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Abstract

Catalyst for oxygen reduction reaction (ORR) is of highly industrial importance for fuel
cells and metal-air battery. ORR catalysts with high electrochemical activity, selectivity,
stability and low cost are extremely desirable but still remain challenging. Herein,
mesoporous Ni-doped Co3;O4 nanowire (NW) arrays are reported as a highly efficient and
low-cost ORR catalyst. The Ni doping affords more electroactive sites and enhanced
conductivity, and the mesoporous structure provides increased surface exposure, which may
improve ion/electron transport and reduce charge transfer resistance. The NW arrays exhibit a
high ORR activity with four-electron transfer reaction in alkaline media, a half-wave
potential of 0.86 V vs. RHE and a superior stability to the commercial Pt (20 wt. %)/C
catalyst. Our results suggest that the mesoporous Ni-doped Co3O4 NW arrays could be a

promising ORR catalyst for fuel cells and metal-air batteries.
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1. Introduction

Fuel cells or metal-air batteries are considered as one of the most promising clean and
sustainable energy technologies due to their high energy density, high efficiency, and
negligible emission of harmful gases.' Albeit these advantages, they are still only in niche
market due to, among other reasons, the foremost restriction of a sluggish oxygen reduction
reaction (ORR), that requires a great deal of Pt consumption.” Generally speaking, key
strategies to reduce Pt usage involve adopting Pt alloys with other transition metal>* and
optimizing Pt nanostructures.”® These approaches, to some extent, can improve the utilization
of Pt, but cannot completely eliminate the dependence on Pt. Therefore, low-cost alternative
catalysts with high electro-catalytic activity and stability are highly desirable and are being
vibrantly explored.””

Among the new alternative systems, carbon materials and 3d-transition metal oxides
have sparked great interest. Typically, heteroatom-doped carbon materials (carbon nanotubes
and graphene) are demonstrated with significant electro-catalytic activity for ORR.'*!" In
spite of these exciting results, the nature of catalytic sites in these carbon materials is still
unclear and in debate, since the trace metal catalyst for preparation of carbon materials may
also coexist in these carbon materials and play some roles in the catalytic process.'?
Meanwhile, functional carbon materials are not very stable under the fuel cell working
conditions because they may be oxidized to carbon dioxide or monoxide and lose activity.'*'*
Meanwhile, in parallel with the research of carbon materials, 3d-transition metal oxides are
another promising low-cost electrocatalysts with high catalytic activity, and high stability.'>'°
As one of mixed valence metal oxides, Co304 is widely investigated as a promising ORR
catalysts.'"'* It is well known that Co3O4 possesses spinel cubic crystal structure based on a
close-packed face centered cubic configuration of O* ions, in which Co”" ions occupy the
one-eighth of the tetrahedral A sites while Co™" ions occupy one-half of the octahedral B sites
(Fig. S1). Although a bright future awaits for the Co3Os, the current ORR performance of
pure Co30y is still not satisfactory and suffers from some issues. First, low electron transfer.
The electrical conductivity of the pristine Co3O; is too poor to support fast electron transfer.
Second, small active surface area and few active sites. The pristine bulk Cos3O4 catalysts
generally have limited exposure of catalytically active sites and low contact area with

reactants, resulting in poor ORR performance. To circumvent these problems, several

strategies have been regarded promising for enhancement of ORR performance of Co30s.
2
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First, conductive composite design. The key in this approach is to combine Co30O4 with other

conductive matrixes (such as graphene, carbon nanotubes, etc.) to improve the charge transfer
rate. For example, Dai and co-workers reported that Co3;O4 deposited on reduced graphene
oxide show much enhanced ORR activity.19 Similarly, Driess et al. prepared Co304
nanochain/carbon black (Vulcan XC-72R) composite with superior activity for ORR.*
Second, porous nanostructure design. Porous design of Co3;04 is usually characterized by
nanostructures such as nanowires, nanoflakes and nanoparticles. The nanostructuring has
been demonstrated with large surface area and provides big contact area with O, and large
active sites for ORR.>' Joo et al. have shown the electrocatalytic activities of ordered
mesoporous Co304 as a bifunctional catalyst for oxygen evolution reaction and ORR with
high activity.”? Third, doping effect. Doping is also an effective way to enhance the ORR
performance of metal, as the heteroatom doping is expected to increase the number of
catalytic active sites at the surface and the electrical conductivity. E.g., N-doped cobalt oxide
nanoparticles were found to exhibit superior ORR performance to their N-free counterparts
due to N doping could generate efficient catalytic sites for ORR.?

