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Non-precious metal-based electrocatalysts on carbon materials with high durability and low cost have
been developed to ameliorate the oxygen-reduction reaction (ORR) and oxygen-evolution reaction
(OER) for electrochemical energy applications such as in fuel cells and water electrolysis. Herein, two
different morphologies of FeNi/NiFe,O,4 supported over hierarchical N-doped carbons were achieved via
carbonization of the polymer nanofibers by controlling the ratio of metal salts to melamine: a mixture of
carbon nanotubes (CNTs) and graphene nanotubes (GNTs) supported over carbon nanofibers (CNFs)
with spherical FeNi encapsulated at the tips (G/ICNT@NCNF, 1: 3), and graphene sheets wrapped CNFs
with embedded needle-like FeNi (GS@NCNF, 2 : 3). G/ICNT@NCNF shows excellent ORR activity (on-set

Received 4th October 2019 potential: 0.948 V vs. RHE) and methanol tolerance, whilst GS@NCNF exhibited significantly lower over-
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potential of only 230 mV at 10 mA cm™—2 for OER. Such high activities are due to the synergistic effects
DOI: 10.1035/c3ra08053h of bimetallic NPs encapsulated at CNT tips and N-doped carbons with unique hierarchical structures and

rsc.li/rsc-advances the desired defects.

1. Introduction (ORR): Ox(g) + 2H,0(l) + 4¢~ — 40H (aq.) )

The ever-increasing energy demand has shifted the focus from Electrolysis mode:

fossil fuels to cleaner, renewable, and sustainable resources,
which has stimulated the development of hydrogen-based
energy systems."” Fuel/electrolysis cells have been considered
as a promising technology because not only do they generate
electricity from hydrogen fuels in fuel cell mode, but they can
also produce hydrogen from water in the electrolysis mode.
These are based on hydrogen oxidation reaction (HOR) and
oxygen reduction reaction (ORR) for fuel cells and hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)
for electrolysis cells.* The reaction mechanisms in alkaline
solution are given below.
Fuel cell mode:

(HER): 2H,0(l) +2e¢~ — Hy(g) + 20H (aq.) (3)
(OER): 40H (aq.) — Os(g) + 2H,0(1) + 4e~ (4)

ORR and OER are both four electron transfer processes
requiring high driving potentials and their sluggish kinetics
limits the overall performance.* Noble metal based catalysts like
Pt/C for ORR/HER and RuO,/IrO, for OER are considered as the
benchmark catalysts because of their self-standing structure,
hydrophilicity, specific surface area and unique morphology
(nanotubes, core-shell structure etc.).”” However, high costs
and low durability during long-term use inhibits their practical
use. Another limitation is that these catalysts show outstanding
performance predominantly for one type of reaction. For
example, Pt/C is excellent catalyst for ORR but it shows poor
kinetics for OER because of the formation of an inactive oxide

(HOR): Hx(g) + 20H (aq.) — 2H,O(l) + 2¢~ (1)
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film on Pt/C.*° Thus, there is a dire need to design a robust,
bifunctional, and non-noble metal based catalysts.'>'* Many
efforts have been made to replace the precious metal catalysts
with non-precious metals supported over carbonaceous mate-
rials for improved efficiency, selectivity and stability.’> Doping
of heteroatom (N, P, B and S) in carbon based structures like
CNTs,"® CNFs," carbon nanosheets'® and graphene'® can break
the electro-neutrality of the carbon and yield active sites for the

This journal is © The Royal Society of Chemistry 2019
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electrochemical reaction. Gong et al'’ prepared vertically
aligned CNT arrays which showed superior performance for
ORR compared to Pt/C when doped with N due to the high
positive charge density. Moreover, co-decoration of metals (Fe,
Co and Ni) on N-doped carbon resulted in synergistic
enhancement in the bifunctional activity."®* The exact mecha-
nism is still not well understood, however, it is assumed that the
metal forms a chelate M-N, which act as an active site with
a high M**** redox potential.***

