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(Abstract: Exploring non-precious-metal-based oxygen re-
duction reaction (ORR) electrocatalysts featuring high effi-
ciency, low cost, and environmental friendliness is of great
importance for the broad applications of fuel cells and
metal-air batteries. In this work, ultrathin NiCo,O, nano-
sheets deposited on 1D SnO, nanotubes (SNT) were success-
fully fabricated through a productive electrospinning tech-
nique followed by a sintering and low-temperature copreci-
pitation strategy. This hierarchically engineered architecture
has ultrathin NiCo,0, nanosheets uniformly and fully erected
on both walls of tubular SNTs, which results in improved

electrochemical activity as an ORR catalyst, in terms of posi-
tive onset potential and high current density, as well as su-
perior tolerance to crossover effects and long-term durability
with respect to the commercial Pt/C catalyst. The excellent
performance of SNT@NiCo,0, composites may originate
from their rationally designed hierarchical tubular nanostruc-
ture with completely exposed active sites and interconnect-
ed 1D networks for efficient electron and electrolyte trans-
fer; this makes these composite nanotubes promising candi-
dates to replace platinum-based catalysts for practical fuel
cell and metal-air battery applications. D

Introduction

The growing demand for clean and sustainable energy resour-
ces have motivated vigorous exploration for advanced energy
storage and conversion technologies, namely, fuel cells, metal-
air batteries, lithium-ion batteries, and supercapacitors. Among
the front runners, fuel cells and metal-air batteries have raised
great expectations as ideal energy conversion systems owing
to their environmental friendliness and high efficiency, in
which the electrochemical oxygen reduction reaction (ORR) on
the cathode plays a key role.'™® Generally, platinum-based
electrocatalysts exhibit the best overall ORR performance, but
their high cost, poor durability, and severe crossover effects
are significant obstacles to the large-scale commercialization of
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platinum-based electrocatalysts.” Therefore, it is highly desira-
ble to develop non-precious-metal-based electrocatalysts with
excellent catalytic activity, long-term stability, and superior
methanol tolerance.

Recently, iron- or cobalt-based electrocatalysts have attract-
ed much research interest in electrochemical catalysis to re-
place traditional platinum-based catalysts.®'? In particular,
cobalt-based mixed transition-metal oxides (MTMOs) have cap-
tured growing interests because of their remarkable electro-
chemical activity and low cost. NiCo,O, nanomaterials with var-
ious morphologies, such as nanotubes,"® nanoneedles," and
nanoplates,”"” nanospheres,"® have been synthesized,"” which
manifest excellent electrocatalytic activities. Cao et al. fabricat-
ed 3D NiCo,0, sheets with abundant macropores and high sur-
face area to decrease the mass transfer resistance during the
electrochemical process; thus resulting in improved ORR cata-
lytic performance in alkaline solution." In spite of the advan-
tages, the relatively low electrical conductivity, limited number
of active sites, and rare available surface area are still great
challenges that limit the electrocatalytic activity of NiCo,0,. To
solve these problems, a prospective approach is to construct
conductive composites. By combining NiCo,0, with highly
conductive substrates (e.g., carbon nanotubes, graphene), the
electron-transfer capability of the composites can be largely
enhanced during the ORR process. For example, Lou et al. de-
veloped a facile two-step strategy to grow NiCo,0, nanosheets
on conductive graphene sheets;"? the obtained hybrid catalyst
exhibited high activity for the ORR, in terms of low overpoten-
tial and high current density. Another approach is to rationally

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-9538-5358
http://orcid.org/0000-0002-9538-5358
https://doi.org/10.1002/asia.201700750
https://doi.org/10.1002/asia.201700750
����<?up><?tic=Keine><?tvs=-9dd><?trubyboff=-2h><?trubybth=1h><?ruby=1><?trubyfmt=1><?rt=1><?tdw=32mm><?th=35dd>H<?rt><?ruby><?down>���<?tvs=-0.7mm><$>\vskip-0.1mm\raster(25truemm,p)=

C Asian Chemica
Editorial Society

design porous nanostructures or ultrathin nanoparti-
cles that can provide more electrochemical active
sites and short ion/electron transport paths to facili-
tate an efficient ORR process. Guo and co-workers
reported the successful preparation of mesoporous
NiCo,0, nanoplate arrays on 3D graphene foam.*”
By virtue of the fully exposed NiCo,0, active edges
and increased accessible surface area, this hierarchi-
cal nanomaterial manifested outstanding ORR per-
formance with the four-electron process in alkaline
media.