Due to above considerations and inspired by the previous results, we intend to combine all
these strategies together into one catalytic material. Herein, we fabricate self-supported
mesoporous Ni-doped mesoporous Co30s nanowires (NW) arrays as a promising
earth-abundant catalyst for ORR in alkaline media. This Ni-doped Co;04 NW arrays presents
superior ORR catalytic activity to commercial Pt/C catalyst (20% Pt on Vulcan XC-72), and
significantly better than the unmodified Co3;O4 NWs. In addition, unlike commercial Pt/C, the
obtained catalysts exhibit high tolerance to methanol and CO. It is believed that the orderly
mesoporous structure endows high accessible surface areas to electrolytes and more efficient

transport path for ion/electron as well as more active catalytic sites.

2. Experimental Section

Preparation of graphene foam The growth of the graphene foams was achieved by
chemical vapour deposition (CVD) using Ni foams as the template. The Ni foams were put
into a 5 inch quartz tube inside a horizontal tube furnace and heated to 1000 °C under the gas
flow of Ar ( 280 sccm) and H; (20 sccm) for 15 min in order to clean the surfaces of Ni
foams and reduce the oxide layer. After the annealing, the temperature was reduced to 900 °C,
and ethanol was bubbled into the reaction tube by Ar (160 sccm) +H, (40 sccm) flow under

an ambient pressure. After reaction for 15 min, the tube was rapidly cooled down to room
3
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temperature at a rate about 100 °C min under the protection of Ar (280 sccm) and H, (20

sccm). Then, the sample was immersed into a mixture solution of 2 molL™! FeCl; and 1
molL™" HCI for 5 h at 80 °C to completely dissolve the Ni substrate to obtain graphene foam.
Preparation of Ni-doped Co3;04 NW arrays The reaction solution was obtained by mixing
0.1 g of Co(NOs3),, 0.02 g NH4F and 0.1 g of CO(NH,), in 70 mL of distilled water and then
transferred into Teflon-lined stainless steel autoclave liners in a home-made homogeneous
reactor.A piece of clean Ni or graphene foam (2x4 cm’ in sizes) was immersed into the
reaction solution. The liner was sealed in a stainless steel autoclave and maintained at 110 °C
at a rotation rate of 5 cycles s for 5 h, and then cooled down to room temperature. The
samples were collected and rinsed with distilled water several times. Finally, the samples
were annealed at 350 °C in dry synthetic gas (10% O, 90% Ar) for 2 h to obtain
self-supported Ni-doped Co3;04 NW arrays.

Characterizations The Ni-doped Co3;04 NW arrays were characterized by X-ray diffraction
((XRD; D8 Advance with Cu Ko radiation, Bruker), field emission scanning electron
microscopy (FESEM, FEI SIRION). Raman spectra of the samples were recorded on a
Horiba Labram HR800 spectrometer with an excitation wavelength of 633 nm. FTIR
spectroscopy was carried out with a Bruker Tensor 27 spectrometer. Thermogravimetry-mass
spectroscopy (TG-MS) was measured with a MS (PFEIFFER OMNI star)-TG (SETARAM
SETSYS Evolution 16/18) in helium (flow rate: 100 cm® min™ ) at a heating rate of 5 K
min . The weight of Catalyst on substrate is calculated by the weight of sample reduces the
weight of Ni-doped Co304 substrate. The surface area of Ni-doped NWs flaking off the
substrate via ultrasonic exfoliation (KQ-700DE, 560W 30min) was determined by BET
measurements using a ASAP-2010 surface area analyzer. The Ni content of the samples was
measured by an inductively coupled plasma optical emission spectrometer (ICP-OES,
Thermo iCAP 6300). The Co304 and Ni-doped Co;04 NWs were also characterized by
high-resolution transmission electron microscopy (HRTEM, JEOL JEM-20100) evaluated by
X-ray photoelectron spectroscopy (XPS) performed on a Kratos XSAM 800 spectrometer
using an Al Ka X-ray source.

