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Growth of carbon nanotubes over carbon
nanofibers catalyzed by bimetallic alloy
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batteries}

Iram Aziz,® Xing Chen,® Xuhui Hu,® Wenjing (Angela) Zhang,*® Rabiya Javed Awan,?
Ali Rauf® and Salman Noshear Arshad & *2

Design of economical, large-scale, stable, and highly active bifunctional electrocatalysts for Zn—air batteries
with enhanced oxygen reduction and oxygen evolution performance is needed. Herein, a series of
electrocatalysts were facilely fabricated where in situ formed bimetallic nanoparticles aided in the growth
of carbon nanotubes over carbon nanofibers (MM'-CNT@CNF) during thermal treatment. Different
combinations of Fe, Ni, Co and Mn metals and melamine as precursor for CNT growth were investigated.
The synergistic interaction between bimetallic nanoparticles and N-doped carbon results in greatly
improved bifunctional catalytic activity for both oxygen reduction and evolution reactions (ORR, OER)
using FeNi-CNT@CNF as catalyst. The half-wave potential (0.80 V vs. RHE) for FeNi-CNT@CNF for ORR
was close to that of Pt/C (0.79 V vs. RHE), meanwhile its stability was superior to Pt/C. Likewise, during
OER, the FeNi-CNT@CNF reached a current density of 10 mA cm™2 at a rather low overpotential of
310 mV vs. RHE compared to benchmark RuO, (410 mV). The rechargeable Zn-air prototype battery
using FeNi-CNT@CNF as an air electrode outperformed the mixture of Pt/C and RuO, with discharge/
charge overpotential of 0.61 V, power density of 118 mW cm™2 at 10 mA cm™2 and an improved cycling

rsc.li/rsc-advances stability over 108 hours.

Introduction

Due to high-power density with zero carbon emissions, the Zn-
air battery (ZAB) has emerged as a promising advanced energy
conversion/storage technology."™ However, the high over-
potential required to carry out the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR) at the air electrode
returns an energy efficiency of 55-65% for rechargeable ZABs.*
The commercially available benchmark IrO, and RuO, for OER®
and Pt/C for ORR® are not practically scalable due to cost, scarce
abundance of the metals, poor bifunctional activity, and
stability issues.”® One of the main challenges in the design of
bifunctional electrocatalyst is that both OER and ORR require
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different active sites. Therefore, rational optimization of
intrinsic active sites of suitable materials which can lead to
improvement of surface characteristics such as enhanced
increased surface area, accelerated mass and electron transport
is vital to achieve high ORR/OER efficiency.?

In the past few years, numerous research studies revealed
that non-precious transition metal (especially Fe, Co, Ni, Cr and
Mn) and their derivatives (oxides, sulphides, nitrides, carbides,
and mixed-metal alloys) based electrocatalysts have surpassed
the OER/ORR activity of benchmark Pt/C and Ir/RuO, catalysts
in alkaline medium.**® Among all, alloying of two or more
metals has gained much attention due to ease of tuning of
electron energies and modification of surface properties in
order to get perfect binding spots for the active species during
the electrochemical process.”” Furthermore, the use of
a heteroatom (N, S, P, and B) doped carbonaceous matrix as
support material for metal alloys provides extra stability to the
resulting metal alloy/carbon composites, improves the
conductivity, prevents agglomeration of metal nanoparticles,
enhances active sites, and facilitates the adsorption/desorption
of the 0,."®* In this regard, a series of non-precious bimetallic
alloys supported over a heteroatom doped carbon matrix e.g.
CoFe@NC,* CuCo@NC,*** CoFe@PC,* NiCo@NiCo0,/C,**
NPCN/CoNi-NCNT,* MnCo0,0,@C,* and FeNi/N-CPCF* have
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been successfully fabricated, exhibiting superior OER/ORR
performance. Despite the progress made to develop efficient
bifunctional electrocatalysts, the less than satisfactory activity,
stability issues and lack of insight into the nature of active sites
for OER/ORR is still driving scientists and engineers towards
the development of novel electrocatalysts with better perfor-
mance at low cost.*®

