analyzed
using a Quantachrome Autosorb IQ3 automated surface
area analyzer.

2.5 Electrochemical experiments

The ORR and OER performances were evaluated using a
PINE rotating disk electrode system and an electrochemical
workstation (CHI660E). A glassy carbon electrode was used
as the working electrode, a platinum plate was used as the
counter electrode, and an Ag/AgCl electrode was used as
the reference electrode. The electrochemical techniques
employed included cyclic voltammetry (CV), LSV, stability
testing (i-t), and electrochemical impedance spectroscopy
(EIS). The working electrode was coated with a loading of
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0.27 mg cm™2 (NiC0,04:C = 7:1), and the electrolyte solution
used was 0.1M KOH. The measured potential was con-
verted to the reversible hydrogen electrode (RHE) scale
using the Nernst equation:

Erur = Eys Ag/AgCL + 0.0592 pH + 0.2046.

3 Results and discussion

The preparation of the hollow flower-like NiCo-300 includes
three steps. In the first step, Ni(NOs),-6H,0 and Co(NOs3),'6H,0
provide nickel and cobalt sources. Under the high tempera-
ture and high pressure conditions of a solvent-thermal pro-
cess, NiCo-G solid microspheres are formed. The second step
is to convert NiCo-G into NiCo-OH with a hollow flower-like
structure assembled from nanosheets based on the easy
hydrolysis of metal glycerides. This process is a simple hydro-
lysis reaction of metal alcohols. The Ni**, Co?*, and OH~ gen-
erated from the hydrolysis reaction will form a mixed nickel-
cobalt hydroxide (Ni,Co,,(OH)g,) on the surface of the sphere
based on the close solubility product constant (K,) of Ni(OH),
and Co(OH), [24]. The generation process of (Ni,Co,(OH)g,)
can be described as follows [25]:

NiCo~G — Ni?* + Co?* + OH, o
Ni2* + Co?* + OH ~ NixCoz(OH)sy. @

The third step in the preparation of the hollow flower-
like of NiCo,0, involves the heat treatment of NiCo-OH
obtained from the previous step in an air atmosphere at
300°C. The reaction process can be described as follows [25]:

Ni,Cos(OH)gx + 0, — NiCo,04 + Hy0. 3)