Electrochemical measurements The electrochemical properties of each sample were tested
in a beaker cell with 0.1 M KOH aqueous solution as the electrolyte using a three electrode
electrochemical cell with an Ag/AgCl reference electrodeand a Pt plate (1.5 cmx1.5 cm)
counter electrode with a CHI760D electrochemical workstation. The measured potentials

versus the Ag/AgCl reference electrode were converted to the reversible hydrogen electrode
4
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(RHE) scale via the Nernst equation:

Erne = Eagjagct + 0.059pH + EoAg/AgCl (1)
where Erpg is the converted potential versus RHE, Eagagci is the experimental potential
measured against the Ag/AgCl reference electrode, and E°ag/agciis the standard potential of
Ag/AgCl at 25°C (0.197 V). The electrochemical measurements were carried out in 0.1 M
KOH (pH = 13) at room temperature; therefore, Erug = Eagagct +0.965 V.

According to the method described by Dai et al.,** graphene foam was directly transferred
onto the glassy carbon electrode (GCE 5 mm diameter, Pine) used as the working electrode,
followed by casting with a Nafion solution (0.05 wt% in isopropanol) as the binder. The
rotating disk electrode (RDE) was scanned cathodically at a rate of 10 mV s ' with varying
rotating speed from 400 rpm to 2000 rpm in O,-saturated 0.1 M KOH electrolyte.
Koutecky-Levich plots (J7' vs. o ") were analyzed at various electrode potentials. The
slopes of their best linear fit lines were used to calculate the number of electrons transferred

(n) on the basis of the Koutecky-Levich equation:
=T AT =T BT 2 ()

B = 0.2nFC,D, /3v /s 3)

Jx = nFkC, 4)
where J is the measured current density, Ji and J; are the kinetic- and diffusion-limiting
current densities, o is the angular velocity, n is transferred electron number, F is the Faraday
constant (96485 C mol "), Cy is the bulk concentration of O, (1.2x107° mol cm™), v is the
kinematic viscosity of the electrolyte (0.01 cm’ sfl), Do 1s the O, diffusion coefficient
(1.9x10°cm? "), and k is the electron-transfer rate constant. For rotating ring-disk electrode
(RRDE), the disk was glassy carbon and the ring is made of Pt. The ring potential was
constantly set at 1.365 V vs RHE. Durability testing for the Ni-doped Co;04 NW arrays and
the Pt/C electrocatalysts were conducted by the chronoamperometric technique at 0.765 V vs.
RHE in an O,-saturated aqueous solution of 0.1 M KOH up to 7000 s. Electrochemical
impedance spectra were measured by applying a bias of 0.765 V vs. RHE over the frequency

range of 107 to 10° Hz with a 5 mV amplitude in Zahner electrochemical workstation.

3. Results and Discussion
The mesoporous Ni-doped Co;04 NW arrays was prepared by a modified seed-mediated

hydrothermal method according to our previous work.” XRD measurement (Fig. S2) show
5
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that all the peaks of the precursor film on Ni foam coul