CNTs supported over CNFs show promising ORR activity due
to high pyridinic-N content where CNFs also provide an excel-
lent support due to its high electrical conductivity, thermal
stability and flexibility.** Although active sites can be easily
introduced on CNFs due to the presence of disorders which
facilitates the adsorption of oxygen,* the large contact resis-
tance and restricted charge transfer hinders their perfor-
mance.”® CNTs, on the other hand, offers good electrical
conductivity and chemical stability.** Thus, hybrids of CNTs
and CNFs (e.g. synthesized by growth of CNTs over CNFs) can
potentially offer more active sites with higher electrical
conductivity and stability for enhanced activity in electro-
catalysis.”® Typically, metal based N-doped CNTs are grown on
a substrate using chemical vapor deposition (CVD),*® however, it
cannot be easily separated and transferred to another substrate
such as CNFs. This can be overcome by direct growth of CNTs
on the surfaces of electrospun CNF by CVD using metal loaded
polymer NFs as precursor.”” Such hybrid structures exhibit
strong and seamless interconnection between the active mate-
rial and electrode to deliver enhanced electrocatalytic
activity.”®*® Such carbon based hybrid structures can also be
grown using bimetallic alloy NPs which themselves have better
electrocatalytic activity compared to single metal because of the
enhanced stability of higher oxidation states in one metal®® and
better charge transfer driven by greater intrinsic polarity.** To
this end, FeNi is recognized as an excellent catalyst for both
ORR and OER.** Chuangang et al.** prepared carbon capsules
with N-doped CNT whiskers on the surface by loading Fe and Ni
metal which exhibited very high specific surface area of ~985
m?® g~ and a superior ORR activity than Pt/C with half-wave
potential of 0.88 V (vs. RHE). Gupta et al.** prepared graphene
nanotubes (GNTs), with thin walls and diameter ~500 nm,
using binary and ternary metal alloys (FeNi, FeCo, NiCo and
FeNiCo) as catalysts and dicyandiamide as precursor. These
bifunctional catalysts showed superior catalytic activity for both
OER and ORR. Unni et al.*® prepared Fe;0,4 encapsulated GNTs
with a surface area of 750 m> g~ ' from single-walled CNTs
which showed enhanced ORR performance in both acidic and
alkaline media. Wang et al. synthesized FeNi NPs embedded
electrospun CNFs which showed best activity for Fe : Ni ratio of
1 : 1 with an onset potential of 0.903 V and 1.528 V for ORR and
OER, respectively, with charge transfer resistance of 48.1 Q.*¢

Thus, designing a low cost and scalable process for in situ
growth of hierarchical carbon nanostructures with adequate N-
doping and loaded with metal alloy/oxide NPs will be very
promising. Herein, in situ growth of CNTs, GNTs, and graphene
sheets (GS) supported over N-doped CNFs is reported as
a potential one-pot synthesis method. Two distinct type of
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hierarchical structures were formed depending on the ratio of
nitrogen-rich melamine to metal salt precursors; (i) needle-like
FeNi embedded graphene sheets which were wrapped over
CNFs, and (ii) bamboo-shaped CNTs and GNTs over CNF
surfaces with spherical FeNi at tips. Both these samples showed
very promising electrocatalytic activity for ORR and OER which
signifies the potential of this facile method to fabricate hierar-
chical and functional carbon nanomaterials.

2. Experimental procedures

2.1. Material synthesis

Polyacrylonitrile (PAN, M, = 150000 g mol '), N,N-dime-
thylformamide (DMF), iron(m) chloride hexahydrate (FeCl;-
-6H,0), nickel(u) chloride hexahydrate (NiCl,-6H,0) and
Nafion perfluorinated resin solution (5 wt%) were purchased
from Sigma-Aldrich. Melamine and 40% Pt/C (HiSPEC 4000)
was purchased from Alfa Aesar and KOH from Fischer Chem-
ical. First, 900 mg of PAN was dissolved in 10 mL of DMF by
overnight stirring to form an electrospinning solution which
was electrospun at 20 kV with a needle-to-collector distance of
20 cm. The resulting NFs were stabilized in air at 250 °C for 2 h
and then stirred for 30 min with melamine in DMF. After
filtering, the melamine coated stabilized PAN NFs were dried
overnight in an oven at 80 °C and then impregnated in aqueous
solutions of 0.5 M FeCl; and 1 M NiCl,. After 12 h, the NFs were
collected by rotatory evaporator and dried overnight at 80 °C in
an oven. Finally, these were heat treated in a tube furnace at
800 °C for 2 h under Ar atmosphere with an initial ramp of
4 °C min~'. Two different sample morphologies were obtained
depending on the melamine to metal salts molar ratio; (i)
needle-like FeNi embedded in graphene sheets which were
wrapped over N-doped CNFs (labelled as GS@NCNF) at 3: 2
ratio and (ii) bamboo-shaped CNTs and GNTs over N-doped
CNF with spherical FeNi NPs encapsulated at CNT tips
(labelled as G/CNT@NCNF) at 3 :1 ratio, respectively. Both
samples showed trace amount of oxide formation. Samples
were also treated with 69 wt% HNO; at 80 °C for 8 h under reflux
conditions and washed several times with deionized water until
pH of the filtrate became neutral. The corresponding acid
treated samples were labelled as AT-GS@NCNF and AT-G/
CNT@NCNF.

2.2. Physical and chemical characterization

The surface morphology of the samples was examined by field
emission scanning electron microscopy (FE-SEM) using FEI
NOVA NanoSEM 450. The internal structure was studied by
transmission electron microscopy (TEM) using JEOL JEM 2010.
The phases were identified by X-ray diffraction (XRD) using
Philips PAN analytical powder system. The surface chemical
states were investigated by X-ray photoelectron spectroscopy
(XPS) using Scienta 300 spectrometer. The specific surface area
and pore sizes were determined using Brunauer-Emmett-Teller
(BET) method from nitrogen adsorption-desorption data
recorded with Micromeritics ASAP 2020.