3.1 Transformation of NiCo-G solid spheres
to hollow flower-like NiCo-OH

The solid microspheres NiCo-G were transformed into a
hollow flower-like NiCo-OH, and this transformation pro-
cess occurred in a 150°C hydrothermal environment. The
XRD pattern (Figure S1) recorded the success of this trans-
formation. Although the transformation is a simple hydro-
lysis reaction, the formation of the hollow flower-like
structure is worth investigating. In order to accurately
analyze the formation of the hollow flower-like NiCo-OH,
the morphology and structure of the products of NiCo-G
hydrolyzed for 0, 15, 60, and 180 min were observed by
TEM and scanning electron microscopy (SEM). In addition,
the TEM image of the product obtained after hydrolysis of
NiCo-G under room temperature and pressure was also
observed. These results are shown in Figure 1(a)—(e) (also
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please refer to Figures S1-S5). Figure 1(a) shows the TEM
image of NiCo-G obtained by the solvothermal method. The
image reveals that NiCo-G (i.e, NiCo-G hydrolyzed for
0 min) is a solid sphere with a smooth surface, which is
consistent with the observations from the SEM image
(Figure S2) of NiCo-G. TEM images of the product obtained
from the hydrolysis of NiCo-G for 15 min clearly show the
growth of a large number of nanosheets on the surface of
the spherical particles, while no significant changes are
observed in the interior of the particles (Figure 1(b)). The
SEM image (Figure S3) clearly shows the existence of nano
flakes on the surface of the solid sphere. Additionally, two
spheres were observed without nano flakes on their sur-
faces, but with varying sizes of protrusions on the sphere’s
surface, which can be considered as the process experienced
before the formation of the nanosheets. After 60 min of
hydrolysis of NiCo-G, TEM images of the product reveal
the presence of a structure inside the sphere that resembles
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a core-shell structure, with a noticeable gap between the
core and the shell (Figure 1(c)). The SEM image (Figure S4)
clearly shows an increase in the number of nanosheets
compared to that of 15 min of hydrolysis, and confirms the
existence of the inner core, consistent with the TEM image
(Figure 1(c)). The TEM image of the product obtained after
180 min of hydrolysis of NiCo-G is shown in Figure 1(d). It is
evident from the image that the inner core of the sample has
completely disappeared, forming a hollow structure. The
hollow structure inside the sample is also observed in its
SEM image (Figure 1(e)). Observation of the TEM images of
the products obtained after hydrolysis of NiCo-G for 15, 60,
and 180 min showed the presence of distinct black rods,
which were caused by the intersection of nanosheets. This
phenomenon of nanosheet intersection can be observed in
SEM images as well. The width and length of the black rods
indirectly reflect the thickness and length of the nanosheets.
The data obtained through measurements are shown in
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Figure 1: TEM image of the products obtained after hydrothermal treatment of NiCo-G for (a) 0 min, (b) 15 min, (c) 60 min, and (d) 180 min. (e) SEM
image of the products obtained after hydrothermal treatment of NiCo-G for 180 min. (f) The thickness and length of nanosheets.
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Figure 1(f). It can be observed that the formation of cavity
structures is accompanied by the growth of nanosheets. This
process (NiCo-G — NiCo-OH) also occurs in the so-called self-
template, where NiCo-G not only serves as a precursor but
also templates itself to form this unique hollow flower-like
structure. Furthermore, the samples exhibited a high degree
of monodispersity, which may be attributed to the structural
and state changes on the surface of the nanoparticles under
the conditions of high temperature and high pressure during
the solvothermal process [26]. This will facilitate the catalyst’s
full contact with the electrolyte during the catalytic process,
exposing more active sites and enhancing catalytic activity.
Based on the above results, the possible mechanism
for the formation of the hollow flower-like structure is
shown in Figure 2. The formation of the hollow floral struc-
ture can be roughly divided into two stages. The first stage
involves the formation of nanosheet-based structures. In
the initial stage of the hydrolysis reaction, NiCo-G under-
goes hydrolysis to form nickel-cobalt hydroxide nuclei.
Under the influence of Ostwald ripening behavior [27,28],
the small nuclei gradually gather on the surface of the
sphere and grow into larger nanosheet-based structures.
This phenomenon can be observed in the morphology pre-
sented by the sample at 15min after the hydrolysis reac-
tion. The second stage involves the formation of cavity
structures. With the increase in hydrothermal time, a
dense NiCo-OH shell is formed on the surface of the sphere.
The presence of this shell controls the diffusion of Ni, Co,
and water between each other [29]. When the outward

NiCo-G
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diffusion rate of nickel and cobalt is much faster than
the inward diffusion rate of water, net outward diffusion
of nickel and cobalt creates some vacancies at the interface
of NiCo-G and NiCo-OH. As NiCo-G is consumed, these small
vacancies combine to form cavities (as observed in samples
at 60 and 180 min hydrolysis time) [7,30]. This formation of
voids due to the imbalance in diffusion rates is a manifes-
tation of the Kirkendall effect [31]. The formation of a
nickel-cobalt hydroxide shell takes a certain amount of
time. Therefore, the Kendall effect cannot occur during
the initial stages. This is also the reason why no vacancy
formation was observed in the product obtained after
15min of hydrolysis of NiCo-G. Furthermore, based on
the morphology exhibited by NiCo-G during hydrolysis at
room temperature and pressure (Figure S5), it can be
inferred that the occurrence of the Kirkendall effect (i.e.,
the formation of cavity structures), requires high tempera-
ture and pressure conditions. Under such conditions, it may be
advantageous for the formation of a dense nickel-cobalt hydro-
xide shell or to accelerate the outward diffusion of nickel and
cobalt. Based on the previous discussion, it can be concluded
that the formation of the hollow flower-like structure is closely
related to the hydrothermal reaction time. During the initial
stage of the hydrothermal reaction, the Ostwald ripening
mechanism dominates the growth of the nanoplates. However,
with the prolonged reaction time, the Kirkendall effect partici-
pates, leading to the formation of the hollow structure. The
synergy of these two mechanisms provides the driving force
for the formation of the hollow flower-like structure.