@e well indexed to crystalline
orthorhombic Co,(OH),CO; (JCPDS 48-0083) (Fig. S2A). After the heat treatment, these
diffraction peaks disappeared and new diffraction peaks corresponding to spinel Co3O4 phase
(JCPDS 42-1467) was found. In the meantime, a slight shift (~0.5°, 20) in the diffraction
peaks of Ni-doped Co3;04 to higher angles was observed, indicating the possible substitution
of Co by Ni atoms in Ni-doped Co3;04 NWs. The phase of Ni-doped mesoporous CozOs NWs
is also confirmed by the Raman analysis (Fig. S2) and FTIR measurement (Fig. S3). SEM
images show that the whole Ni foam substrate is uniformly covered by mesoporous Co3O4
NWs (Fig. 1A), forming a 3D hierarchical porous structure (inset in Fig. 1A). The Ni-doped
Co304 NWs have an average diameter of 70 nm and exhibit interconnected mesoporous
structure with pore sizes ranging from 4 to 15 nm (Fig. 1C). Cross-sectional SEM image
reveals the main length of Co;04 NWs is ca. ~3 pm along the growing direction (Fig. 1D).
Each Ni-doped Co3;04 NW has its own contact with the current collector at the bottom, which
ensures that every NW participates in the ORR and provides strong adhesion and an efficient
direct electron transport route. Brunauer-Emmett-Teller (BET) measurement shows that the
Ni-doped Co304 NWs has a large surface area of 70.3 m* g with a type-IV isotherm, and the
distinct hysteresis loop at a relative pressure of above 0.7 reflects the capillary condensation
of the mesopores (Fig. 2A). Barrett-Joyner-Halenda (BJH) analysis further verifies the
mesoporous structure with average pore size of 10 nm and gives a large pore volume of 0.23
cm’ g (Fig. 2B). The mesopores of the Co;04 NWs is ascribed to the successive release and
loss of CO; and H,O during the thermal decomposition of Co,(OH),CO; precursor (Fig. S4).
These mesopores are expected to facilitate the diffusion of reactants in ORR process and
improve the exposed catalytic active sites.”®

TEM investigations are conducted to further investigate the crystalline structure of
Ni-doped Co3;04 NWs. As indicated in Fig. 3A, the Ni-doped Co;04 NWs with the diameter
of about 70 nm is composed of nanocrystallites of 10—15 nm in sizes, and many mesopores of
4—15 nm are widely distributed on the surface. The as-prepared mesoporous NWs show a
crystalline selected area electron diffraction (SAED) pattern corresponding to the spinel
Co0304 phase. The lattice spacing of 0.467, 0.285, and 0.247 nm corresponds to the (111),
(220) and (311) crystal planes of spinel Co304, respectively (Fig. 3B). The cobalt and oxygen
elements are well resolved in the EDS elemental mapping and uniformly distributed at the
surfaces of Ni-doped Co;04 NWs (Fig. 3C-E). Sparsely distributed Ni signals are also

observed, consistent with the Co and O signals (Fig. 3F). In order to check the origin of Ni
6
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element, pure Co304 NW arrays grown on graphene foam were also prepared using the same

method. It is found that there are no essential differences in morphologies of Co;04 NWs
between on Ni and graphene foam substrates, but no Ni element is observed in Co;O4 NWs
on graphene foam (Fig.S5,6). Therefore, it is concluded that the Ni element comes from the
Ni foam substrate. During the hydrothermal synthesis with Ni foam substrate, NHj is
produced from decomposition of urea (see supporting information) and finally forms NH*
and OH", which may dissolve partially the nickel foam surface and bring Ni*" to the solution.
Then, Ni*" is proposed to co-deposit with Co*" to form Ni-doped Co3;04 NWs. This doping
phenomenon is not observed in the Co;04 NWs on the 3D graphene foam, as there is no Ni
source in the 3D graphene foam. Additionally, inductive coupled plasma emission
spectrometer (ICP) analysis verifies that the Ni content in the Co3;04 NW array on Ni foam is
8.64 wt%. Based on this ratio, we purposely fabricate Ni-doped Co;0, NW array on
graphene foam with the same Ni percentage by adding the corresponding quantity Ni(NO3)
into the hydrothermal reaction system.