In order to design a highly efficient bifunctional electro-
catalyst, several facile strategies have been employed such as (i)
nano-structuring of transition metals to increase activity and
selectivity of catalytic sites,* (ii) constructing nanohybrids of
transition metals alloys anchored with various allotropes of
carbon such as graphene and CNTs which resulted in
enhancement of conductivity and surface area, reduces the
agglomeration of active species, and the synergistic effect from
carbon support and active sites improves the overall catalytic
activity,**** and (iii) heteroatom doping in carbon to modify the
electronic structure for tunable catalytic activity.****” To
combine all these strategies, a facile and cost-effective synthetic
protocol is desired. Besides, the effect of different bimetallic
alloy nanoparticle towards the growth of carbon nanostructures
and the respective bifunctional electrochemical performance of
resulting nanocomposites is an interesting research area to
explore.

Here, we have reported a relatively facile and potentially
scalable method to fabricate bifunctional electrocatalysts where
carbon nanotubes are grown and anchored over carbon nano-
fibers using bimetallic alloy nanoparticles (MM'-CNT@CNF).
These showed excellent activity for both ORR and OER
processes when used as air electrode for ZAB. The method
involved electrospinning a blend solution of polyacrylonitrile,
polyvinylpyrrolidone, melamine, and metal (Fe/Co/Mn/Ni) salts
to prepare precursor nanofibers. Pyrolyzing these under inert
argon environment triggered the growth of carbon nanotubes
anchored over carbon nanofibers with bimetallic nanoparticles
encapsulated at CNT tips. Among all combinations made, the
FeNi-CNT@CNF nanocomposite exhibited superior OER and
ORR performance and outperformed Pt/C + RuO, counterparts
when tested as air electrode in ZAB. This work also provides
a useful comparison of variation in structure of CNTs grown
using different bimetallic metal alloys as catalyst and their
respective electrochemical performance as OER/ORR catalyst.

Experimental
Fabrication of bimetallic alloys catalyzed CNT@CNFs

First, the electrospinning blend solution was prepared by
overnight stirring of 900 mg of PAN and 1 g of PVP in 10 mL of
DMF. The nanofibers were prepared by electrospinning of this
solution at 20 kV with 20 cm distance between needle and
collector. After stabilizing the NFs at 250 °C for 2 h in air, they
were impregnated overnight in ethanol solution of 0.5 M FeCl;,
0.25 M NiCl,, 0.25 M MnCl, and 0.25 M CoCl,. After that, 3 g of
melamine was added and stirred for 5 min and left for 12 h at
room temperature. After collecting nanofibers by rotary evapo-
rator they were dried in a heating oven. Lastly, these were
carbonized in an Ar controlled tube furnace by heating at 800 °C
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for 2 h using a heating rate of 4 °C min ".>> The samples are
labelled as FeNi-CNT@CNF, FeCo-CNT@CNF, FeMn-
CNT@CNF, NiCo-CNT@CNF, NiMn-CNT@CNF, CoMn-
CNT@CNF, Fe-CNT@CNF, Ni-CNT@CNF, and Co-CNT@CNF.
No CNT growth was observed for Mn-CNT@CNF (Fig. S11),
thus, it was not investigated further in this study.

Material characterization

Structural characterization was done by collecting Powder X-ray
diffraction (PXRD) data in the scan range of 0-70° 26 using
Rigaku XRD-6000 (Cu Ka, 40 kV, 30 mA). Thermo Scientific™
Nexsa™ X-ray Photoelectron Spectrometer (XPS) was performed
for binding energy analysis and to estimate the nitrogen content.
The sizes, morphologies, and elemental analysis of the fabricated
catalysts were studied by scanning electron microscopy (SEM)
using QFEG 200 Cryo ESEM equipped with energy-dispersive
X-ray spectroscopy (EDX). Detailed structural investigation was
done by transmission electron microscopy (TEM) analysis with
Titan Analytical 80-300 ST TEM. Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) was used to calculate
the metallic content in the prepared MM'-CNT@CNF.

