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Introduction

Tubular assemblies of N-doped carbon nanotubes
loaded with NiFe alloy nanoparticles as efficient
bifunctional catalysts for rechargeable zinc-air
batteriest

Xiaoying Xie,? Lu Shang,*® Run Shi,? Geoffrey |. N. Waterhouse,® Jiagi Zhao®“ and
Tierui Zhang © *<

Enormous research effort is presently being directed towards the discovery of low cost bifunctional elec-
trocatalysts capable of efficiently driving the oxygen reduction reaction (ORR) and the oxygen evolution
reaction (OER), with such bifunctional electrocatalysts being particularly sought after for rechargeable
metal-air batteries. Herein, we report the successful synthesis of a highly efficient bifuctional ORR/OER
electrocatalyst, comprising tubular assemblies of 20-40 nm N-doped carbon nanotubes containing NiFe
alloy nanoparticles (denoted herein as TA-NiFe@NCNT). To synthesize TA-NiFe@NCNT, we first prepared
g-C3N4 nanotubes with a diameter ~200 nm as a sacrificial template and nitrogen source, then decorated
the nanotubes with NiFe-layered double hydroxide nanoparticles (NiFe-LDH). The NiFe-LDH/g-CsNy4
composite obtained was then coated with a thin layer of glucose (an additional carbon source), then the
resulting NiFe-LDH/g-CsN4@Glu composite was pyrolyzed at 900 °C in N,. The obtained TA-NiFe@NCNT
product exhibited a low overpotential of only 310 mV at a current density of 10 mA cm™2 during OER in
0.1 M KOH (cf. 401 mV for IrO,) and an ORR activity in 0.1 M KOH (onset potential of 0.93 V and half-
wave potential of 0.81V vs. RHE) comparable to a commercial Pt/C catalyst (onset potential of 0.99 V and
half-wave potential of 0.82 V vs. RHE). The remarkable bifunctional performance of TA-NiFe@NCNT can
be attributed to the excellent OER and ORR activities of NiFe alloy nanoparticles and NCNTs, respectively,
as well as the high porosity and excellent conductivity of the electrocatalyst that benefitted mass and
electron transfer processes, respectively. A custom-built rechargeable zinc-air battery constructed using
TA-NiFe@NCNT at the air electrode delivered a lower charge-discharge voltage gap (0.92 V) and longer
-2)

cycling lifetime (170 h at 25 mA cm™) than a battery fabricated using a mixture of IrO, and Pt/C as air

electrode catalysts.

with an aqueous KOH electrolyte. During discharge, zinc dis-
solves at the anode and oxygen gas is reduced to hydroxide

Due to their low cost and high theoretical energy density of
1084 W h kg™, rechargeable zinc-air batteries are expected to
play an important role in future electrical energy storage."?
Rechargeable zinc-air batteries comprise a metallic zinc elec-
trode and an air electrode (typically a catalyst on carbon cloth),
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ions at the air electrode (cathode). During recharge, zinc ions
are reduced to Zn metal at the cathode and oxygen is evolved
at the air electrode (now the anode). The key to fabricating
high performance rechargeable zinc-air batteries are bifunc-
tional electrocatalysts capable of driving the oxygen reduction
reaction (ORR) during battery discharge and the oxygen evol-
ution reaction (OER) during battery recharge.** Currently, sup-
ported precious metal catalysts are used in the production of
rechargeable zinc-air batteries. Pt/C catalysts are particularly
efficient in catalyzing ORR, whilst Ru-based or Ir-based cata-
lysts efficiently drive OER. However, their low earth abun-
dance, high cost, modest stability and poor bifunctional activi-
ties for both ORR and OER limit the usefulness of these cata-
lysts for large scale rechargeable zinc-air battery production.>®
This motivates the search for efficient, low cost and stable
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bifunctional electrocatalysts for ORR and OER based on earth
abundant elements.

To date, non-precious metal catalyst systems have been
pursued for ORR and OER, including nanocarbons,” metal
alloys,® nitrides,” and their composites.'® Heteroatom (such as
N, S, P)-doped carbon materials are particularly promising for
ORR, owing to their electronic structure, good conductivity
and surface polarity.>''™"® N-doped carbon nanotubes
(NCNTs) are particularly promising alternatives to Pt-based
electrocatalysts for ORR process due to their excellent activi-
ties, low cost and chemical/mechanical robustness.*'*™'®
However, NCNTs cannot be used directly as bifunctional cata-
lysts in rechargeable zinc-air batteries due to their poor OER
activity. Recent studies have shown that certain first row tran-
sition metals (Ni, Fe, Co), either as nanoparticles or single
atom catalysts, offer suitable active sites for OER."*>' Amongst
them, NiFe alloy nanoparticles have recently emerged as prom-
ising replacements for Ru-based/Ir-based catalysts, which can
be attributed to their good conductivity, excellent electro-
catalytic activity, and outstanding durability in alkaline
media.>>** Density functional theory (DFT) calculations
predict that NiFe alloys should afford excellent OER activity
relative to Ni or Fe due to their unique surface electronic struc-
ture.”® Therefore, depositing NiFe alloy nanoparticles on
NCNTs represents a rational approach for the synthesis of
bifunctional electrocatalysts capable of driving both OER and
ORR.