~———> NiCo-OH

Figure 2: Schematic diagram of the transformation of NiCo-G to NiCo-OH.
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3.2 Formation of hollow flower-like NiCo,0,
(NiCo-300)

The formation process of NiCo,0, was studied using TGA
and differential thermal gravimetry (DTG) as shown in
Figure 3(a). The TG curve represents the temperature
range of sample quality loss, while the DTG curve shows
the maximum mass loss rate of the sample [32]. Based on
the TG/DTG curves, the thermal decomposition of NiCo-OH
can be divided into two stages. The first stage is considered
to be between 15 and 140°C, during which the DTG curve
exhibits a prominent peak. This can be attributed to the
rapid loss of mass caused by the escape of physically
adsorbed water. In this stage, the mass loss is 10.8%. The
second stage occurs between 140 and 400°C, where the DTG
curve exhibits the highest peak. This peak corresponds to
the rapid mass loss due to the conversion of NiCo-OH to
NiCo0,0,. In this stage, the sample experiences a mass loss
of 21.6%. Beyond 400°C, the sample continues to lose mass
without showing significant thermal stability. There are
two possible reasons for this phenomenon. First, residual
organic compounds in the sample undergo oxidation and
decomposition with increasing thermal decomposition tem-
peratures, resulting in sustained mass loss. Second, the
material has slightly inferior thermal stability, indicating
that the selection of the thermal treatment temperature is
crucial. Figure 3(b) shows the XRD patterns of the products
after heat treatment at different temperatures. It can be
seen that NiCo-300 and NiCo-350 have very distinct diffrac-
tion peaks, and NiCo-350 has sharper and more symmetrical
diffraction peaks. This indicates that the crystallinity of
NiCo-350 is higher. The diffraction peaks at 31.15° 36.70°,
44.63°, 59.11°, and 64.96° in both samples correspond to the
(220), (311), (400), (511), and (440) crystal planes of NiC0,0y,
respectively, which match the standard card of NiCo,0,
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(JCPDS 20-0781) [33]. No impurity peaks are observed, indi-
cating that NiCo-G is completely converted to NiCo,0, crystals
under both temperatures. However, only three diffraction
peaks are observed for NiCo-250, which cannot well prove
the complete transformation of NiCo-G to NiCo,0,. This
may affect the formation of active sites and thus affect the
catalytic performance of the material. In addition, the grain
sizes of NiCo-250, NiCo-300, and NiCo-350 were calculated
using the Scherrer formula, resulting in sizes of 8.5, 10.2,
and 12.5nm, respectively. It can be observed that the grain
size gradually increases with the increase in annealing
temperature.

@

The products obtained from different temperature
treatments were observed by SEM and TEM, as shown in
Figure 4(a)—(f), (also see Figures S6-S10). Figure 4(a) shows
the TEM image of NiCo-300, which reveals that the sample
well inherits the hollow flower-like structure of the pre-
cursor material. The size of the porous nanosheets at this
point mainly ranged around 140 nm in length and 10 nm in
thickness, which decreased compared to NiCo-OH (around
170 nm in length and 13 nm in thickness). This is due to material
shrinkage during the heat treatment process. However, some
broken porous nanosheets were also observed, which cannot
be clearly displayed on the hollow nanoflowers (Figure S6).
High-resolution transmission electron microscopy (HRTEM)
images (Figure 4(b)) reveal that the porous nanosheets are
composed of small crystalline particles, and the escape of
CO, and H,0 during the heat treatment of NiCO-G leads to
the presence of abundant pores in the porous nanosheets
[24]. Figure 4(c) shows the mesopores, which are mainly
distributed in the range of 2-8 nm, and each size of meso-
pores has a certain number of distribution. The pore struc-
ture not only provides a larger surface area for the catalyst,

D = KA/(B cos#).