Electrochemical characterization

The electrochemical characterizations were done on BioLogic
SP-300 potentiostat. The ORR measurements were carried out
using a three-electrode system with the working electrode of
glassy carbon (GC, with ring area 0.196 mm?) rotating ring disk
(RDE), reference electrode of Ag/AgCl, and counter electrode of
graphite rod. The catalyst ink, supported on the working elec-
trode, was prepared by finely grinding 5 mg of the sample and
ultrasonically dispersing it in 1 mL of DMF and 10 pl of Nafion
solution. 5 pl of this slurry was drop casted on the working
electrode and dried in air giving a mass loading of 0.200 mg
ecm™>. O, (or Ar) was bubbled through the electrolyte (0.1 M
KOH) for 30 min to saturate it. The working electrode was cycled
50 times (scan rate 50 mV s~ ') under Ar gas purging before
recording the cyclic voltammogram (CV) in O, saturated elec-
trolyte (scan rate 10 mV s~ ). Linear sweep voltammetry (LSV)
RDE in the range 400-2400 rpm was performed. Chro-
noamperometric measurements were performed at 0.7 V and
1600 rpm vs. reversible hydrogen electrode (RHE) under
continuous purging of O,. Similarly, for OER measurements,
working electrode of GC with disc area 0196 mm?, reference
electrode of Hg/HgO, and counter electrode of Pt were used.

Koutecky-Levich (K-L) plots using the below equations were
used to estimate the electron transfer numbers.

1 1 1

7T B g
B = 0.2nF(Do )" v 0 Co,
where j is the measured electron current density, ji is the kinetic

current density, w is the rpm of the working electrode, F is the
Faraday constant (96 485 C mol '), Co, is O, bulk concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(1.2 x 10"° mol em™"); Do, is the O, diffusion coefficient (1.9 x
107> em” s "), » is the kinetic viscosity of the electrolyte (0.01
em® s~ 1Y), and 7 is the electron transfer number.

The double layer capacitance Cgq was calculated by CV
measurements at various scan rates in the range 2-10 mv s~ .
Anodic (j,) and cathode (j.) current densities were recorded and
plotted as (j,—jc) at 1.12 V vs. RHE. The specific capacitance Cj
was 0.04 mF cm ™ in the non-faradaic region. Cq)/C; value gives

the electrochemically active surface area (ECSA).

Zn-air battery testing

FeNi-CNT@CNF and 1:1 mixture of 20% Pt/C + RuO, were
assembled into a custom-made ZAB testing setup using pol-
ished Zn foil as anode and mixed solution of 6 M KOH and
0.2 M zinc acetate as electrolyte. The prepared catalysts or mixed
commercial Pt/C and RuO, in 1 : 1 mass ratio was coated on the
carbon paper and used as the air cathode. The galvanostatic
charge and discharge were performed, using BioLogic battery
testing station system (SP-300), by a recurrent galvanostatic
pulse method at 10 mA cm 2 current density. A 10 min
discharge and 10 min charge cycles were used under ambient
conditions.

Results and discussion
Morphology and structural characterization

As illustrated in Fig. 1, PAN/PVP precursor solution was used to
fabricate electrospun PAN/PVP nanofibers (NFs). After stabi-
lizing at 250 °C for 2 hours, the pre-oxidized PAN/PVP NFs were
submerged in alcoholic solution of metal salt and melamine.
Herein, melamine is used as precursor for fabrication of CNTs
due to its N atom rich nature and metal salts as precursor for
the growth of metal alloy NPs. After the complete removal of
ethanol from the solution, the dried NFs coated with metal ions
and melamine were pyrolyzed at 800 °C, which resulted into
formation of FeNi-CNT@CNF nanocomposites.

Impregnation

—_—

Pre-oxidation

—

at 250 °C In metal salts and
melamine soln
Electrospun Stabalized PAN/PVP NFs
PAN/PVP NFs