Various approaches are now being explored to prepare com-
posites of NiFe alloy nanoparticles and NCNTs. Synthetic strat-
egies include the pyrolysis of Prussian Blue analogues®® or
alternative precursor mixtures of iron and nickel salts with
carbon and nitrogen rich compounds like urea®” and dicyan-
diamide.”® However, these approaches have inherent limit-
ations since NCNTs formed have a high tendency to agglomer-
ate and entangle with each other, reducing the availability of
active sites for ORR and OER, as well as blocking channels for
mass transport. Hence, porous NiFe/NCNT nanocomposites
with more controllable architectures are needed for recharge-
able zinc-air battery applications. Surface functionalisation of
NCNTs is a commonly used approach to enhance the nano-
tube dispersion, though typically involves complex chemical
treatments and therefore is undesirable from the viewpoint of
practical scalability and cost. Recently, Zelenay’s group suc-
cessfully introduced carbon nanoparticles as a spacer to
enhance nanotube dispersion, with the modified nanotubes
then being used to create composites with an abundance of
available active sites.'® However, amorphous carbon nano-
particles can suppress the excellent conductivity of NCNTs,
thus requiring holistic consideration of the benefits of adding
carbon nanoparticles. Another strategy is to create composites
with a highly porous microstructure, which is commonly
achieved via templating strategies. Chen synthesized a meso-
porous composite comprising NiFe alloy nanoparticles and
carbon nanofibers using a hard SiO, template technique, with
the obtained composite exhibiting excellent activity for both
OER and ORR.?® However, the use of hard templates such as
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SiO, is becoming less popular as the aggressive chemical treat-
ments often required to remove the templates. In a previous
study, we reported that g-C3N, nanosheets can act as both a
template and nitrogen source for the preparation of porous
carbon materials with high nitrogen content. By pyrolyzing
g-C3N, nanosheets coated with a thin layer of glucose, porous
N-doped carbons were obtained possessing comparable ORR
activity to a commercial Pt/C electrocatalyst in alkaline electro-
lyte.’® By adopting a similar synthetic approach, and introdu-
cing NiFe alloy nanoparticles, we hypothesized that efficient
bifunctional catalysts could be created capable of efficiently
driving OER and ORR.

Herein, we report the successful synthesis of tubular assem-
blies of N-doped carbon nanotubes internally loaded with
NiFe alloy nanoparticles (denoted as TA-NiFe@NCNT). Our
approach used 200 nm diameter g-C3N, nanotubes as a sacrifi-
cial template and nitrogen source, glucose as the main carbon
source and NiFe-LDH as the NiFe alloy nanoparticles precur-
sor. Pyrolysis of the NiFe-LDH/g-C;N,@Glu precursor at 900 °C
in N, yielded TA-NiFe@NCNT, which in accordance with the
hypothesis above offered outstanding ORR and OER perform-
ance. A rechargeable zinc-air battery fabricated with
TA-NiFe@NCNT as the air electrode catalyst showed a very
small voltage gap of 0.92 V and excellent stability (170 h at
25 mA cm ), indicating that the bifunctional NiFe@NCNT
catalyst offered a promising low cost alternative to precious
metal-based catalysts for both ORR and OER.

Experimental
Materials preparation

Holey g-C;N, nanotubes with a diameter of ~200 nm were syn-
thesized by the calcination of a mixture of melamine and urea
in a 1:10 mass ratio at 550 °C for 4 h under a N, atmosphere
in a quartz tube furnace.*'

NiFe-LDH/g-C3;N, nanotubes were prepared by coating the
holey g-C3N, nanotubes with NiFe-layered double hydroxide
nanoparticles. Briefly, g-C;N, nanotubes (500 mg) were dis-
persed in 40 mL of deionised water. Next, 20 mL of an
aqueous solution containing Ni(NO;),-6H,O (110.25 mg), Fe
(NO3)3-9H,0 (51 mg) and urea (2700 mg) was added. The
resulting dispersion was then heated at 100 °C for 6 h under
vigorous stirring. The NiFe-LDH/g-C3N, product was collected
by centrifugation and washed several times with ethanol and
deionised water, then finally dried at 60 °C overnight.