Tubular nanostructures are one of the most attrac-
tive nanoachitectures owing to their 1D configura-
tion and greatly increased surface area with respect
to that of solid nanofibers/nanowires (NWs).?"?2 Lj
et al. fabricated magnetic ZnFe,0,/ZnO nanotubes
through electrospinning and calcination process-
es.”® Owing to the multiporous structure and enhanced specif-
ic surface area of the composites, ZnFe,0,/ZnO nanotubes
show excellent photocatalytic activity towards dye decoloriza-
tion. Similarly, a-Fe,O; nanotubes were also synthesized by
using the same electrospinning technique.”?” These nanotubes
were utilized as growing templates for the uniform deposition
of MnO, nanosheets. Such a tubular hierarchical architecture
can provide a short ion diffusion pathway and effective electri-
cal contact during the electrochemical process. Therefore, hier-
archical tubular nanoarchitectures composed of porous
NiCo,0, with sufficient exposed active sites are considered as
desirable non-precious-metal-based ORR catalysts.

Sn0, is a conventional metal oxide semiconductor with ex-
ceptional electrochemical properties.***! SnO, nanotubes
(SNTs) constructed from nanosized particles that can be facilely
prepared through a simple calcination of electrospun polymer
nanofibers containing SnO, precursors.?®?¥ On the basis of the
above considerations, we propose herein the controllable
preparation of ultrathin NiCo,0, nanosheets that are incorpo-
rated onto SNTs with 3D hierarchical nanostructures through a
versatile low-temperature coprecipitation strategy.

Results and Discussion
Synthesis of SNT@NiCo,0, Nanotubes

SNTs composed of numerous SnO, nanograins were first syn-
thesized through sintering of electrospun precursor nanofibers,
which possessed high specific surface area and interconnected
1D networks (Scheme 1). Ultrathin NiCo,0, nanosheets were
then uniformly deposited on both walls of the SNTs with their
active edges fully exposed. Through the rational construction
of hierarchical SNT@NiCo,0, composite nanotubes, the electro-
chemically active sites can be drastically improved, and the
electron-transfer efficiency is expected to be greatly promoted.
Therefore, as-prepared SNT@NiCo,0, nanotubes manifest re-
markable ORR electrocatalytic activity, in terms of low onset
potential and high tolerance to methanol, which ensures that
these composite nanotubes have great potential as platinum-
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Scheme 1. Preparation procedure used to obtain the SNT@NiCo,0, composite nano-
tubes. PVP = polyvinylpyrrolidone.

free electrodes in future fuel cell and metal-air battery applica-
tions.

Morphology and Structure of SNT@NiCo,0, Nanotubes

Electrospinning is a simple yet effective strategy for producing
uniform polymer nanofibers containing different doping
agents. As revealed in Figure S1 in the Supporting Information,
randomly oriented SnCl,/PVP precursor nanofibers with uni-
form diameter distribution are prepared successfully. After
being sintered at 550°C to decompose the PVP component,
SNT nanomaterials can be readily obtained during high-tem-
perature pyrolysis, according to the Kirkendall effect” Fig-
ure 1A presents interconnected 1D SNTs with well-defined tub-

Figure 1. Field-emission (FE) SEM images of SNT at A) low and B) high mag-
nifications.