(b) NiCo-350
NiCo-300
NiCo250 |
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Figure 3: (a) TG curve of NiCo-OH measured in air and DTG curve obtained by differentiating the TG curve and (b) XRD patterns.
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Figure 4: (a-c) TEM, (d) HRTEM, (e) SAED, and (f) SEM images of NiCo-300.

but also provides a shorter path for ion transfer, which
improves the efficiency of the catalyst. HRTEM image clearly
shows lattice fringes with a spacing of 0.299 nm, which is
close to the spacing between the two (220) crystal planes of
NiCo,0, (Figure 4(d)). This also indicates the great crystallinity
of the sample. Selected area electron diffraction (SAED) pat-
tern clearly shows the polycrystalline nature of the sample,
with diffraction rings matching well with the standard spinel
NiCo,0, (Figure 4(e)). The SEM image of NiCo-300 (Figure 4(f))
and the SEM image of NiCo-OH (Figure 1(e)) exhibit great
similarity, which better illustrates that NiCo-300 well pre-
served the parent morphology of NiCo-OH. In addition, the
TEM image of NiCo-250 (Figure S7(a)) shows that it also
inherits the morphology of the parent material well. Figure
S7(b) shows that the porous nanosheets of NiCo-250 have a
higher mesoporous density than NiCo-300, with pore sizes
concentrated at 3.4 nm, and fewer but relatively larger meso-
pores (the larger mesopores referred to in the text are those
with a diameter greater than 3.4 nm). The SEM image of NiCo-

250 also demonstrates the preservation of the parent mor-
phology (Figure S8). The TEM (Figure S9) and SEM (Figure
S10) images of NiCo-350 indicate that the structure has col-
lapsed and the porous nanosheets have disintegrated and
broken, failing to inherit the morphology of the parent mate-
rial. These results indicated that the preservation of the
matrix morphology in NiCo,0, was influenced by the heat
treatment temperature, with higher temperature being detri-
mental to parent morphology preservation. One possible
reason is that as the heat treatment temperature increases,
larger pores are created when CO, and H,0 escape during the
heat treatment process, and excessively large mesopores are
detrimental to structural stability.

The porosity and pore size of NiCo-T were character-
ized using the nitrogen adsorption/desorption method.
NiCo-300 exhibits hysteresis loops in the range of 0.5-1.0.
Meanwhile, all the isotherm profiles belong to Type IV,
indicating the presence of a porous structure [34].
This observation is further confirmed by the TEM images.
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Table 1: Specific surface area and pore volume of NiCo-300

Catalysts Specific surface Pore volume
area (m?g™") (em*g™)
NiCo-250 173.8 0.627
NiCo-300 1371 0.418
NiCo-350 108.1 0.270

According to the desorption isotherms and Brunauer-Emmett-
Teller method, the specific surface areas of NiCo-250, NiCo-
300, and NiCo-350 were calculated to be 173.8, 137.1, and
108.1m?* g™, respectively (Table 1). These results are superior
to those previously reported for NiCo,0, with different
morphologies (Table S1). The pores on the porous nanosheets
are closer to cylindrical in shape, so the pore size distribution
plot was obtained using the Barrett-Joyner—Halenda (BJH)
method (Figure 5(b)). Using the BJH method, the pore volumes
of NiCo-250, NiCo-300, and NiCo-350 were calculated to be
0.627, 0.418, and 0.270 cm® g™, respectively. From the Figure,
it can be seen that NiCo-300 has more number of larger
mesopores compared to NiCo-250 (consistent with the results
shown by TEM). However, the pore volume of NiCo-300 is
lower than that of NiCo-250. This can be attributed to two
possible reasons: first, NiCo-300 has a significantly lower
pore density than NiCo-250. Second, a small portion of the
porous nanosheets in NiCo-300 may have been broken,
resulting in loss of pore structure. Both of these factors
are clearly observed in the TEM images of the two materials.
Pore volume greatly affects the specific surface area of
the material, which is why NiCo-300 and NiCo-250 have dif-
ferent specific surface areas despite retaining their original

~_~
-}
~
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—3—NiCo-350
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morphologies. The decrease in the specific surface area of
NiCo-350 is attributed to the collapse of its structure and the
fragmentation of its porous nanosheets.