NiFe-LDH/g-C3;N,@Glu was obtained by coating NiFe-LDH/
¢-C3N, nanotubes with glucose using a hydrothermal method.
NiFe-LDH/g-C3N, (505 mg) was dispersed in an aqueous
glucose solution (0.3 M, 40 mL) under vigorous stirring for
4 h. The aqueous dispersion was then transferred into a 50 mL
Teflon autoclave, which was then heated 120 °C for 10 h. The
NiFe-LDH/g-C3;N,@Glu product was collected by centrifu-
gation, washed several times with ethanol and deionised
water, and finally dried at 60 °C overnight.

This journal is © The Royal Society of Chemistry 2020
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TA-NiFe@NCNT were synthesized by direct pyrolysis of
NiFe-LDH-C;N,@G]lu at 900 °C for 1 h under a N, atmosphere,
using a ramping rate of 5 °C min~". By controlling the relative
concentrations of Ni(NOj;),-6H,0, Fe(NO;);-9H,0 and urea
used to prepare NiFe-LDH nanoparticles in the precursor, final
products with different NiFe alloy nanoparticle loadings could
easily be obtained. Further samples were prepared using the
same procedure, but in the absence of NiFe-LDH (product
denoted here as tubular N-doped carbon or simply TA-NC), or
in the absence of glucose (product denoted here as
TA-NiFe@NCNT*), or in the absence of g-C;N, nanotubes
(NiFe/C).

Physicochemical characterization

Scanning electron microscopy (SEM) images were obtained on
a Hitachi S4800 SEM. Energy dispersive spectroscopy (EDS)
measurements were carried out on a Hitachi $4300.
Transmission electron microscopy (TEM) images were
measured on HT7700 instrument operating at an accelerating
voltage of 100 kV. High resolution TEM (HRTEM) images and
element maps were taken on a JEOL-2100F microscope operat-
ing at an accelerating voltage of 200 kV. X-ray diffraction (XRD)
patterns were collected on a Bruker D8 Focus X-ray diffract-
ometer equipped with a Cu Ka radiation (4 = 1.5405 A) source.
N, adsorption-desorption isotherms were obtained at 77 K on
a Quadrasorb SI MP apparatus. X-ray photoelectron spec-
troscopy (XPS) data were obtained on a VGESCALABMKII X-ray
photo-electron spectrometer using a non-monochromatized
Al-Ka X-ray source (hv = 1486.7 eV). Raman spectra were col-
lected on Renishaw in Via Reflex spectrometer system. Spectra
were excited using a 532 nm laser. Thermogravimetric analysis
(TGA) was obtained by heating samples from room tempera-
ture to 900 °C at 5 °C min~' under a N, atmosphere on a
Rigaku Thermo plus instrument.

Electrochemical measurements

The ORR and OER performance of the various catalysts were
studied using a standard three-electrode system interfaced
with an electrochemical workstation (CHI 760 E, CHI
Instrument, China). A Pt plate and a calibrated Hg/HgO elec-
trode served as the counter electrode and the reference elec-
trode, respectively. The Hg/HgO reference electrode was cali-
brated in hydrogen saturated 0.1 M KOH. The working electro-
des were prepared as follows. Catalysts inks were first prepared
by adding 8 mg of catalysts to a solution containing 500 pL of
deionized water, 436 pL of isopropanol and 64 pL of Nafion
solution (5 wt%, Alfa Aesar), followed by ultrasonic treatment
for 1 h to achieve a homogeneous dispersion. The resulting
dispersions were then pipetted onto freshly polished glassy
carbon electrodes (GC, 5 mm in diameter) to achieve an elec-
trocatalyst loading of 240 ug cm™ (except for IrO,, for which
the loading was 500 pg cm™?). The inks were subsequently
allowed to air-dry at room temperature. For the OER and ORR
tests, 0.1 M KOH was employed as the electrolyte in the three-
electrode system. Cyclic voltammetry (CV) curves were recorded
at a scan rate of 100 mV s~ '. Linear sweep voltammetry (LSV)
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data for ORR were recorded from 0.2 to —1.0 V (vs. Hg/HgO) at
a scan rate of 10 mV s ' with data collected at rotating elec-
trode speeds from 400 to 2025 rpm. LSV data for OER were
recorded from 0 to 0.8 V (vs. Hg/HgO) with a 95%-iR correction
at a rotating speed of 1600 rpm.