ular structure and rough surface. In particular, individual SNTs
are composed of numerous SnO, nanograins with a mean di-
ameter of 30 nm (Figure 1B). These unique dual-surface nano-
structures will definitely increase the specific surface area and
provide sufficient nucleation sites for the subsequent construc-
tion of hierarchical structures. As proved by the BET analysis in
Figure S2 in the Supporting Information, the specific surface
area of SNT nanomaterial is 60 m*g~', which is much higher
than that of conventional electrospun nanofibers. Additionally,
the total pore volume of neat SNTs is 0.13cm?g~", and the
pore diameter range is determined to be 2 to 18 nm by the
Barret-Joyner-Halenda (BJH) method (inset of Figure S2 in the
Supporting Information).
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An environmentally friendly, low-temperature coprecipitation
method followed by annealing treatment was used to grow
NiCo,O, nanosheets on SNTs. Composites with different
NiCo,0, percentages were prepared by varying the reaction
time (2, 4, and 6 h, corresponding products were denoted as
SNT@NiCo,0,-1, SNT@NiCo,0,-2, and SNT@NiCo,0,-3, respec-
tively). After 2 h of reaction, only inconspicuous little whiskers
of NiCo,0, could barely be observed scattered on the surface
of SNTs (Figure 2A and D), indicating the initial stage of reac-
tion. For the case of SNT@NiCo,0,-2 composites, it can be
clearly observed from Figure 2B and E that the SNTs are uni-

Figure 2. FESEM images of SNT@NiCo,0,-1 (A, D), SNT@NiCo,0,-2 (B, E), and
SNT@NiCo,0,-3 (C, F) at different magnifications.

formly covered with deposits of sheet-like NiCo,0, nanoparti-
cles on both inner and outer walls. It is also noteworthy that
the NiCo,0, nanosheets are vertically grown with their active
edges totally exposed outward. These results indicate that 4 h
is suitable for the coprecipitation reaction. Elemental mapping
results shown in Figure S3 in the Supporting Information
reveal the corresponding elements in the SNT@NiCo,0,-2 com-
posite. Upon further prolonging the reaction time to 6 h, the
relatively thin NiCo,O, sheets in SNT@NiCo,0,-2 turn into thick
NiCo,0, plates. As shown in Figure 2C and F, SNT@NiC0,0,-3 is
covered with larger NiCo,0, plates that possess much fewer
useful active sites with respect to that of SNT@NiCo,0,-2. The
well-defined hierarchical tubular nanostructure of SNT@Ni-
Co,0,-2 was also inspected by TEM (Figure 3), through which
NiCo,0, nanosheets were confirmed to be uniformly distribut-
ed on SNT templates. Additionally, from the sharp contrast of
the nanosheet in the inset of Figure 3, the thickness of
NiCo,0, nanosheets is speculated to be ultrathin. The mor-
phology of pure NiCo,0, nanosheets was also observed by
SEM (Figure S4 in the Supporting Information) to exhibit a
thick hexagonal shape with a mean diameter of about 900 nm;
this indicates that SNTs with numerous nucleation sites could
be the perfect substrate for the direct uniform growth of
NiCo,0, nanosheets.

The crystal structures of synthesized SNTs, NiCo,0, and
SNT@NiCo,0,-2 composites were investigated by means of
XRD. As shown in Figure 4, a series of diffraction peaks attrib-
uted to the rutile structure of SnO, (JCPDF, card no. 77-0450)
can be observed. For the pure NiCo,0, sample (Figure 4B), the
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Figure 3. TEM images of SNT@NiCo,0,-2. Inset shows the magnified view of
NiCo,0, nanosheets.
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Figure 4. XRD patterns of A) neat SNTs, B) pure NiCo,0, nanosheets, and
C) SNT@NiCo,0,-2 composites.

detected peaks at 260 =31.5, 36.9, 45.1, 59.6, and 65.5° can be
assigned to the (220), (311), (400), (511), and (440) planes, re-
spectively, in the spinel structure of NiCo,0, (JCPDF, card no.
20-0781). For SNT@NiCo,0,-2 composites, the (220), (311),
(400), and (511) crystal planes can be clearly observed in the
spectrum of Figure 4C, which indicates the successful deposi-
tion of NiCo,0, on SNTs. The invisibility of the (440) diffraction
peak may be caused by the much higher intensity of SNT
peaks.