To investigate the electro-catalytic activity, cyclic voltammogram (CV) and linear sweep
voltammetry (LSV) measurements in Ar- and O,-saturated 0.1 M KOH solutions are
performed. As seen from Fig. 4A, the Ni-doped Co3;0O4 NW arrays show featureless CV
within the ORR potential range in the Ar-saturated solution. In contrast, in the O,-saturared
solution, a distinct ORR peak is observed at 0.76 V, which confirms electrocatalytic activity
of Ni-doped Co304 NW arrays for ORR. In addition, the current densities of Ni-doped Co304
NW arrays on Ni foam and graphene foam are almost the same height, and they both increase
perfectly in step as the potential changes. Although Ni foam is welcome for commercial
application due to its technical maturity and low cost, graphene foam is applied to further
evaluate the electrocatalytic activity of the Ni-doped Co3;04 NW array for the ORR because
Ni contents can be effectively controlled in the graphene foam case. Meanwhile, we also
adopted other nanoscale catalysts with the same mass loading of 0.015 mg, including
commercial Pt/C, Co304 NWs, Ni-doped Co3;04 NWs (Ni content 8.64 wt%), and graphene
foam, for peer study by recording the corresponding RDE curves (1600 rpm) for ORR
(Fig.4B). The half-wave potential (E;») on the ORR curve is used to quickly assess the
activity of a catalyst. The more positive value is E;», the more active is the catalyst.
Remarkably enough, Ni-doped Co3;04 NWs arrays exhibit a more positive E;/, (about 0.86 V)
potential and a higher diffusion-limiting current density (about 5.76 mAcm™) than that of

Co304 NWs (0.60 V, 1.32 mAcm™), graphene foam (0.71 V, 3.32 mAcm™) and Ni-doped
7
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Co304 NWs (0.81 V, 4.82 mAcm ) and the Pt/C catalyst (about 0.85 V 5.42 mAcm™).

Although both E,; and diffusion-limiting current density of Ni-doped Co;04 NW arrays are

not the best values in 1iteature,27’28

they are more positive than most of the reported results for
non-precious metal electrocatalysts (Table S1), indicating that Ni-doped Co304 NW arrays
has very high electrocatalytic activity towards ORR in alkaline medium. Additionally,
Ni-doped Co3;04 NWs arrays also outperform in terms of the kinetic limiting current (Ji) on
the basis of the RDE measurements (Fig.4C), making them as a promising substitute for
commercial Pt/C catalyst at the cathode of fuel cells or metal-air batteries.

In addition to the high activity, the Ni-doped Co;O4 NWs array exhibits excellent stability
as measured by chronoamperometric method. As seen from Fig. 4D, the ORR current density
has less than 12% degradation over 7000 s, which is much better than the Pt/C catalyst (about
39% fading under the same test condition). In addition, after 4000 continuous cycles, the
half-wave potential E;; of Pt/C and Ni-doped Co3;04 NWs array exhibit a negative shift of
about 80 and 30 mV, respectively (see Fig. S7). The smaller half-wave potential shift
corroborates the high durability of the Ni-doped Co3;Os NWs array. There are nearly no
changes in both the morphology and structure for Ni-doped Co;04 NWs array after long-time
stability testing via SEM observation (Fig. S8). However, for the Pt/C catalyst, a substantial
agglomeration of Pt nanoparticles is noticed due to the Ostwald ripening, which could result
in the loss of the surface and activity (Fig. S9). Therefore, the morphology and structure for
Ni-doped Co3;04 NWs array have a positive influence on the catalyst performance decay. Its
strong mechanical and morphological stability is favorable for the improvement of long-term
stability.

To further evaluate the ORR performance of the Ni-doped Co;04 NWs in a practical
condition, the crossover effect and CO poisoning are also conducted. Strong electrochemical
responses are observed for Pt/C catalyst in O, saturated 0.1 M KOH solution with 3M
methanol and CO, respectively (Fig. 4E and F). In contrast, no obvious responses for
Ni-doped Co3;04 NWs array are detected under the same testing conditions. These results
demonstrate that, different from the commercial Pt/C, the Ni-doped Co3;04 NWs arrays
possess high selectivity for ORR with great tolerance to possible crossover effects and CO
poison, which is critical for applications in the direct methanol alkaline fuel cells.