Electron transfer numbers were calculated from the slopes
of Koutecky-Levich (K-L) plots, based on the following
equations:*>**

1 1 1

e T
J BwO.S ]K
B =0.2 nF(Do,)”*v "¢y,

J, measured electron current density; jx, kinetic current
density; w, rotating rate of the working electrode (rpm); F,
Faraday constant (96485 C mol™); Co,, bulk concentration of
0, (1.2 x 107° mol em™); Do, diffusion coefficient of O, in 0.1
M KOH (1.9 x 107> em? s™'); v, kinetic viscosity of the electro-
lyte (0.01 em® s™'); n, electron transfer number.

Rechargeable zinc-air battery fabrication

Rechargeable zinc-air batteries were constructed, consisting of
a zinc plate as the anode, electrocatalyst on carbon paper as
the air electrode, and an electrolyte solution containing 6 M
KOH and 0.2 M zinc acetate. The air electrodes were prepared
by pipetting the catalyst inks described above onto carbon
paper over a circular area of 1 cm diameter to achieve a catalyst

loading of 1 mg cm™>.

Results and discussion

The synthesis of TA-NiFe@NCNT is summarized in Scheme 1.
Firstly, g-C;N, was prepared by thermal decomposition-
polymerization of a mixture of melamine and urea (1:10
weight ratio). The obtained g-C;N, nanotubes had an average
diameter around 200 nm with numerous mesopores uniformly
dispersed along the tubes confirmed by SEM (Fig. S1at) and
TEM (Fig. S1b and Sict). Next, NiFe-LDH were grown on the
¢-C3N,; nanotubes to produce NiFe-LDH/g-C3N,. This was
aided by the fact that the Ni** and Fe®" ions were complexed
by the pyridine-like nitrogen atoms in the heptazine units of
2-C3N,,”?* which thus served as nucleation sites for NiFe-LDH
growth. Fig. S1d-ff show NiFe-LDH nanoparticles homoge-
neously dispersed over the g-C;N, nanotubes. Next, a hydro-
thermal treatment was used to coat NiFe-LDH/g-C;N, with a
thin layer (~10 nm) of glucose (producing NiFe-LDH/

.. NiFe-LDH Y ]

@ 4 Hydrothermal

+ — . —_—
. 3 Glucose

. /—CA

Scheme 1 Schematic illustration of the preparation process of
TA-NiFe@NCNT.

Calcination
 —

NiFe-LDH/g-CN, NiFe-LDH/g-C,N,@Glu TA-NiFe@NCNT
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2-C3N,@Glu), which retained the tubular morphology of the
g-C3N, nanotube template (Fig. S1g-jt). Subsequently, NiFe-
LDH/g-C;N,@Glu was heated at 900 °C of 1 h in N, to give
tubular assemblies of NCNTs containing NiFe alloy nano-
particles (TA-NiFe@NCNTSs). During the pyrolysis process, the
glucose was carbonized, with the thermal decomposition of
the g-C;N, nanotubes acting as both a nitrogen and secondary
carbon source. TGA showed the decomposition of the g-C3N,
nanotubes was complete at ~600 °C (Fig. S21). The evolution
of NH;, H, and CO during the heating of NiFe-LDH/
2-C;N,@Glu transformed the NiFe-LDH nanoparticles into
NiFe alloy particles supported by NCNTs.'* Heating to 900 °C
for 1 h ensured that the NCNTs had a reasonable degree of gra-
phitization and thus good electrical conductivity. The struc-
tural evolution of TA-NiFe@NCNT during heating of NiFe-
LDH/g-C3N,@Glu was followed by XRD. The g-C;N, nanotubes
showed peaks at 13° and 27°, which could readily be assigned
to the (100) and (002) reflections of g-C3N, (Fig. S37). The
NiFe-LDH/g-C3;N, and NiFe-LDH/g-C;N,@Glu samples showed
additional peaks at 34° and 60°, which could readily be
assigned to the (012) and (110) reflections of NiFe-LDH (JCPDS
Card 51-0463),*> confirming the existence of NiFe-LDH in the
two composites. The glucose shell around NiFe-LDH/
g-C3N,@Glu was amorphous (Fig. S1jf). XRD data for
TA-NiFe@NCNT are discussed below, in conjunction with
other characterization data for the composites. The mor-
phology and structure of TA-NiFe@NCNT were studied in
detail by SEM and TEM (Fig. 1). As shown in Fig. 1a to c,
TA-NiFe@NCNT possessed a similar tubular structure to the
2-C;N, template, with an average tube diameter of about