RSC Adv., 2019, 9, 36586-36599 | 36587
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2.3. Electrochemical characterization for ORR and OER

The electrochemical measurements were performed on a bipo-
tentiostat (WaveDriver 20) with a three electrode cell at room
temperature. A glassy carbon electrode (GCE), rotating disk
electrode (RDE) and rotating ring disk electrode (RRDE) loaded
with the catalyst was used as the working electrode. A saturated
calomel electrode (SCE) and Pt wire served as the reference and
counter electrodes, respectively. All the potentials were initially
measured against SCE and then converted to reversible
hydrogen electrode (RHE) using the relation: Egyg = Escg +
0.241 + 0.059pH. For preparing the catalyst ink, 5 mg of the
sample was gently grinded into fine powder and dispersed in
500 pl mixture of ethanol and DI water (1 : 1) and 30 ul Nafion
solution by 30 min ultrasonication. Then, 10 ul of the catalyst
slurry was dropped on the working electrode and dried in air
(mass loading: 0.400 mg cm ™~ 2). The electrolyte was saturated by
bubbling O, (or N,) for at least 20 min. Before recording the
cyclic voltammogram (CV) data, the working electrode was
cycled 50 times at a scan rate of 50 mV s~ under N, purging.
CVs of all the samples were obtained in O, saturated 0.1 M KOH
at a scan rate of 10 mV s~ . Linear sweep voltammetry (LSV) was
performed on RDE at 400, 800, 1200, 1600, 2000 and 2400 rpm.
Durability tests of G/CNT@NCNF, AT-G/CNT@NCNF and Pt/C
were performed using the current-time chronoamperometric
technique at 0.7 V (vs. RHE). Methanol crossover tolerance of all
samples was evaluated in the presence of 3 M methanol with
continuous bubbling of O, into the electrolyte. OER measure-
ments were performed using GCE, Hg/HgO and Pt wire as the
working, reference and counter electrode, respectively, in 1 M
KOH. Electrode ink was prepared by dispersing 5 mg of the
catalyst in 1 mL of ethanol and isopropanol (1 : 1) mixture with
30 pl of 0.5 wt% Nafion as binder. The mixture was sonicated for
3 h at room temperature to prepare a homogenous dispersion.
10 pl of the prepared electrode ink was casted on the GCE
(0.71 mg cm™? loading). The electrochemical active surface area
(ECSA) of G/ICNT@NCNF and GS@NCNF samples were calcu-
lated by using the relation: ECSA = Cp,/Cs where Cpy, is the
double layer capacitance and Cs is the specific capacitance. For
FeNi the reported value of Cg is around 40 pF in alkaline
conditions.?” Please see ESIT for these calculations.

3. Results and discussion

3.1. Morphology and structure

Electrochemical characteristics of carbon nanostructures
depend on the synthesis method which controls the
morphology and type of nitrogen doping in the carbon lattices.
Transition metal/alloy sources have been used as catalyst for
carbon nanostructure growth, which can be beneficial to the
electrochemical catalytic activity for ORR/OER.*** In this study,
the melamine-coated stabilized PAN NFs are transformed to N-
doped CNFs by carbonization heat treatment and FeNi NPs acts
as the catalyst for carbon nanostructure growth on the CNF
surfaces. Fig. 2 shows the SEM and TEM images to observe the
surface morphology and internal structure of GS@NCNF and G/
CNT@NCNF, respectively. It is clearly found that two distinct
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structures were formed depending on the molar ratio of mela-
mine to metal salts. The ratio of 3 : 2 exhibits needle-like FeNi
(mean aspect ratio = 10 + 3 (Fig. S11)) covered with ~5 nm
thick graphene sheets which were wrapped over CNFs. To form
graphitic carbon sheets, melamine decomposes into gaseous
species such as C,N,", C,N;", and C;3N;", which diffuses into the
metal alloy NPs to form complexes like metal carbides.***® The
metal carbides catalyze the formation of graphitic carbon. The
HR-TEM image in Fig. 2c shows the FeNi needle like structure
adjacent to the ~5 nm thick graphene where lattice spacing of
0.208 and 0.34 nm is observed for (111) plane of fcc-FeNi and
(002) plane of graphene, respectively. In addition, a lattice
spacing of 0.24 nm for (222) plane of NiFe,O, was observed but
near the edges of the FeNi needle. This was further investigated
by FFT of the HR-TEM image taken near the GS and needle-like
structures, where (111) and (220) plane of NiFe,0, along with
(002) plane of graphene were observed (Fig. 2d). The observa-
tion of trace amount of oxides will be discussed later in the XPS
results.