X-ray photoelectron spectroscopy (XPS) characterization was
performed to confirm the elemental composition and oxida-
tion state of SNT@NiCo,0,-2 composites. As shown in Figure 5,
characteristic peaks of nickel, cobalt, tin, and oxygen can be
clearly observed in the survey spectrum; the carbon signal
may originate from the carbon-based residue. The core-level
spectrum of Co 2p can be deconvoluted into four peaks: the
peaks at 782.6 and 797.5 eV are attributed to Co®", whereas
those at 780.5 and 795.3 eV are ascribed to Co®". For the Ni
2p spectrum, the fitting peaks at 855.7 and 873.3 eV are as-
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Figure 5. XPS survey spectrum and core-level spectra of Co 2p, Ni 2p, and O

signed to Ni**, whereas the other two fitting peaks at 857.8
and 875.4 eV can be indexed to Ni**. The satellite peaks locat-
ed beside Ni 2p,,, and Ni 2p;,, that is, 861.9 and 880.2 eV, are
two shakeup peaks of nickel.*® Meanwhile, the high-resolution
spectrum of O 1s is attributed to three oxygen types. The O1
peak at 533.2 eV is a typical metal-oxygen bonds, whereas the
02 peak at 531.8 eV is caused by functional groups such as hy-
droxyl or carboxyl. The O3 peak at 529.7 eV can be assigned to
physically or chemically absorbed H,O on the surface.?"3
Moreover, precise compositional analysis indicates that the sur-
face atomic ratio of Ni/Co/O is 1:2.1:4.2, which is consistent
with the formula NiCo,0,. The above results further confirm
the successful fabrication of SNT@NiCo,0, composites.

To further determine the precise percentage of NiCo,O,
nanomaterials deposited on SNTs, thermogravimetric analysis
(TGA) was performed under a flow of air to give the results
provided in Figure 6. It is noteworthy that the product of the
coprecipitation reaction is NiCoLDH, the precursor of NiCo,0,,
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Figure 6. TGA results for SNT@NiCoLDH composites, SNTs, and NiCoLDH (the
precursor of NiCo,0,).

Chem. Asian J. 2017, 12, 2426 - 2433 www.chemasianj.org

2429

540 536 632

Binding Energy (eV)

which must be annealed to form well-crystallized spinel
NiCo,0,. As shown in the TGA curve of NiCoLDH, the weight
loss of 16% is attributed to the dehydration and decomposi-
tion of NiCoLDH, from which all intercalated H,0 molecules es-
caped completely from the interlayer space. Based on the
weight loss of the precursors of SNT@NiCo,0,-1, SNT@NiCo,0,-
2, and SNT@NiCo,0,-3 (denoted as SNT@NiCoLDH-1, SNT@Ni-
CoLDH-2, SNT@NiCoLDH-3, respectively), namely, 1.1, 4, and
9.5 %, respectively, the loading percentage of NiCo,0, is calcu-
lated to be 5, 19, and 47.8 %, respectively.

Electrochemical ORR Tests of Catalysts

The catalytic activity of SNT@NiCo,0, composites, neat SNTs,
and pure NiCo,0, towards the ORR was first tested by cyclic
voltammetry (CV) in an oxygen-saturated 0.1 M aqueous KOH
electrolyte at a scan rate of 10 mVs™'. As shown in Figure 7A,
all samples exhibit well-defined cathodic redox peaks that cor-
respond to the oxygen reduction process in electrolyte. A
more positive peak potential, along with larger peak current
density, indicates better ORR activity. Clearly, neat SNTs show
negligible electrochemical activity; NiCoLDH also presents
weak activity before further heat treatment (Figure S5 in the
Supporting Information), whereas pure NiCo,0, sheets exhibit
significant ORR activity with a more positive peak potential
owing to the intrinsic electrochemical activity of spinel
NiCo,0,. To optimize the loading percentage of NiCo,0, nano-
sheets in SNT@NiCo,0, composites, the CV curves of SNT@Ni-
Co,0,-1, SNT@NiCo,0,-2, and SNT@NiCo,0,-3 were also collect-
ed. Upon increasing the loading amount of NiCo,0, nano-
sheets, the peak potential of the composites rises first then
falls; this indicates the best ORR activity of SNT@NiCo,0,-2.
Furthermore, LSV curves of SNT@NiCo,0,-2 also shows a more
positive onset potential and larger current density with respect
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Figure 7. A) CV curves of different samples in oxygen-saturated 0.1 M aqueous KOH electrolyte at a scan rate of 10 mVs ™. B) Linear sweep voltammetry (LSV)
curves of different samples in oxygen-saturated 0.1 m KOH at a scan rate of 5mVs ' at 1600 rpm.