Metal salt and melamine
coated oxidized PAN/PVP NFs
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SEM was performed to observe the morphology of the
prepared electrocatalysts as presented in Fig. 2 and S2, S3, and
S4.1 All samples illustrate the formation of 3D hierarchical
CNT@CNF structure with metal alloy NPs present at the tip of
CNT and some of the metal NPs also observed to be embedded
in CNFs. The size, shape, and density of CNTs on CNFs surface
varies by changing the metal combination, signifies that type of
metal alloy/metal dictate the morphology and density of CNTs
on CNFs surface. SEM analysis further reveals that a major
portion of CNTs are bamboo-shaped which confirms the N atom
doping in graphitic carbon structure.*® From the TEM analysis
of FeNi-CNT@CNTF in Fig. 2d, we can further confirm that CNTs
fabricated using melamine as precursor are bamboo-shaped
with FeNi NPs encapsulated in CNTs. HR-TEM in Fig. 2e
showed that well crystallized FeNi NPs are embedded in onion
shaped graphitic layers with general thickness of ~2-5 nm.
Interfacial analysis of FeNi and carbon layers in Fig. 2f reveals
0.21 nm interplanar distance of face centered cubic (FCC) FeNi
NP which corresponds to (111) plane. The 0.37 nm interplanar
distance of the outer graphitic layer can be indexed to (002)
plane of the graphitic carbon. The energy dispersive X-ray
spectroscopy (EDX) analysis in SEM mode (Fig. 2g) further
confirms the presence of C, Fe, and Ni elements in FeNi-
CNT@CNF. The average diameter of CNT was calculated for
FeNi-CNT@CNF and found to be 32.93 + 13.02 nm (Fig. 2h).

The average CNT diameter distribution was also measured
and represented in Fig. S2, S3, and S47 for rest of the samples.
The observed inconsistency in diameter of the obtained CNTs
can be attributed to the different binary metal combinations
used as catalysts. The catalytic efficiency of mono-metals for
nucleation and growth of CNTs varies from metal to metal. For
example, Ni is more active than Co for initiating nucleation,
whereas Co is more efficient for catalyzing the growth of CNTs.
The pros can be synergistically combined by using bimetallic
alloy nanoparticles e.g., it can result in a significantly enlarged
tube size for MM'-CNT@CNF.>* Moreover, the CNT size depends

FeNi-CNTs@CNFs

Fig. 1 Schematic illustration for synthesis of FeNi-CNT@CNF nanocomposite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
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Element | Wt.%
c | 7839
Fe | 15.98
Ni_ | 563

Total: | 100

Avg. CNT dia.
32.93+13.02 nm

No. of CNTs

0 z AN
10 20 30 40 50 60 70
Diameter (nm)

(a—c) SEM images of FeNi-CNT@CNF at different magnifications, (d) TEM image of bamboo-shaped CNTs with FeNi nanoparticles

encapsulated at CNTs tip, (e) FeNi NP encapsulated with thick graphene layers, (f) interface between FeNi NP and graphene layers, (g) EDX map of

FeNi-CNT@CNF, and (h) CNT diameter distribution for FeNi-CNT@CNF.

on the combination of metals. For example, FeMn-CNT@CNF
has a very large CNT diameter (=155 nm), whereas FeNi-
CNT@CNF (=32.0 nm), NiMn-CNT@CNF (=37.9 nm), CoMn-
CNT@CNF (=29.10 nm), NiCo-CNT@CNF (=32.81 nm), and
FeCo-CNT@CNF (=17.24 nm) have thinner CNTs (Fig. S3 and
S47). A large CNT diameter is considered favorable for mass
transfer by providing larger spaces for transportation of ions
and other species.*® The durable and continuous CNT structure
for MM'-CNT@CNF is anticipated to facilitate charge transport
and improve ion exchangeability. Fe-CNT@CNF sample has
short and small diameter CNTs (= 22.81 nm) compared with the
thicker CNTs (=30.32 nm) for Ni-CNT@CNF and Co-CNT@CNF
(=45.37 nm). Furthermore, previous studies revealed that the
formation of bimetallic alloys also assist in regulating the grain
size.*® The growth of crystallites is restricted by heterogeneous
nucleation of grain boundaries,*” leading to higher active sites
density for enhanced catalytic activity.***

The crystalline phases for all the samples were investigated
by XRD and presented in Fig. 3 with (002) plane of carbon at 26
~ 26° being common to all the samples. FeNi-CNT@CNF,
FeCo-CNT@CNF, NiCo-CNT@CNF, Fe-CNT@CNF, Ni-
CNT@CNF, and Co-CNT@CNF exhibited FCC crystal structure
with diffraction peaks at =44° for (111), 51° for (200), and 76°
for (220) planes (Pm3m, ICOD 01-088-1715). For rest of the
samples FeMn-CNT@CNF, NiMn-CNT@CNF, and CoMn-
CNT@CNF, in addition to diffraction peaks corresponding to
FCC planes, cubic MnO peaks also appeared at =36°, 43°, and
59° corresponding to (110), (200), and (211) planes (Fm3m,
ICOD 01-078-0424).