By changing the molar ratio of melamine to metal salts to
3: 1, the growth of CNTs and GNTs were observed with spher-
ical metal alloy NPs enclosed in the ~10 nm thick graphene
layers at the CNT tips as shown in the SEM and TEM image in
Fig. 2e and f, respectively. Here, the average diameter of CNTs is
105 £ 22 nm (Fig. S17) with lengths of several pm and majority
of the alloy NPs were encapsulated at the CNT tips (Fig. 2g).
Majority of the CNTs are bamboo-shaped (Fig. 2h), which is
a characteristic of the N-doped CNTs with number of cages
connected continuously with each other. Liu et al. investigated
the role of melamine concentration on the structure and
morphology of N-doped CNTs synthesized by CVD.* The report
described that the outer diameter of CNTs increases and the
structure changes from straight morphology to more rough and
bamboo-like morphology with increasing melamine concen-
tration. Different bond lengths of the C-N and C-C bond also
favor the formation of bamboo-shaped morphology.**** In
addition, the formation of GNTs was observed in Fig. 2f, which
is similar to the observations by Gupta et al.** and Fan et al.*
GNT can be defined as a structure with larger diameter (~300
nm) and thinner walls compared to CNTs, and is beneficial for
the electrocatalytic activity by improving the mass transport and
ion exchangeability between the surface and inner layers of
GNTs.” The SEM image and elemental map of G/CNT@NCNF
in Fig. 2i confirms the well-mixed state of Fe and Ni in the
NPs with stronger C signal coming from the super-saturation
and graphene encapsulation of NPs.

The crystalline nature of the FeNi alloy and carbon nano-
structures were investigated by X-ray powder diffraction as
shown in Fig. 3a. Both G/CNT@NCNF and GS@NCNF showed
peaks at 43.38°, 50.67°, and 74.49° corresponding to (111), (200)
and (220) planes of fcc FeNi alloy (JCPDS - 47-1417), respec-
tively. In addition, peaks at 26.48°, 44.60° and 54.54° represent
(002), (101) and (004) planes of the graphite and turbostratic
carbon (JCPDS-041-1487), respectively. After acid treatment, the
FeNi metal alloy peaks disappear almost completely. No
secondary peaks were detected in XRD although TEM and XPS
analysis (discussed later) confirmed trace amount of NiFe,0,

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Schematic of the synthesis process involving electrospinning of PAN solution, coating with melamine and metal salts and heat treatment
to produce two distinct morphologies depending on the melamine to salt ratio.

with spinel structure existed in the samples. Fig. 3b shows
Raman spectra of the samples to investigate the extent of
graphitization and defects in the hybrid nanostructures with
the two characteristic peaks; D-band at ~1350 cm ™" and G-band
at ~1560 cm™'. The G-band is assigned to the graphitic E,g
mode for the in-plane bond-stretching of a pair of sp* carbon
atoms, while the D-band is attributed to the breaking of the
symmetry caused by structural disorder and defects.** A rela-
tively higher peak intensity ratio Ip/Ig, indicative of the higher
number of defective sites in the carbon structure,* was

(needlg-llke)

Fig. 2

observed for all the samples which is beneficial for the electron
transfer kinetics.*® The I/I; ratio for G/ICNT@NCNF decreased
from 1.4 to 1.07 after acid treatment due to removal of amor-
phous and defective carbon from the CNF surfaces, thus,
increasing the relative graphitic content.*” In contrast, acid
treatment increased the Ip/I; ratio from 1.11 to 1.21 for
GS@NCNF, which may be due to the removal of FeNi embedded
graphene sheets from the CNF surfaces (Fig. S21). Hierarchi-
cally porous structure with high specific surface area are desired
for more active sites and efficient reactant/product transport.*®

0.208 nm
fcc-FeNi

im)

t

graphene

P
(002) -+~ "NiFe,0,

(a) SEM and (b) TEM images of GS@NCNF sample showing the needle-like FeNi over CNF surfaces (inset: HAADF image) and corre-

sponding (c and d) HR-TEM images near the interface of FeNi and graphitic sheets. (e) SEM and (f) TEM images of G/CNT@NCNF sample showing
a mixture of GNTs and CNTs (inset) on the CNF surfaces and corresponding (g) HR-TEM image of a CNT tip showing ~10 nm thick graphene
layer. (h) Characteristic bamboo-shaped morphology of CNTs seen in TEM. (i) SEM image and the corresponding Fe, Ni & C EDX elemental maps

for G/CNT@NCNF.
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Fig. 3
spectra of the as-synthesized and acid treated catalysts.

Nitrogen adsorption-desorption measurements were per-
formed at 77 K to investigate the Sger and pore structure as
shown in the Fig. 3¢ (inset shows the pore size distribution). All
samples showed the typical hysteresis loop of type H4 between
medium and high pressure range, which is attributed to the
mesoporous structure with slit-like pores.** Sgpr and average
pore size was 80.3 m® g " and 15.0 nm for GS@NCNF, which
was not changed significantly after acid treatment (83.7 m> g~
and 15.0 nm). However, the Sgpr was significantly increased
from 133.7 m®> g~' to 213.85 m”> g~ for the G/CNT@NCNF
where most of FeNi NPs leached from the CNTs, accompanied
with a negligible decrease in the average pore size from 11.3 nm
to 10.5 nm.