to those of SNT@NiCo,0,-1 and SNT@NiCo,0,-3 (Figure 7B);
this confirms the optimized growth of NiCo,0, on SNT@Ni-
Co,0,-2. Specifically, the uniform distribution of ultrathin
NiCo,0, nanosheets on both walls of SNTs could deliver abun-
dant electrochemically active sites for SNT@NiCo,0,-2, whereas
the deposition of NiCo,0, on SNT@NiCo,0,-1 and SNT@Ni-
Co,0,-3 is either scarce or excessive; thus leading to the supe-
rior ORR catalytic activity of SNT@NiCo,0,-2. It is also worth
noting that SNT@NiCo,0,-2 exhibits much better ORR activity
than that of pure NiCo,0, sheets; this can probably be as-
cribed to fast electron transfer facilitated by the interconnect-
ed network of 1D tubular nanostructures. Electrochemical im-
pedance spectroscopy (EIS) results for SNT@NiCo,0,-2 and
NiCo,0, further confirm the above speculation. As shown in
Figure S6 in the Supporting Information, the series resistance
(R,, x intercept of the EIS spectra) and the charge-transfer re-
sistance (R, semicircles in the high-frequency region of the
spectra) of pure NiCo,O, nanosheets decrease greatly after
deposition on SNTs; this indicates that the SNT backbone can

accelerate ion diffusion and charge transfer during the electro-
chemical reaction.

To compare the ORR performance of SNT@NiCo,0,-2 and Pt/
C catalyst, CV measurements were recorded (Figure 8A). No
significant peaks can be observed between —0.8 and 0.2 V for
either electrode. When O, was introduced into the cell, the
SNT@NiCo,0,-2 catalyst exhibits excellent ORR activity with a
reduction peak at —0.17 V, which outperforms most previously
reported ORR catalysts (Table 1), although inferior to that of
the Pt/C catalyst with a near-zero peak potential at —0.08 V. To
further evaluate the ORR catalytic performance of SNT@Ni-
Co0,0,-2, Pt/C, and pure NiCo,0, LSV measurements were con-
ducted at various rotating speeds in oxygen-saturated 0.1m
KOH electrolyte at a scan rate of 10 mVs™". As shown in Fig-
ure 8B and Figures S7A and S8A in the Supporting Informa-
tion, the current density of SNT@NiCo,0,-2, Pt/C, and NiCo,0,-
modified rotating disk electrodes (RDEs) increases upon raising
the rotating speed from 400 to 2025 rpm; this can be ascribed
to the shortened diffusion distance for electron transfer at
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Figure 8. A) CV curves of SNT@NiCo,0,-2 and Pt/C electrodes in oxygen- and nitrogen-saturated 0.1 m KOH electrolyte at a scan rate of 10 mVs~". B) LSV

curves of SNT@NiCo,0,-2 electrode in oxygen-saturated 0.1 m KOH at different rotating rates with a scan rate of 5 mVs

=1

. C) Corresponding Koutecky-Levich

(K-L) plots of SNT@NiCo,0,-2 at —0.4, —0.5, —0.6, and —0.7 V. D) Electron-transfer numbers of different electrodes derived from their corresponding K-L plots.
Chronoamperometric responses of SNT@NiCo,0,-2 and Pt/C electrodes: E) methanol crossover tests by addition of methanol to the electrochemical cell at