To explore the Ni-doping effect on the ORR performance, LSV measurements with a RDE
are conducted at a rotating of 1600 rpm for Co;O4 NWs array with different Ni-doping
contents. The Co3;04 NWs without Ni dopging exhibit much lower E;, (0.74 V) and

Page 8 of 18
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diffusion-limited current density than those of Ni-doped

£O4 samples (Fig. 5A). Since
these Co3;04 samples possess identical nanostructures, the enhanced activity of Ni-doped
Co304 samples must be attributed to the incorporation of Ni element into Co;04 NWs, which
results in enhanced electrical conductivity.”” This speculation can be further supported by
electrochemical impedance spectra (EIS) measurements (Fig. S10). In particular, Ni-doped
Co304 NWs (nni/mco=1:9) exhibit the most positive half-wave potential (0.86 V) and the
highest diffusion-limited current density compared with other Ni-doped counterparts
(nnimco=5:95 and nyi/nce,=1:4). The aforementioned result strongly suggests that the doping
level (atomic ratio between Ni and Co) plays an important role in the ORR electorcatalytic
behavior. To gain further insight into electron transfer parameters for ORR in our Ni-doped
Co304 NW arrays, RDE voltammetry is performed. Fig. 5B shows a series of RDE curves for
Ni-doped Co304 NWs array (nni/nc,=1:9) recorded from 400 to 2000 rpm in O,-saturated 0.1
M KOH electrolyte. These polarization curves exhibit increasing cathode current density with
the rotation rate increases, which stems from shortened diffusion distance at high rotation
speeds. The corresponding Koutecky-Levich (K-L) plots (Fig. 5C) show good linearity with
parallelism, and the slopes remain approximately constant over the designated potential range
(0.4 to 0.8 V). This indicates a first-order dependence of O, for the ORR in Ni-doped Co304
NWs array at different electrode potential. The electron-transfer number is then determined to
be about 3.98 indicating a four-electron process toward ORR on Ni-doped Co3;04 NWs array,
further verified by the negligible ring current for the reduction of O, to OH due to the
negligible formation of HO,™ recorded at a RRDE (Fig. 5D). These results demonstrate that
the four-electron process is the dominating pathway for the ORR at the Ni-doped Co;04 NW
arrays.

As is well-known, the reduction of adsorbed O, to absorbed peroxide is the rate
determining step during the ORR process for metal oxide catalysts in alkaline.*® It is believed
that Co" at the surface is generally assumed to be active catalytic sites for oxygen absorption
and reduction.’'?? To further analyze the possible involved reasons for the superior
electrocatalytic activity of Ni-doped Co3O4 NW array (nni/nco=1:9), the surface composition
of Co30,4 samples are characterized by X-ray photoelectron spectroscopy (XPS). Observe that
the Ni elements are incorporated into the Co;O4 NWs during hydrothermal synthesis and the
Ni2p peak enhances with the increase of Ni content in the doped Co30;4 (Fig. S11). The Co2p
spectrum shows a Co 2ps/; peak around 780.2 eV with a satellite of 788.1 eV, and a 2p;, peak
around 794.8 eV with a satellite of 804.4 eV (Fig. 6) (Ni and O XPS spectra are shown in

9
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Fig.S12 and S13, respectively). Moreover, the ratio of Co” to Co™" is calculated to be 1:1.3,

1:0.58, 1:0.5 and 1: 0.54 for the pure Co304, C0304 (nni/mce=5:95), Co304 (nni/nco=1:9) , and
Co304 (nni/mco=1:4), respectively. It indicates that the Co304 sample (nni/nc,=1:9) has the
highest quantity of Co®" species at the surface. In other words, the Ni substitution could
improve the stability of Co’" at the surface and high content of Ni is favorable for the
enrichment of Co’" at the surface of Co304 samples. Therefore, the density of Co>" ion at the
surface increases with the ratio of Ni and Co until it reaches a maximum at the ratio of 1:9.
However, it decreases obviously when the ratio exceeds 1:9, which may be related to the fact
that the morphology of Co;0; starts to change form N'Ws to nanoplates under this condition
(Fig. S14), because the nanoscale morphology also has a significant effect on the exposed
density of Co*"species.™