The oxidation state and chemical composition of NiCo-
300 were analyzed by XPS, as shown in Figure 6(a). The test
spectrum showed the presence of Co, Ni, O, and C in the
sample, without the appearance of any other impurities. In
order to further analyze the valence state of the elements,
high-resolution XPS analysis was carried out as shown.
Figure 6(b) shows the high-resolution 01S spectrum, with
three different binding energy peaks corresponding to 01
(529.5eV), 02 (531 eV), and 03 (532.5 eV), respectively. The
presence of the O1 peak can be attributed to the metal—-
oxygen bond (M-0-M, M = Ni, Co) [35,36]. The 02 peak
corresponds to the abundant low-oxygen coordinated defect
sites, which promote the adsorption of water and OH [37].
This enables the catalyst to have a more thorough contact
with the electrolyte, promoting the adsorption of oxygen.
The 03 peak can be assigned to the oxygen adsorbed by
water molecules on the surface of the material [38]. Figure
6(c) shows the high-resolution Ni 2p spectrum, which has
been fitted into two orbital spin states (Ni 2p”* and Ni 2p*?)
using Gaussian fitting. It displays two oxidation states (Ni**
and Ni*") of Ni, with energy peak values of 854.1 and 871.6 eV
assigned to Ni**, and energy peak values of 855.8 and
8734 eV assigned to Ni**. Two satellite peaks (Sat) are
located at 861.4 and 879.6 eV. Figure 6d shows the high-reso-
lution Co 2p spectrum, which has also been fitted into two
orbital spin states (Co 2p”? and Co 2p*? using Gaussian
fitting. It represents two oxidation states (Co*" and Co**) of
Co, with energy peak values of 781.7 and 796.4 eV assigned to
Co™", and energy peak values of 779.7 and 794.9 eV assigned

(b) —o—NiCo-250
—a—NiCo-300

—a—NiCo-350

av/dD (em3 g aml)

dv/dD (em™3 -g'l -nm1)

0 20 40 60 80 100 120 140 160
Pore size (nm)

Figure 5: (a) N, adsorption-desorption isotherms and (b) pore size distribution curves of NiCo-T.
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Figure 6: (a) XPS survey spectra of NiCo-300. High-resolution XPS spectra of (b) O 1s, (c) Ni 2p, and (d) Co 2p.

to Co® [39]. Energy peak values of 786.2 and 802.9 eV are
assigned to two satellite peaks. The XPS spectra indicate
that the NiCo-300 material contains Ni**, Ni**, Co®, and
Co®*, which is consistent with previous data obtained by
researchers [40,41]. The quantified contents of Ni**, Ni**,
Co*", and Co®" determined by XPS spectroscopy (Table 2) indi-
cate that the concentrations of Ni** and Co®* are higher than
those of Ni** and Co*, suggesting the presence of oxygen
vacancies in NiCo-300. The existence of oxygen vacancies
has been proven to greatly enhance the ORR/OER catalytic
activity of catalysts [42]. Additionally, the presence of oxygen
vacancies enhances the efficiency of charge transport, which
promotes the electrical conductivity of semiconductor mate-
rials [43]. The oxygen vacancies endow the material with

Table 2: Contents of Ni**, Ni**, Co?*, and Co**

2" 3"
Co 28.4% 71.6%
Ni 35.5% 64.5%

great electrochemical properties, which will be further ana-
lyzed and validated through electrochemical tests.

3.3 Electrocatalytic activity of hollow
flower-like NiCo,0,

In order to analyze the ORR catalytic performance of the
hollow flower-like NiCo,0,4, LSV was conducted in an oxygen-
saturated 0.1 M KOH electrolyte solution. In order to compare
the differences in catalytic performance between materials
and noble metals, identical tests were performed on Pt/C
under the same conditions. The results are shown in Figure
7(a), which demonstrates that the ORR catalytic performance
of the material varies under different temperature treat-
ments. Figure 7(b) displays the half-wave potential and diffu-
sion-limited current density of ORR for different samples
according to Figure 7(a). NiCo-300 demonstrates the best per-
formance with a half-wave potential (Ey) of 0.72 Vysrge and a
diffusion-limited current density of 558 mA cm ™2, which is
comparable to that of the noble metal Pt/C and even superior
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in terms of diffusion-limited current density. In contrast,
NiCo-250 and NiCo-350 have half-wave potentials (E;,) of
only 0.7 and 0.65 Vysryr, and diffusion-limited current densi-
ties of only 516 and 4.92mA cm™ respectively. The Tafel
slope reflects the catalytic kinetics of the catalyst. The flatter
the Tafel curve, the smaller the overpotential required for the
catalytic reaction, which represents the fast kinetic of the ORR
and indicates that the catalyst has superior performance in
catalysis [44]. The great ORR performance of NiCo-300 is