3.2. Surface chemical states

IR analysis in Fig. 3d was performed to identify the type of
functionalities on the surfaces. GS@NCNF exhibited three clear
broad peaks around 3300 cm ™' (OH), 1550 cm ™" (C=C and C=

36590 | RSC Adv., 2019, 9, 36586-36599
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(a) XRD scans, (b) Raman spectra, (c) Nitrogen adsorption—desorption isotherms at 77 K (inset shows the pore size distribution), and (d) IR

N) and 1210 em ' (C-O-C), whilst the rest of the samples
showed much less intensities or complete absence of these
three peaks. The acid-treated samples (AT-GS@NCNF & AT-G/
CNT@NCNF) showed very weak peaks around 1550 cm ™' and
1720 ecm ™" due to C=C and C=0 formation, respectively. Thus,
GS@NCNF has significant amount of oxygen functionalities as
part of the graphitic carbon structure,® which is further sup-
ported by the XPS analysis discussed next.

XPS was performed to evaluate compositions of the samples
and chemical states of each element. Fig. 4a shows the survey
scans with three distinct peaks of C, N, O in all the samples and
additional Fe and Ni peaks in G/CNT@NCNF and GS@NCNF.
The atomic percentages are listed in the Table 1. The Fe 2p
spectrum in Fig. 4b splits into two peaks centered at 711 eV and
724.8 eV due to the spin orbital coupling. The deconvolution
revealed presence of Fe® for G/CNT@NCNF sample with peak at
705.82 eV. Both G/CNT@NCNF and GS@NCNF showed Fe**
(711.11 eV and 724.11 eV), Fe*" satellite peak (720 eV), and Fe>*

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) XPS survey scan and high resolution spectra of (b) Fe 2p, (c) Ni 2p, (d) C 1s, (e) N 1s, and (f) O 1s.

Table 1 The atomic percentages (at%) of the samples determined
from the XPS analysis

Sample IDs C o N Fe Ni
G/CNT@NCNF 92.41 3.59 2.62 1.22 0.17
GS@NCNF 64.63 24.24 1.54 8.27 1.32
AT-G/CNT@NCNF 87.36 8.97 3.67 — —
AT-GS@NCNF 82.53 11.75 5.72 — —

satellite peaks (715.27 eV and 727.87 eV),”**> which can be
ascribed to the presence of oxide, most probably NiFe,O, as
observed in the HR-TEM. Ni 2p high resolution spectra in
Fig. 4c showed Ni*" at 855.74 eV with a satellite peak at 862 eV
for GS@NCNF. However, the G/CNT@NCNF showed the pres-
ence of both Ni’ and Ni*" at 853.2 eV and 854.91 eV, respec-
tively.*® These results support the formation of FeNi bimetallic
alloy along with trace amount of NiFe,O, (more pronounced in
GS@NCNF) due to the detection of surface Ni** and Fe®" states.
The reason why the peaks associated with such oxides were not
found in the XRD patterns is due to their trace amounts.

This journal is © The Royal Society of Chemistry 2019

The deconvoluted high resolution spectra of C 1s in Fig. 4d
reveals the presence of four prominent species; C=C/C-C, C-N,
C=0, C-OH for both metal-containing samples. The presence
of C=0 and C-OH improves hydrophilicity, enhances the
transport of reactants, and increases the catalytically active
sites.* The peak at 286.4 eV is due to C-N which also confirms
the N doping in the hybrid catalysts.>>*® Nitrogen doping in
carbon plays an important role in improving the oxygen elec-
trolysis performance by controlling the electronic conductivity,
the number of active sites, and even the oxidation resistance of
carbon.* Nitrogen, especially pyridinic-N, coordinates with the
metal by forming M-N bond which reduces the contact resis-
tance and improves the mass transport.

The N 1s high resolution spectra (Fig. 4e) of G/CNT@NCNF
and GS@NCNF showed peaks at 398.3 eV and 400.6 eV repre-
senting the presence of pyridinic-N and pyrrolic-N, respec-
tively.>®>® After acid treatment, the N-oxide and chemisorbed-N
species were also detected at 404.9 eV and 406.1 eV, respec-
tively.® The O 1s spectra in Fig. 4f revealed the presence of C=0
and -OH functionalities for GS@NCNF (531.27 eV and 533 €eV)

RSC Adv., 2019, 9, 36586-36599 | 36591


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08053h

Open Access Article. Published on 11 November 2019. Downloaded on 4/2/2026 8:16:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
(@)
-
AT-GS@NCNF
GS@NCNF
i T 4 §
{ |G~ | T
= AT-GICNT@NCNF =
- W .
G/ICNT@NCNF
40% PY/C
00 02 04 06 08 1.0 1.2
Potential (V vs. RHE)
0
c
(c) <
1 Q
Ko}
£
=1
N_’\ -2 c
t S
5 . 3
< c
£ o
~ 4 ——400 rpm -
= ~——800 rpm c
——1200 rpm °
5 ~———1600 rpm ©
———2000 rpm o
6 ——— 2400 rpm (11
00 02 04 06 08 1.0
Potential (V vs. RHE)
0.2
04[(€)
0.0
§ 041 —
o~
g -0.2 £
(8]
< o3 S
:,'4).4 é
-
0.5
0.6 ——With O,
0.7k — With Methanol
00 02 04 06 08 1.0 1.2
Potential (V vs. RHE)
Fig.5