100 s; F) long-term stability tests for 50000 s.
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Table 1. Comparison of the ORR performance of different cobalt-based catalysts.”
Catalyst Electrolyte Reduction peak Half-wave Ref.
(V vs. Ag/AgCl) potential
(V vs. Ag/AgCl)
[CoN,],/C 0.1m KOH —0.26 N/A 133]
NCF-Co™ 0.1m KOH -0.17 —-0.18 [34]
macroporous NiCo,O, sheet 0.1m KOH —0.21 —0.22 [15]
NiCo,0, NWs 0.1m KOH —0.37 -03 [35]
NiCo,0,-rGO 0.1m KOH —0.349 N/A [16]
SNT@NiCo,0, nanotube 0.1m KOH —0.17 —0.21 this work
[a] NCF-Co: nitrogen-doped carbon fibers (NCFs) decorated with cobalt nanoparticles; r-GO: reduced graphene oxide; N/A: not applicable.

high speed. The corresponding K-L plots (' vs. @ "% of all
catalysts were obtained from LSV curves at different potentials
(Figure 8C and Figures S7B and S8B in the Supporting Infor-
mation). All plots exhibited perfect linearity, which indicated
first-order reaction kinetics towards oxygen for SNT@NiCo,0,-
2, Pt/C, and pure NiCo,0,. The average electron-transfer
number (n) during the electrochemical ORR process for all
three electrodes was calculated to be 3.91, 3.98, and 3.78, re-
spectively, according to Equation (1) (see the Experimental Sec-
tion and Figure 8D); thus the SNT@NiCo,0,-2 catalyst favors a
more efficient four-electron ORR process. While the less effi-
cient ORR catalytic performance of pure NiCo,0, is probably
attributed to the limited accessibility of ion/electron within the
NiCo,0, agglomerates (Figure S2 in the Supporting Informa-
tion). To further evaluate the ORR pathways on SNT@NiCo,0,-
2, rotating ring—disk electrode (RRDE) measurements were con-
ducted (Figure S9 in the Supporting Information). Over the po-
tential range investigated, the yield of HO,™ was below 7.7%
and the calculated electron transfer number was about 3.95;
this was consistent with the results obtained from the K-L
plots based on RDE measurements.

In practical applications, fuel molecules may travel across
the electrolyte membrane and react with ORR catalysts on the
cathode and deteriorate the efficiency of fuel cells; this is
known as the fuel crossover effect. Hence, chronoamperometry
was conducted to assess the stability of the electrodes at a
fixed potential of —0.4V in oxygen-saturated 0.1 M aqueous
KOH electrolyte. As depicted in Figure 8C, when 5m methanol
is dropped into the cell at 100 s, a drastic current decrease can
be observed in the ORR current of Pt/C catalyst, whereas the
current of the SNT@NiCo,0,-2 electrode exhibits no visible re-
sponse to methanol oxidation, which indicates superior metha-
nol tolerance of SNT@NiCo,0,-2 with respect to that of the
commercial Pt/C catalyst. Furthermore, CV curves of SNT@Ni-
Co,0,-2 and Pt/C electrodes were also collected in oxygen-sa-
turated 0.1 M KOH containing 2m methanol. As observed (Fig-
ure ST0A and B in the Supporting Information), the SNT@Ni-
Co0,0,-2 electrode shows a very steady current response under
the interference of methanol with a small negative peak shift,
whereas the CV response of the Pt/C electrode shows a strong
methanol oxidation peak at around —0.125 V; this further dem-
onstrates the high catalytic selectivity and stability of SNT@Ni-
Co,0,-2 towards methanol. Long-term stability is another im-
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portant property for the practical application of ORR catalysts.
The durability of SNT@NiCo,0,-2 and Pt/C electrodes was in-
vestigated by chronoamperometric measurements under a
constant potential of —0.4V in oxygen-saturated 0.1m KOH
electrolyte at an electrode rotating speed of 1600 rpm (Fig-
ure 8F). The chronoamperometric response of the SNT@Ni-
C0,0,-2 electrode shows excellent durability, with 95% current
retention after 50000 s in the absence of any structure degra-
dation (Figure S11 in the Supporting Information). In contrast,
a decrease in current of 34% is observed for the Pt/C electrode
under the same conditions.