DE GRUYTER

reflected in the Tafel curve (NiCo-250: 91.1 mV dec”?, NiCo-
300: 88.5mV dec™, NiCo-350: 101.9 mV dec™, Pt/C: 95.5mV
dec™ (Figure 7(c)). The fast ORR catalytic kinetics of NiCo-
300 can be attributed to its good crystallinity and high spe-
cific surface area, which provide a large number of active
sites, as well as the rapid charge transfer ability facilitated
by oxygen vacancies. Figure 7(d) shows the LSV curve of
NiCo-300 at 400-2,025 rpm. The results indicate that the limit
diffusion current increases with the increase in the rotation
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Figure 7: (a) ORR LSV curves of various catalysts, (b) diffusion-limited current density and half-wave potential of various catalysts, (c) ORR Tafel plots of
various catalysts, (d) LSV curves of NiCo-300 at different rotation rates, (e) K-L curve of NiCo-300 at different potentials, and (f) i-t curves toward NiCo-
300 and Pt/C.
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speed, which suggests that the electrode surface has a fast
oxygen flow and mass transfer capability at high speeds.
The Koutecky-Levich (K-L) curve of NiCo-300 obtained
from Figure 7(d) indicates a four-electron catalytic process,
which demonstrates the great catalytic performance of
NiCo-300 (Figure 7(e)). In order to investigate the stability
of NiCo-300 during the ORR process, i—t test was carried out
at a voltage of 0.6 V. The experiment was conducted in a

Self-template synthesis of hollow flower-like NiCo,04 nanoparticles
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0.1M KOH electrolyte solution with a rotation speed of
1,600 rpm, and Pt/C was also tested under the same condi-
tions (Figure 7(f).). After 20,000 s test, the current of NiCo-300
decreased by only 8%, while the noble metal Pt/C lost 11%.
This indicates that the catalytic stability of NiCo-300 is
superior to that of the noble metal Pt/C. Although NiCo-300
is a hollow structure assembled from porous nanosheets, its
catalytic stability is commendable. This is partly due to the
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Figure 8: (a) OER LSV curves of various catalysts (insert: overpotential of various catalysts at a current density of 10 mA cm™2), (b) OER Tafel of various
catalysts, (c) Cg curves and (d) EIS curves. OER LSV curves after different numbers of CV cycles for (e) NiCo-300 and (f) RuO,.
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high stability of TMOs in alkaline solutions. The superior
ORR catalytic performance of NiCo-300 is attributed to its
high specific surface area (137.1m?g™") and the high-density
active sites provided by its spinel-structured NiCo,0,4, which
endows the catalytic reaction with great kinetic properties.
Furthermore, the presence of oxygen vacancies changes the
electrical conductivity of the material, accelerates the charge
transfer during the catalytic process, and enhances the cata-
Iytic efficiency.