-2

(b)

—— Pt/C (40%)

- —— G/CNT@NCNF
—— AT-G/ICNT@NCNF
—— GS@NCNF

- —— AT-GS@NCNF

-5
0.0 0.2 0.4 0.6 0.8 1.0
E/V vs.RHE
5
(d) 3.93
i 391 384 '
al ¢ i ‘? 3.77
r X
3.96
-0.20
3
G025
£
'70 -0.30
2f E
035
o —=—0.55V
ool 045V
1l “[—+—0.40V ——0.30
ous| ST 035V —+—0.28V
" 0.02 0.03 0.04 0.05
112 112
o (rpm™)

-5

0.0

E/V vs. RHE

o A 'l 1 A '
0.25 0.30 0.35 0.40 0.45 0.50 0.55

()

Ring Current
—— Disk Current

0.2

04 06 038

1:0
Potential (V. vs RHE)

1.2

View Article Online

Paper

(@) CVand (b) LSV at 1600 rpm for all the samples. (c) LSV at various rotating speeds for G/CNT@NCNF. (d) Electron transfer number 'n’ and

corresponding K-L plots (inset) of the G/CNT@NCNF. (e) CV of G/CNT@NCNF in O,-saturated 0.1 M KOH and methanol at a scan rate of 10 mV
s~1 (f) RRDE voltammograms in O,-saturated 0.1 M KOH at 1600 rpm and 10 mV s~* with ring potential 0.5 V.

and G/CNT@NCNF (532.2 eV and 534.2 eV), respectively.

with the metal species as indicated by HR-TEM in Fig. 1c and

Furthermore, the peaks around 529.5 eV for both GS@NCNF d for GS@NCNF. After acid treatment the peak for metal oxide

and G/CNT@NCNF indicate the presence of oxygen associated

36592 | RSC Adv., 2019, 9, 36586-36599

completely disappeared due to the complete (GS@NCNF) or
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partial (G/CNT@NCNF) removal. The oxygen concentration in
AT-GS@NCNF also decreased from 24% to 11%. However, the
oxygen concentration increased for AT-G/CNT@NCNF from
3.59% to 8.97% which is due to the functionalization of NTs,*
which is beneficial for electrocatalysis.®* Also, the concentration
of hydrated metal salts is high in the GS@NCNF which could
result in higher oxygen groups containing functionalities on GS
(as observed in the IR analysis) and partial oxidation of FeNi
NPs as seen in the TEM and XPS analysis. XPS generally probes
1-10 nm depth whereas our synthesized samples are hierar-
chical in nature with length scales up to few hundred nm which
makes XPS data analysis and interpretation challenging in the
present study.

3.3. ORR activity

CV and LSV measurements were performed in O, and N, satu-
rated 0.1 M KOH solution at a scan rate of 10 mV s~ '. Fig. 5a
shows the CV plots for all the catalysts with oxygen reduction
peak in 0.71-0.79 V range vs. RHE in O, saturated electrolyte,
whereas no peaks were observed in the N, saturated environ-
ment (dashed data). The onset potential (E,ne), half-wave
potentials (E;,), and current densities (Jy4y) acquired from
the LSV measurements is summarized in Table S11 and Fig. 5b
shows the LSV data at 1600 rpm only. Among all the catalysts, G/
CNT@NCNF showed superior activity with E,,sc and E;j, of
0.948 V and 0.74 V vs. RHE and a limiting current density
similar to Pt/C. The 40% Pt/C exhibits ORR peak around 0.85 V
vs. RHE under similar testing conditions with E,s.c and E;, of
1.01 V and 0.79 V, respectively. Such high ORR activity of G/
CNT@NCNF can be ascribed to the synergistic effect of N-
doped CNTs along with GNTs and FeNi metal alloy NPs
encapsulated in the graphene layers at CNT tips. The large
diameter of GNTs (~300 nm) provides high surface area, which
promotes mass transfer and offer more active sites for catalysis.

LSVs from 400-2400 rpm are shown in the Fig. S3-S51 for the
remaining samples. Current densities increased with rotation
speed due to shortening of the diffusion distances.®® After acid
treatment, the E s of G/CNT@NCNF decreased from 0.948 V
to 0.928 V along with the limiting current density (Fig. S41). The
GS@NCNF sample after acid treatment underwent removal of