Fig. 1 (a) SEM image, (b and c) TEM images, (d) HRTEM image, and (e)
dark-field image of TA-NiFe@NCNT. Element maps for C, Ni and Fe are
also shown in (e).
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200 nm. HRTEM revealed that NCNTs with a diameter in a
range of 20 to 40 nm have been seeded by the NiFe nano-
particles since each nanotube contained a single metal nano-
particle at one end (Fig. 1d). Metal nanoparticles are well
known to act as seeds for carbon nanotube formation in gas
mixtures of CHy, acetylene or other C-rich gases at high temp-
eratures. These NCNTs possessed less than 10 layers of
N-doped graphitic carbon with interplanar spacing of 0.34 nm,
corresponding to the (002) plane of graphitic carbon. The high
graphitic content was expected to impart TA-NiFe@NCNT with
excellent electrical conductivity. Fig. 1d shows that the metal
nanoparticles had a lattice fringe spacing of 0.21 nm, typical
for the (111) facets of NiFe alloy.>® The corresponding element
maps for TA-NiFe@NCNT (Fig. 1e) confirmed the presence of
alloy NiFe nanoparticles on a carbonaceous support.
According to EDS results (Fig. S47), the weight percentages of
C, N, O, Ni and Fe in TA-NiFe@NCNT were estimated to be
72.6, 5.6, 12.4, 6.1, and 3.3 wt%, respectively. For comparison,
TA-NiFe@NCNT*, TA-NC and NiFe/C were prepared by a
similar process to TA-NiFe@NCNT, except that glucose, NiFe-
LDH, or g-C3Ny, respectively, were not included during the syn-
thesis. Fig. S5f shows characterization data for these
additional reference samples. Fig. S5a-ct show that the
TA-NiFe@NCNT* product contained NiFe alloy nanoparticles
embedded in an entangled NCNT network, indicating that the
addition of the glucose shell was beneficial in the synthesis of
TA-NiFe/NCNT for preventing excessive nanotube entangle-
ment. In the absence of NiFe-LDH, the direct pyrolysis of
2-C3N,@Glu yielded tubular assemblies of N-doped carbon
(TA-NC) with a similar morphology to the g-C3;N, nanotube
precursor (Fig. S5d-ff). The walls of the submicron-diameter
tubes consisted of thin layers. Without the g-C;N, nanotubular
template, pyrolysis of NiFe-LDH@Glu yielded large NiFe alloy
nanoparticles supported by semigraphitic carbon (NiFe/C,
Fig. S5g-it).

To investigate the structure and composition of the
different final products, XRD was first employed. As shown in
Fig. 2a, the XRD patterns of TA-NiFe@NCNT, TA-NiFe@NCNT*
(no glucose) and NiFe/C all contained sharp peaks at 44.1, 51.4
and 75.6°, which could readily be indexed to the (111), (200),
and (220) reflections of a NiFe alloy (JCPDS Card 38-0419), in
good agreement with HRTEM results for TA-NiFe@NCNT
(Fig. 1d). These samples, as well as TA-NC, also showed a
broad peak centered at 25° due to the (002) plane of graphitic
carbon. Raman spectra (Fig. 2b) for all the samples showed
two peaks at 1330 and 1580 cm™’, attributed to the D band
(disordered sp® carbon) and G band (graphitic sp> carbon),
respectively, of carbon. The Ip/I; ratio for all samples was close
to 1, meaning that all catalysts were semigraphitic and con-
taining abundant defective sites. Fig. 2c shows N, adsorption
and desorption isotherms for TA-NiFe@NCNT,
TA-NiFe@NCNT*, and TA-NC. All three samples exhibited a
type IV isotherm with an obvious hysteresis loop, suggesting
the presence of pores with a wide range of sizes in all samples.
The BET specific surface areas determined for
TA-NiFe@NCNT, TA-NiFe@NCNT¥*, and TA-NC were 392.6 m*

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XRD patterns for TA-NiFe@NCNT, TA-NiFe@NCNT*, TA-NC, and NiFe/C. (b) Raman spectra, and (c) N, adsorption and desorption iso-

therms of TA-NiFe@NCNT, TA-NiFe@NCNT*, and TA-NC.

g7, 260.9 m* g”" and 603.8 m”> g, respectively. The porous
submicrotubes in TA-NiFe@NCNT accounts for its higher
specific surface area relative to TA-NiFe@NCNT*.