The chemical composition and states of FeNi-CNT@CNF
and rest of the prepared catalysts were investigated by XPS, as
presented in Fig. 4. High resolution XPS spectrum of Fe 2p
(Fig. 4a), presented broadened Fe 2ps, and Fe 2p;, peaks
centered around 712.4 and 723.6 eV, respectively. A satellite
peak of Fe®" is present at 718.4 €V.* In the Ni 2p spectrum

1594 | RSC Adv, 2023, 13, 11591-11599

(Fig. 4b), the Ni 2p;,, (Ni*") and Ni 2py,, (Ni**) peaks are present
at 855.2 and 872.9 eV, respectively, along with the appearance of
shakeup satellite peak at 862.4 eV.*' There are no metallic Fe
and Ni are detected in the XPS spectra, which could be due to
the surface oxidation of FeNi alloy.*” The deconvolution of N 1s
(Fig. 4c) represent the presence of pyridinic N, M —N,
pyrrolic N, graphitic N, and pyridinic N-oxide located at 398.5,
401.2, 402.5, 405.4, and 406.1 eV, respectively.** The O 1s
spectrum was deconvoluted (Fig. 4d) into four components at
529.6, 532.3, and 535.2 eV, which are assigned to the lattice
oxygen M-O, C=0, and C-O bonding, respectively.**
Formation of strong interaction between carbon and metal
nanoparticles are important in improving the overall catalytic
activity and stability and can be observed in N 1s spectrum
(Fig. S5t). Proportions of different nitrogen doped in resulting

-
=1
- Y . -
s - +CoMn-CNT@CNF
*

‘.? R FeME(iNT%CNF
g M i FeCo-CNT@CNF
- - . Fe-CNT@CNF
E A e @

L ﬁ . Ni-CNT@CNF

-
. | Co-CNT@::NF

2 . . NiCo-CNT@CNF,
20 30 40 50 60 70 80

20(°)

Fig. 3 XRD comparison of FeNi, MnCo, NiCo, NiMn, FeMn, FeCo, Co,
Ni, and Fe NPs containing CNT@CNF nanocomposites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of (a) Fe 2p, (b) Ni 2p, (c) N 1s, and (d) O 1s of FeNi-
CNT@CNF.

nanostructures are also calculated in Table S1,f the results
revealed that bimetallic addition leads to increased amount of
pyridinic-N and M-N. Pyridinic-N is widely considered
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important for ORR reactions as it improves the coordination
between transition metal and N-doped carbon. The improved
coupling interaction lowers the contact resistance and favored
the charge transport. Furthermore, the presence of graphitic-N
in both MM-CNT@CNF and M-CNT@CNF reflects higher
degree of graphitization which improves the electrical conduc-
tivity due to the electronegativity difference between C
and N.*>%

The Bruner-Emmette-Teller surface area Sgpr was also
calculated using nitrogen adsorption-desorption isotherm as
represented in Fig. S6 and Table S2.f There is a significant
increase in the surface area for FeNi nanoparticle containing
CNT@CNF (Sggr = 60.275 m”> g ') as compared to Fe-
CNT@CNF (Sger = 6.340 m> g~ ') and Ni-CNT@CNF (Sgpr =
21.610 m* g ). The increase in the lengths of CNT in FeNi-
CNT@CNF could be one of the reasons for increase in the
specific surface area which exposes higher number of active
sites for improved bifunctional catalytic activity.