36594 | RSC Adv., 2019, 9, 36586-36599

needle-like FeNi along with graphene sheets as seen in the SEM
image in Fig. S2.T The improvement in activity (Fig. S5t) of the
AT-GS@NCNF can be attributed to higher N-doping and intro-
duction of defects as confirmed by Ip/I; value of 1.2 from the
Raman analysis.** Acid treatment imparts additional N func-
tionalities on the surfaces as evident from the XPS analysis. The
increased N-doping, despite removal of FeNi embedded GS,
originates from PAN which is used as the precursor for CNFs.
Previous studies indicate that N-doping plays a significant role
in ORR by reducing the C-N bond length as compared to the
0-0 bond.*>*® which facilitates the adsorption, desorption and
reduction of dioxygen into water.” The electrocatalytic activity
for both acid treated catalysts is similar where higher N-doping
and defects in AT-GS@NCNF and more than twice specific
surface area in AT-G/CNT@NCNF are the dominating factors.
To study the ORR electron transfer pathway for G/
CNT@NCNF, the Koutecky-Levich plots (j~* vs. w /) were
obtained from the LSVs corresponding to currents at 0.65, 0.55,
0.45, 0.40, 0.35 and 0.30 V (vs. RHE) as shown in the Fig. 5d
(inset). The electron transfer number ‘n’ of ORR is obtained
from the slope of K-L plots which varied from 3.75-4.0. For all
catalysts K-L plots are linear in potential range of 0.3-0.55 V
which signifies that 4e~ pathway is predominant (Fig. 5d, S3c,
S4c and S5ct). To verify the amount of H,0, generated during
ORR a rotating ring-disk electrode (RRDE) was employed. Fig. 5f
shows that for G/CNT@NCNF, there is significantly high
limiting current density from the disk for ORR with extremely
low current density corresponding to H,O, oxidation on the Pt-
ring electrode at 1600 rpm. Moreover, significant decrease in
H,0, production is observed for samples without acid treat-
ment (Fig. S61). The present results are consistent with previous
findings where H,0, production is decreased from 20% to 6%
upon incorporation of metal in N-doped carbon materials.®®
Hydrocarbon fuels such as methanol or ethanol can be used
in fuel cell systems instead of hydrogen, which gives added
advantage in terms of fuel flexibility. When methanol is used as
a fuel, it could cross over through the electrolytes from anode to
cathode. This degrades the overall cell performance in short-
time operation due to poisoning or degradation of the cath-
odes. That is why the catalytic selectivity of the cathode is

This journal is © The Royal Society of Chemistry 2019
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important for stable methanol-based fuel cells.®® To confirm
stability of the prepared catalysts for methanol, CVs were
measured with and without addition of methanol (Fig. 5e, S4f,
and S5ft). It was further assessed by chronoamperometry in
Fig. 6a which shows stable activity of G/CNT@NCNF for ORR
with high current density even after adding methanol, whereas
Pt/C was unstable due to methanol oxidation. High durability of
G/CNT@NCNF was also tested in O, saturated 0.1 M KOH at
a potential of 0.7 V vs. SCE which showed only 10% degradation
in current density compared to 26% degradation for Pt/C
(Fig. 6b). These results indicate much better methanol toler-
ance and durability of the synthesized hybrid catalysts
compared to Pt/C.

3.4. OER activity

Electrolysis is a promising technology for hydrogen production
from water, but OER has been considered as a rate-determining
step due to sluggish kinetics than hydrogen evolution. Fig. 7a
shows OER activity of all samples in 1 M KOH solution.
GS@NCNF exhibits the highest activity with low over-potential
(n) of ~230 mV at 10 mA cm > whereas G/CNT@NCNF and
AT-G/CNT@NCNF exhibited slightly higher n of ~290 mV and
~320 mV at 10 mA cm ™, respectively. Significantly low OER
activity of AT-GS@NCNF may be due to leaching out of FeNi
with acid treatment as mentioned above. However, G/
CNT@NCNF still showed OER activity after acid treatment,
which may be attributed to residual FeNi NPs encapsulated by
graphitic layers.® Pumera et al.”® reported 88% removal of metal
by the similar acid treatment used in this study. Generally, FeNi
and FeCo are regarded as excellent OER catalysts but sole use of
them without an efficient support rendered poor long-term
performance because of poor electronic conduction and
metal-support interaction. The FeNi NPs embedded on NCNF
could result in the improved catalytic activity.”* Besides, the N-
doped carbons typically show comparable ORR activity in
alkaline solution without metal catalysts, whilst the OER activity
is relatively dependent on the active sites of metal catalysts
rather than those of N-doped carbons. The lower OER activity of
the G/CNT@NCNF could be thicker graphene layers (~10 nm)
that results in mass transport resistance compared to relatively
thinner layers of GS@NCNF (~5 nm). The activity of the
prepared catalysts for OER is compared with similar materials
reported in literature (Table S31) where our GS@NCNF and G/
CNT@NCNF showed excellent activity with a low over-
potential of 230 mV and 290 mV with corresponding Tafel
slopes of 97.9 mV dec™' and 51.5 mV dec™', respectively
(Fig. 7b). The Tafel slope gives insight about the electrochemical
reaction kinetics. Although there are numerous explanations
for the Tafel slope values, kinetics for O-O bond formation
process, which has been considered as a rate-determining step
for OER in alkaline solution suchas O+ O — O, or H,O+ O —
OOH + H" + ¢, can be estimated using it. The lower value of G/
CNT@NCNF than 77.9 mV dec ™' of RuO, can therefore indicate
improved kinetics of the former than the latter. The lower Tafel
slope of G/CNT@NCNF can be attributed to the presence of
CNTs and GNTs on CNFs which not only increases the surface

This journal is © The Royal Society of Chemistry 2019
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area but also improves the conductance due to high graphitic
contents.