XPS was employed to probe the surface chemistry of
TA-NiFe@NCNT. The XPS survey spectrum in Fig. S61 revealed
the presence of C, N, O, Ni, and Fe. The C 1s spectrum
(Fig. 3a) was deconvoluted into three carbon contributions, C-
C or C=C (~284.7 eV), C-N (~285.8 eV) and C=0O (~287
eV).>”*® The C-N feature, together with the high resolution N
1s spectrum (in Fig. 3b), confirmed that TA-NiFe@NCNT con-
tained N-doped carbon nanotubes. The N 1s spectrum con-
tained peaks due to pyridinic N (398.6 eV) and graphitic N
(401.0 eV).* The presence of pyridinic N has been shown pre-
viously to enhance the local electronic structure of carbon
materials, thereby improving ORR activity.’” The Ni 2p XPS
spectrum of TA-NiFe@NCNT (Fig. 3c), contained 3 sets of
peaks, each in a characteristic 2:1 area ratio. Peaks at 853.1
and 870.6 eV correspond to metallic Ni (2ps, and 2py,
respectively). Peaks at higher binding energies to these fea-
tures are due to Ni*" (855.6 and 875.1 eV) and Ni** shake up
satellites (860.1 and 879.8 eV). Similarly, the Fe 2p XPS spec-

(b) 401.0 eV
Graphitic N 398.8 eV
Pyridinic N

Intensity (a.u.)
Intensity (a.u.)

292 290 288 286 284 282 280 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)

(d)

- o

H 3 M Fe2p,, F; Fe2p,,

> s i, A A

3 £

2 s

- £
v T - { v T v v T T
880 870 860 850 735 730 725 720 715 710 705

Binding Energy (eV) Binding Energy (eV)

Fig. 3 High resolution XPS data for TA-NiFe@NCNT. (a) C 1s region, (b)
N 1s region, Ni 2p (c), and Fe 2p (d).
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trum of TA-NiFe@NCNT (Fig. 3d) contained peaks of 707.5
and 720.6 (2:1 area ratio) due to metallic Fe, as well as peaks
at higher binding energies due to oxidized forms of iron. The
XPS data for TA-NiFe@NCNT is consistent with the presence of
metallic NiFe alloy nanoparticles (with partially oxidized sur-
faces) supported/encapsulated by nitrogen-doped carbon
nanotubes.

The electrocatalytic performance of TA-NiFe@NCNT and
the other electrocatalysts were evaluated in a three-electrode
system with 0.1 M KOH as electrolyte. The CV curve (Fig. 4a) of
TA-NiFe@NCNT collected at a scan rate of 100 mV s™* in O,-
saturated KOH solution showed an obvious oxygen reduction
peak at ~0.8 V, with the same peak being absent in the CV
curve collected in N,-saturated alkaline solution. This demon-
strates that TA-NiFe@NCNT was able to drive the oxygen
reduction reaction. The ORR activities of the various catalysts
were also studied using the LSV technique on a rotating disk

(@) {(by—TA-NiFe@NCNT
w‘E‘ I —TANiFe@NCNT*
S ol § —TA-NGC
T < 2] —NiFeiC
= £ — Pt
2 2
H 2
5 -2 2
2 3 41
r 2
2 e
5. —o,| £
3 4
—N,| O 4
00 02 04 06 08 10 0.2 0.4 06 08 10
. E (V vs RHE) 06 E (V vs RHE)
(c) d)
o
£ 0.5
g 7
= S04
.;T —225pm |-
S -4 =400 rpm E
e ——625rpm | == 0.3 = 0.45V,n=3.72
€ —900rpm | ™ o 0.5V,n=3.74
£ —1225rpm| | A 0.55V,n=3.73
3 ——1600 rpm| - v 0.6V,n=3.73
— 2025 rpm + 0.65V,n=3.81
0.2 0.4 0.6 0.8 1.0 0.02 003 004 005 006 007
E (V vs RHE) ™ (rpm ™)

Fig. 4 (a) CV curves for TA-NiFe@NCNT in O, and N, saturated 0.1 M
KOH electrolytes collected at a scan rate of 100 mV s%. (b) ORR LSV
curves for TA-NiFe@NCNT, TA-NiFe@NCNT*, TA-NC, NiFe/C, and Pt/C
collected at a rotation speed of 1600 rpm and a scan rate of 10 mV s™2.
(c) ORR LSV curves for TA-NiFe@NCNT at various rotation speeds. (d)
K-L plots for TA-NiFe@NCNT at different potentials derived from the
corresponding ORR LSV curves.
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electrode. A rotating speed of 1600 rpm and a scan rate of
10 mV s~ ' were used for the measurements. As shown in
Fig. 4b, the onset potential (0.93 V) and half-wave potential
(E1/2, 0.81 V) of TA-NiFe@NCNT were slightly lower than those
of the commercial Pt/C catalyst (onset potential = 0.99 V, and
Ey;, = 0.82 V, respectively), though TA-NiFe@NCNT offered
much better ORR performance than the other catalysts
(Fig. 4b). To study the ORR kinetics of TA-NiFe@NCNT, K-L
plots (Fig. 4d) were generated from LSV data collected at rotat-
ing speeds from 400 to 2025 rpm (in Fig. 4c). The analysis
revealed that the electron transfer number during ORR on
TA-NiFe@NCNT was 3.81, very close to a perfect four-electron
pathway (O, + 2H,0 + 4e” — 40H"). The excellent ORR per-
formance of TA-NiFe@NCNT can be attributed to appropriate
nitrogen doping level, high surface area and excellent conduc-
tivity of the NCNTs.