Electrochemical measurements
ORR activity

ORR activity of the materials was first characterized using CV in
O, and Ar saturated 0.1 M aqueous KOH electrolyte (Fig. 5a).
Compared with Ni-CNT@CNF and Fe-CNT@CNF, FeNi-

(a) I (b)o —— Co-CNT@CNF (c) —— 400 rpm
Fe-CNT@CNF 0 |——2800 rpm
~Ni-CNT@CNF
- —— NiMn-CNT@CNF 1200 rpm
«—CoMn-CNT@CNF ———1600 rpm
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—~ 2l NiCo-CNT@CNF —— 2400 rpm
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I ;_-; - 20% Pt/C 6F
00 02 04 06 08 10 12 0.0 0.3 0.6 0.9 0.2 0.4 0.6 0.8
E/V vs. RHE E/V vs. RHE E/V vs. RHE
-0.20 120
(d) —— 035V \ (f)
——-045V ‘\
-0.25f 100
——-0.55V \‘ ts\
——-0.65V \ 2 ¢ ,
L N L y
030 lj‘:’ *a-:; 80
£ -
S E s
; | & |
E'o'ss > —— Co-CNT@CNF  30.54 mV/dec \ o 60
- 2 .| Fe-CNT@CNF  56.75 mVidec E 2
- w -~ Ni-CNT@CNF  36.33 mV/dec \ ®
= [—— FeCO-CNT@CNF 27.7 mV/dec -
0401 FeMn-CNT@CNF 36.11 mV/dec A N &’ 40
—=— FeNi-CNT@CNF 28.27 mV/dec \
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Fig. 5
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(@) CV plots in O, (solid line) and Ar (dashed line) saturated 0.1 M KOH, (b) LSV polarization curves in O, saturated 0.1 M KOH, (c) LSV of

NiFe-CNT@CNF at different rotating speeds, (d) corresponding K—L plot, (e) Tafel plots, and (f) stability plots for FeNi-CNT@CNF and 20% Pt/C.
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CNT@CNF shows a more positive oxidation peak (0.81 V vs.
RHE) and a relatively larger cathodic peak current density which
exceeds that of Pt/C (oxidation peak potential is 0.79 V vs. RHE).

Linear sweep voltammetry (LSV) results in Fig. 5b further
compares the ORR activity. The mono-metal based catalysts (Fe-
CNT@CNF, Ni-CNT@CNT, and Co-CNT@CNF) exhibited
a more negative onset potential with a lower current density
than MM-CNT@CNF. Moreover, the ORR activities of FeNi-
CNT@CNF are similar to benchmark 20% Pt/C as shown by
Eonser and Eyj, values (Fig. 5¢). In addition, compared with Ni-
CNT@CNF (0.64 V) and Fe-N/C (0.76 V), the E,, of FeNi-
CNT@CNF (0.80 V) is much higher. The outstanding ORR
activity of FeNi-CNT@CNF can be credited to the improved
active sites on bimetallic NPs and increased proportion of
Pridinic N and M — N in carbon nanostructures which facili-
tates efficient ORR catalysis.

For maximum ORR efficiency, a 4e— pathway is highly
desired. RDE voltammograms at 400-2400 rpm rotating speeds
is useful to understand the kinetics and 4e— selectivity.
Expectedly, faster rotating speeds enhances the limiting current
density due to availability of more O, on the electrode surface
(Fig. 5¢). The electron transfer number (n) for FeNi-CNT@CNF
is estimated to be =4 using slopes of Koutecky-Levich (K-L)
plots implying high 4e— selectivity of FeNi-CNT@CNF for
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oxygen reduction. The Tafel slopes were also calculated to
evaluate the catalytic kinetics for ORR. Compared to 20% Pt/C
(33.76 mV dec™'), Ni-CNT@CNF (36.33 mV dec '), Co-
CNT@CNF (30.54 mV dec ™), Fe-CNT@CNF (56.75 mV dec™ ),
NiMn-CNT@CNF ~ (31.08 mV dec '), FeMn-CNT@CNF
(36.11 mV dec™ '), NiCo-CNT@CNF (32.86 mV dec™ '), CoMn-
CNT@CNF (29.21 mV dec !); FeCo-CNT@CNF and FeNi-
CNT@CNF have a lower Tafel slope of 27.7 mV dec™ " and
28.27 mV dec ™', respectively. The lower Tafel slope values for
FeNi-CNT@CNF compared to Fe-CNT@CNF and Ni-CNT@CNF
further signify that formation of bimetallic alloy improves the
catalytic active sites on the heterostructure and facilitate charge
transport efficiently.