The ORR process is intrinsically an interfacial reaction involv-
ing the adsorption and dissociation of oxygen molecules,
mainly on the surface/interface of the electrode, which means
that more accessible electrochemical active sites and faster mi-
gration of ion/electron potentially result in better ORR capabili-
ty. Based on this idea, it is assumed that the remarkable ORR
performance manifested by the SNT@NiCo,0,-2 catalyst stems
from the unique tubular nanostructure with hierarchical
NiCo,0, nanosheets (Scheme 2), which can be summarized in
three aspects. To begin with, tubular SNTs, with a large specific
surface area, could provide substantial nucleation sites for the
uniform deposition of NiCo,0, nanosheets, which is a good
start for the rational design of novel catalysts. Second, ultrathin
NiCo,0, nanosheets deposited in a vertical orientation with
open structures possess numerous active sites to support an
efficient ORR process. Lastly, the heterogeneous structure of
SNT@NiCo,0, composite nanotubes could ensure rapid

Interconnected conducting network

Scheme 2. Schematic representation of fast charge transfer and efficient
electrolyte diffusion during the ORR process of SNT@NiCo,0, composite
nanotubes.
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charge-transport kinetics, benefiting from the interconnected
1D SNT networks. The combination of these three factors re-
sults in tubular SNT@NiCo,0, hierarchical nanotubes with ex-
cellent ORR catalytic capability.

Conclusion

A simple electrospinning strategy, followed by sintering and
coprecipitation, has been proposed for the successful prepara-
tion of hierarchical SNT@NiCo,0, tubular nanocomposites. This
rationally designed 1D interconnected nanostructure not only
mediated the uniform growth of NiCo,0, nanosheets by virtue
of the dual-surface SNT backbone, but also afforded efficient
charge-transfer paths through the integrated networks. The re-
sulting open structure of NiCo,0, nanosheets with fully ex-
posed active sites could realize fast electrolyte diffusion, lead-
ing to excellent ORR catalytic activity, in terms of a low onset
potential and high current density through a four-electron re-
duction route, which was comparable to the Pt/C catalyst.
Moreover, the SNT@NiCo,0, nanocomposite exhibited superior
tolerance to methanol crossover effects and better long-term
durability with respect to Pt/C; thus it is a promising platinum-
free candidate for practical fuel cell and metal-air battery ap-
plications.

Experimental Section
Materials

PVP (MW =1300000 gmol~") was purchased from Sigma-Aldrich.
Co(NO;),*6 H,0, Ni(NO;),*6 H,O, SnCl,-:2H,0, and hexamethylenetetr-
amine were obtained from Sinopharm Chemical Reagent Co. Ltd.
Ethanol and N,N-dimethylformamide (DMF) were supplied by
Shanghai Chemical Reagent Co. Pt/C powder (20 wt% of Pt on
carbon black) was obtained from Alfa Aesar.

Preparation of Hierarchical SNT@NiCo,0, Nanotubes

The preparation process for SNT@NiCo,0, nanotubes is presented
in Scheme 1. First, SNTs with a uniform tubular structure were syn-
thesized by a simple sintering strategy. Briefly, SnCl,-2H,0 (1.15 g)
was dissolved in a mixture of ethanol/DMF (10 mL; v/v 1/1) at
room temperature, before PVP powder (1.25 g) was added to give
a homogeneous gel. The as-prepared transparent mixture was
pulled into a 10 mL disposable syringe and fed at an injection
speed of 0.3 mmmin~'". A grounded aluminum roller at a rotating
speed of 100 rpm was used as a collector with a receiving distance
of 15 cm. When a 22 kV direct current (DC) voltage was applied to
the electrospinning setup, SnCl,/PVP precursor nanofibers were
produced in the form of freestanding membranes. The obtained
electrospun nonwoven SnCl,/PVP nanofibrous membranes were
sintered at 550°C in air for 2 h to produce SNT nanomaterials.