The presence of the NiFe alloy nanoparticles was expected
to impart TA-NiFe@NCNT with good OER catalytic properties.
The OER performance of TA-NiFe@NCNT and other electroca-
talysts were evaluated by 95%-iR corrected LSV measurements
at a scan rate of 5 mV s in 0.1 M KOH solution. Fig. 5a shows
that TA-NiFe@NCNT delivered an OER overpotential of only
310 mV at a current density of 10 mA cm™2, much lower than
corresponding values determined for TA-NiFe@NCNT*
(344 mvV) and IrO, (401 mV). The OER kinetics were explored
through the Tafel plots in Fig. 5b. TA-NiFe@NCNT gave an
OER Tafel slope of only 78 mV dec™, much lower than that
determined for IrO, (244 mV dec™"), confirming the desirable
OER catalytic activity of TA-NiFe@NCNT. The above results
indicate that TA-NiFe@NCNT could serve as efficient platinum
group metal-free catalyst for both ORR and OER. As shown in
Table S1,f the catalytic performance of TA-NiFe@NCNT is
comparable to most recently reported bifunctional catalysts.
The excellent OER performance of TA-NiFe@NCNT can be
attributed primarily to the presence of NiFe nanoparticles,
since the control sample TA-NC delivered poor OER activity.
The intimate contact between the NCNTs and the NiFe alloy
nanoparticles contained within, benefitted electron transfer to
the NiFe nanoparticles during OER, whilst the porous tubular
assemblies facilitated fast mass transport of O, away from the
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NiFe nanoparticles. Nyquist plots in Fig. S7{ show that
TA-NiFe@NCNT possessed a comparable semicircle to TA-NC,
though a much smaller semicircle than TA-NiFe@NCNT* in
the high frequency region. The data confirms that
TA-NiFe@NCNT had a low charge transfer resistance.
Furthermore, TA-NiFe@NCNT delivered a steeper slope than
TA-NiFe@NCNT* in low-high frequency, consistent with faster
mass transport in TA-NiFe@NCNT. The potential gap (AE)
between the OER overpotential measured at 10 mA cm™> and
the ORR half-wave potential is an important indicator used to
assess the performance of reversible oxygen electrodes. The
smaller the potential gap, the closer a bifunctional electrocata-
lyst is to be an ideal reversible oxygen electrode. Fig. 5¢ shows
that TA-NiFe@NCNT possessed the smallest AE (only 0.73 V)
amongst the samples tested, outperforming a mixture Pt/C
and IrO, (0.81 V), and TA-NiFe@NCNT* (0.79 V). Therefore,
TA-NiFe@NCNT represents an excellent bifunctional electroca-
talyst for ORR and OER. This prompted further investigation
of the effect of NiFe alloy nanoparticle loading on the ORR
and OER activities of TA-NiFe@NCNT. The -catalysts with
different loading of NiFe alloy nanoparticle loadings were also

prepared and tested. XRD patterns (Fig. S8t) for
TA-NiFe@NCNT-5%, TA-NiFe@NCNT-3%, TA-NiFe@NCNT,
and TA-NiFe@NCNT-0.5% were similar (Taking

TA-NiFe@NCNT-5% as an example, 5% means the weight ratio
of NiFe-LDH to g-C3N,. For TA-NiFe@NCNT, the weight ratio is
1%), with the NiFe alloy peaks intensifying with loading. ORR
and OER results (Fig. S9 and S10f) confirmed that
TA-NiFe@NCNT exhibited the best ORR and OER catalytic
activities. Either side of 1 wt%, both the ORR and OER activi-
ties decreased. As shown in Fig. S11,f TA-NiFe@NCNT-5%
suffered from serious aggregation of NiFe alloy nanoparticles.
By contrast, TA-NiFe@NCNT-0.5% possessed fewer active sites
for OER relative to TA-NiFe@NCNT, hence the lower activity.
Inspired by the high OER and ORR bifunctional activity
and small potential gap of TA-NiFe@NCNT, a custom-built
rechargeable zinc--air battery, consisting of a Zn plate (0.1 mm
thickness) as one electrode, TA-NiFe@NCNT/carbon paper as
other electrode, and an alkali electrolyte (6 M KOH and 0.2 M
zinc acetate), was assembled to assess performance and stabi-