NiCo-300 performs well not only in ORR catalysis but
also demonstrates significant activity in OER catalysis. This
tested the electrocatalytic activity of the catalyst for OER in
a 0.1M KOH electrolyte solution. To compare with noble
metals, the same tests were conducted on RuO, under the
same conditions, and the results are shown in Figure 8. The
overpotential at 10 mA cm™2 current density in OER LSV
curves is widely recognized as an important parameter to
measure the performance of OER catalysts [45]. A smaller
overpotential represents a better OER performance of the
catalyst. It can be seen that NiCo-300 has the minimum over-
potential (Ej-1o: 380 mV) at 10 mA cm™ current density com-
pared to NiCo-250 (390 mV), NiCo-350 (Ej=1: 410 mV), and
RuO; (Ej=0: 470mV) in Figure 8(a). This indicates that
NiCO-300 possesses the best OER catalytic activity and sig-
nificantly outperforms the noble metal RuO,. The flat Tafel
slope curve of NiCo-300 also indicates the superior OER
catalytic kinetics of NiCo-300 (Figure 8(b)). The double-layer
capacitance (Cq) of the non-faradaic region was measured
using CV. Cq is positively correlated with the electroche-
mical active surface area (ECSA) [46]. As shown in Figure
8(c), NiCo-300 has the largest ECSA (29.99 mF cm™?). The EIS
of the catalyst at open circuit potential in 0.1 M KOH electro-
lyte solution is shown in Figure 8(d). The radius in the high
frequency region of the impedance spectrum is proportional
to the impedance. It can be observed that the conductivity is
improved with the increase in the annealing temperature.
This may be due to the increased crystallinity of the material
(Figure 3(b)). Figure 8(e) and (f) displays the LSV curves of
NiCo-300 and RuO, after undergoing different numbers of
CV cycles. It can be observed that even after 2,000 cycles,
NiCo-300 exhibits a lower overpotential at 10 mA cm™ com-
pared to RuO,. While NiCo-300 exhibits slightly lower initial
stability, its long-term stability is still superior to that of
Ru0,. Based on the above, the OER catalytic performance
of NiCo-300 is superior to that of RuO,, suggesting its poten-
tial as a replacement.

NiCo-250 has a similar morphology to NiCo-300, and
possesses a high specific surface area. However, NiCo-250
does not exhibit the best catalytic performance, possibly
due to two reasons. First, the low annealing temperature of
NiCo-250 may not result in a complete transformation to
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NiCo,0,4, which is evidenced by the XRD patterns (Figure
3(b)). This may have an impact on the formation of active
sites. Second, NiCo-300 generally has larger mesopore size
than NiCo-250, which can be observed from their respec-
tive TEM images and pore size distribution figures. Small
mesoporous catalysts may reduce their catalytic activity by
limiting the access of reactants to the catalytic sites or by
reducing the number of active sites per unit area [47]. In
contrast, larger pores are beneficial for the mass transfer
of active species and the exposure of active sites during
electrocatalysis [48]. The effect of pore size on the perfor-
mance of catalysts has been confirmed by other researchers
[49-51]. Based on these two considerations, the difference in
ORR/OER catalytic performance between NiCo-250 and NiCo-
300 is acceptable. Although NiCo-350 can be effectively con-
verted to NiCo,0,4, it does not exhibit superior ORR/OER
catalytic activity due to its collapsed structure and low spe-
cific surface area.

The NiCo-300 catalyst exhibits the best ORR/OER cata-
lytic performance, which is a comprehensive reflection of
multiple factors. These factors can be considered as fol-
lows: (i) the hollow flower-like structure endows NiCo-
300 with high specific surface area, exposing more active
sites during the catalytic process; (i) NiCo-G is well con-
verted to the spinel structure of NiCo,0,4, giving NiCo-300
high density of active sites; (iii) the suitable size mesopores
formed by heat treatment provide ample space for mass
transfer of the catalyst during the catalytic process.

4 Conclusion

In summary, a hollow flower-like structure of NiCo,04 was
successfully synthesized using a hydrothermal method,
and the possible mechanisms responsible for the for-
mation of this unique structure were discussed. This
hollow flower-like NiCo,0,4, synthesized by a self-tem-
plate strategy, is assembled from porous nanosheets
with a thickness of about 10 nm and a length of about140
nm. In the subsequent ORR/OER catalytic activity tests,
NiCo-300 exhibited the best performance. The results sug-
gest that the hollow flower-like NiCo,0,4 has the potential
to replace noble metals such as Pt/C and RuO, in ORR and
OER catalytic applications. The approach described in this
study provides a promising strategy for developing effi-
cient bifunctional catalysts for energy conversion devices
such as metal-air batteries. Moreover, this synthesis
strategy can provide reference for synthesizing hollow
structures of other multicomponent TMOs, enabling the
realization of specific functions.
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