Next, the stability of FeNi-CNT@CNF and 20% Pt/C were also
measured and compared at —0.7 V vs. RHE in O, saturated
0.1 M KOH at 1600 RPM. As presented in Fig. 5f, after 15 000 s,
FeNi-CNT@CNF retained 85% of its original activity while the
20% Pt/C catalyst was degraded more with only 79% retention
under similar testing conditions. The outstanding robustness
of FeNi-CNT@CNTF can be credited to its robust carbon-based
hierarchical structure and the encapsulation of FeNi active
sites by a few graphene layers. Overall, above results demon-
strate that the FeNi-CNT@CNF with greater active sites can
function well in ORR because of enhanced oxygen adsorption,
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ion-diffusion, and electron-transfer. The Fe and Ni content of
the FeNi-CNT@CNF nanocomposite was measured by ICP-OES
and found to be 18.8 wt% Fe and 9.3 wt% Ni. These results are
consistent with our initial molar ratios of salts used i.e. 0.5 M
FeCl; and 0.25 M NiCl,. The nitrogen content was calculated by
XPS and found to be 2.4 wt%. The C content is then estimated
by balance of these i.e. 69.5 wt%.

OER activity

Electrocatalytic activity for OER was investigated in 1 M KOH.
The LSV polarization curves in the Fig. 6a shows that FeNi-
CNT@CNF catalyst exhibit distinctly improved catalytic
activity compared to the rest of the MM'-CNT@CNF, M-
CNT@CNF, and benchmark RuO,, with an onset potential
(Eonset) Of 1.48 V. Eyse¢ is defined as the potential required to
attain OER current density of 0.2 mA cm™>. Moreover, the FeNi-
CNT@CNF presented a low overpotential of ~310 mV at 10 mA
cm? (Fig. 6€), which is much lower to that of the noble metal
(RuO,) catalysts (~400 mV). The lower overpotential of FeNi-
CNT@CNF as compared to prepared electrocatalysts and
commercial RuO, can be ascribed to the superior catalytic
activity of FeNi NP present at the tips of CNTs and enhanced gas

(a)

d0ppindag

&
S
g
=
)
<
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diffusion and mass transfer facilitated due to CNT@CNF 3D
free standing hierarchical structure. Subsequently, the catalytic
kinetics of prepared electrocatalysts and commercial RuO, is
assessed by the Tafel plots. As displayed in Fig. 6b, the resultant
Tafel slope of FeNi-CNT@CNF (50 mV dec™ ") is much smaller
than rest of the electrocatalysts and the commercial RuO,
(113 mV dec ') implying superior kinetics. Electrochemical
impedance spectra (EIS) (Fig. 6¢) indicate that FeNi-CNT@CNF
has a much lower impedance and thus a higher charge-transfer
rate and evidently faster OER kinetics than the rest of the
electrocatalysts. The electrochemical double layer capacitance
(Ca1) was employed to investigate the electrochemical active
surface area. However, the highest calculated Cq; of 34.863 mF
cm™? is obtained for NiMn-CNT@CNF, which is much higher
than that of NiCo-CNT@CNF (2.935 mF cm 2), FeMn-
CNT@CNF (1.949 mF cm ?), FeNi-CNT@CNF (0.537 mF
cm?), FeCo-CNT@CNF (0.5165 mF ¢cm ™ %), CoMn-CNT@CNF
(0.488 mF cm™?), Ni-CNT@CNF (0.208 mF cm™?), Fe-
CNT@CNF (0.172 mF cm ?) and Co-CNT@CNF (0.123 mF
cm %), Comparatively, the ECSA at same mass loading of MM-
CNT@CNF outperform those of M-CNT@CNF which can be
ascribed to the increased pyridinic-N content, lengthier and
robust CNTs, and smaller metal particle size. However, it can be
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(a) Schematic illustration of the ZAB, (b) photograph of a LED (~3.0 V) powered by two ZAB in series using FeNi-CNT@CNF air cathode, (c)