9
() —TA-NiFe@NCNT (b) —e—TA-NiFe@NCNT (c)

30 ——TA-NiFe@NCNT* 1.8 ——TA-NiFe@NCNT" orr@e,, “FE.F?  oEreE_, . .
o —TA-NC ——NiFeIC 1/2 0'81 V 'j=10 mA cm’
< ——NiFelC P ——Ir0, dec’
£ —Ir0 w174 495 ™ PH/C+IrO,

- : [ —

[7] 1’4 A
& S N 079 v I
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Fig. 5 (a) OER LSV curve for various catalysts at a scan rate of 5 mV s~* and a rotation speed of 1600 rpm after 95%-iR correction. (b) Tafel plots

derived from the corresponding OER LSV curves. (c) The potential gap (AE) between the OER potential measured at a current density of 10 mA cm™

and the ORR half-wave potential.
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Fig. 6 (a) Charge and discharge polarization curves of rechargeable
zinc-air batteries. (b) Charge and discharge cycling curves of recharge-
able zinc-air batteries at a current density of 25 mA cm™2,

lity of TA-NiFe@NCNT in such battery systems. Another battery
was also prepared, using a mixture of Pt/C and IrO, on carbon
paper instead of TA-NiFe@NCNT/carbon paper. The charging-
discharging properties of the different batteries were explored
through the polarization curves shown in Fig. 6a. Results
confirm that the battery constructed using TA-NiFe@NCNT
had a comparable discharge voltage to that constructed using
Pt/C and IrO,, but a lower charging voltage over a wide range
of current densities. Accordingly, TA-NiFe@NCNT is very suit-
able for use as bifunctional ORR/OER catalyst in rechargeable
metal-air batteries. The cycling performance of the batteries
constructed using TA-NiFe@NCNT or Pt/C and IrO, as elec-
trode materials were tested at the current density of 25 mA
cm 2. Fig. 6b shows that the rechargeable zincair battery built
using TA-NiFe@NCNT demonstrated good stability over 170 h
of testing, with no obvious voltage change over the testing
period, and outperformed the cycling stabilities of the bat-
teries constructed using the mixture of Pt/C and IrO,, and
most of other reported catalysts (Table S2t). The superior
cycling stability of TA-NiFe@NCNT likely results from strong
interfacial coupling between NiFe alloy nanoparticles and the
N-doped carbon nanotubes. The fact that the NiFe alloy nano-
particles were inside the NCNTs, as opposed to on the outer
surface, prevents NiFe nanoparticle aggregation and enhances
electrocatalyst stability. TEM was used to probe the mor-
phology of TA-NiFe@NCNT after 170 h of charge and discharge
cycling. TEM images in Fig. S121 displayed that NiFe alloys
were still encapsulated by the graphitic carbon layers and the
sizes and the lattice fringe spacing (0.21 nm) of NiFe alloys
after cycling did not change obviously.

Conclusions

In summary, a novel bifunctional electrocatalyst was developed
for ORR and OER. The electrocatalyst, denoted herein as
TA-NiFe/NCNT, comprised tubular assemblies of nitrogen-
doped carbon nanotubes with NiFe alloy nanoparticles in the
individual NCNTs. The hierarchical porosity of TA-NiFe/NCNT,
featuring 200 nm macropores from the g-C;N, nanotube soft
template and the mesopores in the NCNTs, ensured facile
mass transport during ORR and OER. By adjusting the amount
of NiFe alloy nanoparticles in the assembly of TA-NiFe@NCNT,

This journal is © The Royal Society of Chemistry 2020
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the catalytic performance for ORR and OER can be rationally
optimized. Due to synergies realized by combining porosity,
NCNT for ORR and NiFe alloy nanoparticles for OER, TA-NiFe/
NCNT outperformed its precious metal counterparts (Pt/C and
IrO,, respectively) when applied in Zn-air batteries. The battery
fabricated using TA-NiFe@NCNT delivered better stability and
smaller voltage gap than the counterpart constructed using a
mixture of Pt/C and IrO,. Therefore, TA-NiFe@NCNT rep-
resents a very promising, low-cost bifunctional catalyst for
rechargeable zinc-air batteries. This sacrificial-template strat-
egy adopted here, based on the use of g-C;N, nanotubes as a
soft template and nitrogen source of N-doped carbon catalyst
fabrication, is expected to be widely used in the future in elec-
trocatalyst development for reactions involving oxygen.
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