Electrochemical impedance spectroscopy (EIS) was per-
formed to evaluate the conductive nature of the electrocatalysts.
Nyquist plots are obtained at 0.65 V versus Hg/HgO reference
electrode to calculate the interfacial charge transfer resistance
(Rcy) as shown in the Fig. 7c. The smaller the characteristic
semicircle formed in the Nyquist plots faster the kinetics.
GS@NCNF and G/CNT@NCNF show R value of 12.34 Q and
11.75 Q, respectively, whereas it increases for AT-G/CNT@NCNF
to 27.27 Q. To evaluate the durability of the catalysts, chro-
nopotentiometry was performed for G/CNT@NCNF and
GS@NCNF at current density of 10 mA cm™ > on GCE for 4 h.
Fig. 7d revealed that G/CNT@NCNF retained the potential for
longer period of time as compared to GS@NCNF which shows
continuous increase in the overpotential for OER despite an
initial low overpotential. This can be attributed to the harsh
effects produced by strong alkaline media which structurally
degrades the hybrid structure as seen in the SEM image in
Fig. S7.7 Metal dissolution in strong alkaline solution could be
prevented by the graphene layers covering metal NPs. As shown
in the TEM images, 10 nm thick graphene layers of G/
CNT@NCNF can more effectively protect NPs from dissolution
in alkaline solution compared to 5 nm thick layers of GS/NCNF,
which may be why the former showed lower OER activity in
initial stage, but higher stability during operation.

Electrochemical active surface area (ECSA) and double layer
capacitance of the catalysts can be calculated by taking CV scans
between 0.92-1.08 V potential vs. RHE as shown in Fig. 8(a and
b). Fig. 8c represents the plot between the current densities at
1.003 V (vs. RHE) and the scan rate in 20-60 mV s~ ' range with
the slope corresponding to the double layer capacitance. Here,
again G/CNT@NCNF outperforms GS@NCNF with high double
layer capacitance i.e. 15 mF cm™ > vs. 11 mF cm™ >, respectively.
The ECSA, using the Cp; values, for G/CNT@NCNF and
GS@NCNF are 37.5 cm? and 27.5 cm?, respectively. The struc-
tural differences between the two catalysts are important with
CNTs & GNTs improving the ECSA. The catalytic activity of
catalysts depend on several other factors as well e.g. coordina-
tion of metal with carbon, type of N-doping, conductivity of
carbon materials and number of defect sites.**”*

The above electrochemical results show that morphology of
nanostructures formed after carbonization process plays
a significant role in determining the overall catalytic activity of
catalysts and their durability for ORR and OER. Despite of the
lower over potential of GS@NCNF in OER, it is not very stable
over time and exhibits low conductivity as compared to catalysts
containing nanotubes. The onset potential in OER depends on
the vacant d-orbitals of metal alloy available for interaction with
the reacting species. During the CNTs formation the C from the
precursor diffuses on metal NPs surface and form metal-C
bonds. The bimetallic NPs enclosed at CNT tips show moder-
ately less activity but exhibit better long term stability. For
GS@NCNF, the mixture of FeNi with oxide, most probably
NiFe,0,, boosts the intrinsic activity of FeNi and helps to
stabilize the active sites.”” Table S1t lists overvoltage (AE)
between Eopr and Eorg for all the catalysts to assess the

RSC Adv., 2019, 9, 36586-36599 | 36595
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efficiency loss during the bifunctional OER/ORR activity. The
smaller the overpotential lesser the loss in efficiency. G/
CNT@NCNF shows the smallest AE of 0.78 V which is attrib-
uted to the effective mass and electron transfer, N-doping,
enhanced surface area and availability of the active sites by
CNTs and GNTs.

4. Conclusion

In summary, we have designed two different morphologies of
bimetallic FeNi loaded carbon nanostructures as bifunctional
catalyst for OER and ORR via in situ growth during high
temperature carbonization of the stabilized PAN NFs coated
with melamine and metal salts. The G/CNT@NCNF exhibited
good electrocatalytic activity for ORR with an E,;. difference of
only 62 mV compared to Pt/C, superior stability and methanol
tolerance. The superior ORR performance is mainly attributed
to the effect of N-doped CNFs, unique mixture of CNTs and
GNTs, and FeNi NPs which provide more favorable active sites
and facilitates both the electron and mass transfer. Similarly,
for OER GS@NCNF show low overpotential of 230 mV at 10 mA
ecm ™2 but is not very stable over time. G/CNT@NCNF has
slightly more over-potential (60 mV) but is very stable with low
Tafel slope of 51.5 mV dec™ " and high ECSA. The differences in
the graphene layer thickness in the two samples also affect OER
and ORR activities. The facile synthesis process reported here
needs to be further explored to design unique hierarchical
carbon based materials containing metal species for enhanced
electrocatalytic performance.
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