open-circuit potential of FeNi-CNT@CNF air electrode containing ZAB, (d) galvanodynamic discharge profiles and power density curves of FeNi-
CNT@CNF and 20% Pt/C + RuQ, catalyzed cathode, (e) specific capacity profiles of ZABs at the current density of 10 mA cm™2, (f & g) discharge/
charge cycling curves at current density of 10 mA cm™2 of ZAB and 20% Pt/C + RuO,.
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observed that, for MM'-CNT@CNF, the ECSA doesn't necessarily
correlate with their catalytic activity. For instance, FeNi-
CNT@CNF attains the best ORR and OER catalytic perfor-
mance, while NiMn-CNT@CNF, which has a much lower cata-
lytic activity to FeNi-CNT@CNF, has largest Cyq; value. The defect
concentration of CNTs and interaction between metal and
carbon affect the electronic conductivity and charge transfer
resistance which enhances the current density, but these effects
cannot be easily decoupled and quantified.*” Much higher value
of Cq for NiMn-CNT@CNF can be attributed to the large
diameter and high density of CNTs on the surface of CNFs
(Fig. S4a-dt). The excellent stability of the FeNi-CNT@CNF
(Fig. 6f) is evident by a minor deterioration of anodic current
after 16000 s at 1.56 V potential. The superior stability
compared to commercial RuO,, is mainly due to the 3D hier-
archical structure of the FeNi-CNT@CNF. The morphological
analysis of the cycled catalyst was done by SEM and the images
in Fig. S77 reveals good structural stability.

Zn-air battery testing

The superior bifunctional catalytic activity of FeNi-CNT@CNF
for ORR and OER motivated the testing of FeNi-CNT@CNF in
rechargeable ZAB. Zinc foil as anode and carbon cloth loaded
with the catalyst as air cathode was used for Zn-battery testing
in 6 M KOH as electrolyte (Fig. 7a). 20% Pt/C and RuO, (1:1
mass ratio) were also tested as air cathode under similar test
conditions. As shown in Fig. 7c, the open circuit voltage of ZAB
was maintained at 1.362 V compared to 1.30 V for 20% Pt/C +
RuO,. The charge-discharge profiles in Fig. 7d demonstrates
that the FeNi-CNT@CNF based battery showed a higher
discharge voltage of 0.99 V compared to 0.75 V for 20% Pt/C +
RuO, at 100 mA cm 2 and this observation was consistent at
different current densities. The maximum power density of
FeNi-CNT@CNF based battery is 118 mW c¢cm > compared to
only 50 mWem > for 20% Pt/C + RuO,. Moreover, FeNi-
CNT@CNF exhibited a lower discharge/charge overpotential of
0.8 V compared to 1.04 V for Pt/C. Also, the FeNi-CNT@CNF
based ZAB consumes Zn more efficiently as shown by the
specific capacity of 650 mA h g~ which is greater than that of
20% Pt/C + RuO, (500 mA h g™ ). With charge-discharge cycles
at 5 mA cm 2 for 108 h, the ZAB using the FeNi-CNT@CNF
shows charge/discharge voltage gap of ~0.65 V which is lower
than Pt/C catalyst (~0.9 V).

Conclusion

In this work, bimetallic nanoparticles addition to N-doped
CNT@CNF is shown to enhance the bifunctional oxygen elec-
trocatalysis. These catalysts are synthesized by heat treatment of
precursor nanofibers of PAN/PVP containing metal/bimetallic
nanoparticles and melamine which drives the growth of
CNTs. This synthesis approach resulted in increased pyridinic-
N and M — N content, longer and robust CNTs, and stronger
coupling between bimetal and carbon support resulting in
enhanced activity and durability. The FeNi-CNT@CNF demon-
strated enhanced ORR activity with E;, of 0.80 V and OER
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activity with an overpotential of 310 mV at 10 mA cm ™ 2. More-
over, they were durable and superior to benchmark catalysts
tested under similar conditions. When used as the air cathode
of a rechargeable ZAB, the FeNi-CNT@CNF-based battery
showed a larger open-circuit voltage of 1.362 V and larger power
density (118 mW cm™2) compared with the Pt/C + RuO,-based
battery. This work highlights the importance of rationally
designing new carbon-based material systems to support
bifunctional oxygen electrolysis which can be economically
scaled up.
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