The above results reveal the high electro-catalytic activity and remarkable stability of the
mesoporous Ni-doped Co3O4 NW arrays for ORR application. The high performance of the
ORR catalyst can be ascribed to the mesoporous array architecture and Ni doping.
Specifically, the NWs architecture and mesoporous walls shorten the transport/diffusion path
for both electrons and ions, thus leading to fast kinetics. The large surfaces and inner space
facilitate the contact between O, and electro-catalysts, providing more active sites for ORR.
Furthermore, Ni doping increases the active catalytic sites at the surface of catalysts, leading
to enhanced electrocatalytic activity. Finally, the NWs arrays structure possesses favorably

morphological stability and high tolerance to methanol and CO.

4. Conclusion

In summary, we have demonstrated a facile method for the preparation of mesoporous
Ni-doped Co3;04 NW arrays on different current collectors. Due to their unique composition
and architecture, the Ni-doped Co;04 NW array catalysts show enhanced ORR performance
with more positive E, potentials and higher stability in alkaline media than commercial Pt/C
and most of non-precious-metal ORR catalysts. The Ni doping is demonstrated as an
effective way to the improvement of Co;O4 catalysts by increasing the active catalytic sites
on the surface of catalysts. Our findings provide a deeper understanding of metal doping
effect on ORR. The proposed design method can be extended to fabrication of other

high-performance ORR catalysts.
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Figure captions

Figure 1. (A,B) Low-magnification SEM images of Ni-doped Co3;O4 NW arrays from the top,
(C) high-magnification images of Ni-doped Co304 NWs and (D) Low-magnification images
of Ni-doped Co3;04 NWs from the side; the inset of (A) shows the 3D hierarchical porous

structure
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Figure 2. (A) The isothermal curve and (B) pore size distribution of Ni-doped Co3;04 NWs

flaking off the substrate via ultrasonic exfoliation.
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Figure 3. (A) Typical TEM ( inset: SAED pattern) and (B) HRTEM of Ni-doped Co;04 NW
flaking off the substrate via ultrasonic exfoliation; (C) TEM image of Ni-doped Co304 NWs

for element analysis, (D—F) Elemental mappings of O, Co and Ni, respectively.
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rate of 50 mVs" in Ar- and O,- saturated 0.1 M KOH; (B) RDE voltammograms at 10
mVs 'for different electrodes in an O,-saturated 0.1 M KOH solution at a rotation rate of
1600 rpm;(C) Electrochemical activity given as the kinetic limiting current (Ji) at 0.4, 0.5, 0.6,
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Figure 5. (A) RDE voltammograms of Ni-doped Co3;O4 NW arrays with different Ni contents
at a scan rate of 10 mVs™ at a rotation rate of 1600 rpm in O,-saturated 0.1 M KOH; (B)
RDE voltammograms of Ni-doped Co3;04 NW arrays ( nni/nce= 1:9 ) at different rotation rates
and at a scan rate of 10 mV s™ , (C) Koutecky-Levich plot of j”* versus o obtained from the
RDE data in (B) at 0.4, 0.5, 0.6, 0.7, and 0.8 V in O,-saturated 0.1 M KOH; (D) RRDE
voltammograms of Ni-doped Co3;04 NW arrays ( nni/nc,= 1:9 ) at a rotation rate of 1600 rpm
and at a scan rate of 10 mV s™' in O,-saturated 0.1 M KOH. The ring potential was constant at

1.395 V vs RHE.
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Figure 6. XPS spectra of Co element in different Co3;04 NWs flaking off the substrate via

ultrasonic exfoliation.
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