Hierarchical SNT@NiCo,0, nanotubes were then synthesized by a
low-temperature coprecipitation method, according to a procedure
reported by Lou et al. with slight modifications." Typically, a trans-
parent mixture of H,O (40 mL) and ethanol (20 mL) containing
10 mm Ni(NO,),-6 H,0, 20 mm Co(NO,),-6 H,O, and 30 mm hexame-
thylenetetramine were prepared in advance at room temperature,
followed by the addition of SNTs (50 mg) to obtain a fine mixture
after 1 min of sonication. As-prepared grayish dispersion was treat-
ed at 90 °C under magnetic stirring for 6 h in an oil bath. When the
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mixture was naturally cooled to room temperature, the gray
powder of SNT@NiCoLDH was collected by centrifugation and
washed three times with deionized water. After annealing in air at
400°C for 2 h at a heating speed of 2°Cmin~', highly crystallized
SNT@NiCo,0, composite nanotubes were obtained. Pure NiCo,0O,
was also prepared by means of the same coprecipitation method.

Characterization

FESEM (Zeiss) was utilized to observe the morphology of the sam-
ples under an acceleration voltage of 5kV. TEM (JEOL JEM 2100)
was performed under an acceleration voltage of 200 kV. Elemental
distribution of the samples was determined by energy-dispersive
X-ray spectroscopy (EDX). TGA was carried out under a flow of air
from 100 to 800°C at a heating rate of 20°Cmin~"' to obtain the
weight percentage of different components. XRD tests were per-
formed on an X'Pert Pro X-ray diffractometer by using Cuy, radia-
tion (1=0.1542 nm) at an acceleration voltage of 40 kV and a cur-
rent of 40 mA. XPS analyses were performed with a VG ESCALAB
2201-XL device. The specific surface area of materials was character-
ized with a Micro-meritics Tristar [I-3020 nitrogen adsorption appa-
ratus.

Electrochemical Measurements

The ORR catalytic performance of all catalysts was tested in N,- or
O,-saturated 0.1m KOH electrolyte with a typical three-electrode
cell on a CHI 600 electrochemical workstation (Shanghai Chenhua
Instrument Co., PR. China), in which an Ag/AgCl electrode was set
as the reference electrode; a Pt wire was the counter electrode; a
modified glassy carbon electrode (GCE; 3 mm diameter), RDE
(5 mm diameter), or RRDE (5.6 mm diameter) as the working elec-
trode. In a typical procedure, the GCE and RDE were polished care-
fully by using an alumina slurry, followed by drying under a stream
of N,. Then, the synthesized catalyst (2 mg) and Nafion (20 pL;
5wt% in ethanol) were dispersed in a mixture of H,O and ethanol
(1 mL; v/v 1/1) under sonication to prepare the 2 mgmL™" slurry.
Then, the working electrodes were obtained by casting an appro-
priate amount of catalyst slurry on the GCE/RDE/RRDE, which was
left to dry. The specific loading amount on the GCE was set at
10 mg for CV measurements, and 20 mg on RDE for chronoamper-
ometry and LSV measurements. The K-L plots were acquired
through linear fitting of the reciprocal rotating speed versus recip-
rocal current density collected at different potentials. The K-L equa-
tion [Egs. (1) and (2)] was adopted to calculate the electron transfer
numbers (n) in the ORR process:

=00+ (B ) (1)
B = 0.2nFC,D,*3v"/¢ (2)

in which J is the measured current density, J, is the kinetic current
density, w is the electrode rotating speed in rpm, F is the Faraday
constant (96485 Cmol '), C, is the bulk concentration of O, in the
electrolyte (1.2x10°° molcm ), D, is the diffusion coefficient of O,
in the electrolyte (1.9x107° cm?s™"), v is the kinetic viscosity of the
solution (0.01 cm?s™"), and the constant of 0.2 is used when the ro-
tation rate is expressed in rpm. EIS was recorded over the frequen-
cy range from 0.01 Hz to 100 kHz at an amplitude of 5 mV under
open-circuit potential.

For RRDE measurements, the peroxide yields and electron transfer
number (n) could be calculated by using Equations (3) and (4), re-
spectively:
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I\
HO,~ —200x N 3
I
la+"/y
Iy
n=4x —— 4
,d+/,/N (4)

in which 4 is the disk current, /, is the ring current, and N is current
collection efficiency of the Pt ring (0.4).
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