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Promising Electrocatalytic Water and Methanol Oxidation
Reaction Activity by Nickel Doped Hematite/Surface
Oxidized Carbon Nanotubes Composite Structures

Bibhudatta Malik*,” Sumit Majumder* Roberto Lorenzi,” Ilana Perelshtein,®
Michal Ejgenberg,”™ Alberto Paleari,” and Gilbert Daniel Nessim*®

Tailoring the precise construction of non-precious metals and
carbon-based heterogeneous catalysts for electrochemical oxy-
gen evolution reaction (OER) and methanol oxidation reaction
(MOR) is crucial for energy conversion applications. Herein, this
work reports the composite of Ni doped Fe,0; (Ni—Fe,O;) with
mildly oxidized multi-walled CNT (O—CNT) as an outstanding
Mott-Schottky catalyst for OER and MOR. O—CNT acts as a co-
catalyst which effectively regulates the charge transfer in
Ni—Fe,0; and thus enhances the electrocatalytic performance.

Introduction

The current energy scenario and global energy prerequisite is in
need of high powered energy conversion devices such as the
electrolyser system for green hydrogen generation." Benefi-
cially, hydrogen provides CO, emission free, efficient, and
economical energy production options in contrast to the non-
renewable energy sectors.*™® At the present time, around 90
percent of the hydrogen in the world is produced via coal
gasification and steam reforming methods.” Although these
methods of H, production fully fill our demand, but are not
ecofriendly and cause vast pollution. H, generation using
electrochemical water splitting can be an efficient expertise for
the next generation energy technology. However, the efficiency
of H, production is affected by the sluggish kinetics of anodic
oxygen evolution reaction (OER), a half cell reaction of overall
water splitting. The enormous potential loss for OER, owing to
the complex four electron transfer process (4e7), is a main
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Ni—Fe,0,/O—CNT exhibits a low onset potential of 260 mV and
overpotential 310mV @ 10 mAcm™ for oxygen evolution.
Being a Mott-Schottky catalyst, it achieves the higher flat band
potential of —1.15V with the carrier density of 0.173x
10** cm>. Further, in presence of 1 M CH,OH, it delivers the
MOR current density of 10 mAcm™ at 146V vs. RHE. The
excellent electrocatalytic OER and MOR activity of Ni—Fe,0,/
O-CNT could be attributed to the synergistic interaction
between Ni-doped Fe,0; and O—CNT.

barrier to the grid scale production of hydrogen.” Hence,
efficient catalysts are desired which can lower the overpotential
and boost the production rate of molecular hydrogen. Noble
metal-based OER electrocatalysts, such as IrO, and RuO,, are the
best opt for such application."*"”" However, their high cost and
low availability in the earths’ crust restricts them for further
use.'® Plenty of studies have been devoted to noble metal
free transition metal-based systems to gain high output. The
examined systems include first row transition metal such as Ni,
Co, Fe, Cu and Mn based oxides, hydroxides, phosphides,
chalcogenides, borides, etc.”*3% Some which render excellent
performance and some show comparable activity with noble
metals. In order to deal with the current energy demand,
finding more efficient catalysts are highly urgent.

In another strategy, to solve the energy scarcity issues
specifically, direct alcohol fuel cells are rooted as potential
energy platform which can convert the chemical energy
available in alcohol to electrical energy.”'”? Based on this,
promising technologies such as direct liquid fuel cells (DLFCs)
with greater efficiency could be established, owing to their
high-power density and easy transport and storage qualities.™®
Moreover, methanol is inexpensive, readily available, biodegrad-
able, and shows decent electrochemical behavior. Methanol
oxidation reaction (MOR) is an anodic half reaction which
converts chemical energy to electricity in alkaline media as
given below:

CH;OH + 60H~ — CO, + 5H,0 + 6",
E° = —0.81V vs. NHE (pH = 14)

Basically, platinum (Pt) and its alloys with both other noble
and non-noble metals demonstrate excellent MOR activity.®*="

But the high price and CO poisoning restrict the commercializa-
tion of Pt systems in direct methanol fuel cells.”** The majority
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of studies for catalyzing MOR have been used by noble metal - . OONT
based systems where, the detected products are mainly CO, = 8 Ni-Fe,0,/0-CNT
and H,0, and the research is restricted to understanding further J\Mi__U EOCam O e
the selective electro-oxidation of products of methanol. Formic g Ni-Fe,0,
acid, one of the widely used chemicals in many industries g NN e "
(traded with high price), can be obtained from the partial :3: =) Fe,0,
oxidation of methanol.***" Thus, development of cheaper and a =
high performance electrocatalysts are required to enhance the E = &
rate of selective electro-oxidation of methanol to produce g E@g g ESS §§
HCOOH. 3= U 3 =%
Moreover, recent reports reveal that coupling hematite l — -l L -
(Fe,0;) with other metal oxides, with Pt and doping of other 1 I B B
transition metals to hematite, delivers a much better electro- 20 30 40 50 60 70 80

catalytic performance.””*' Fe,0, and other transition metal

oxides exhibit poor bifunctional electrocatalytic activity owing
to their inferior electrical conductivity. Zhong et al. used an
effective approach where they coupled the nitrogen-doped
carbon sheets with Co/CoOx heterojunctions to obtain optimal
electrocatalytic activity, where the hybrid enables the faster
charge and mass transport.”®’ Zhong et al. further observed a
very promising ORR electrocatalytic activity, by hybridizing
carbon hollow spheres with Co/NC systems.”” In an another
research, Feng et al. effectively regulated the hetero-interfaces
of bimetallic nanoparticles with N-doped porous carbon and
MoS,, and obtained very high HER electrocatalytic
performance.*® Thus, inspired by these researches, we coupled
surface-oxidized CNT with Ni doped Fe,O; as a bi-functional
electrocatalyst for OER and MOR. O—CNT here acts as a co-
catalyst and provides good conductive support to Ni—Fe,0;,
due to presence of oxygen containing groups, particularly C=0.
The keto group, C=0, alters the electronic properties of the
adjacent carbon atoms and facilitates the -electrocatalytic
oxidation process."”

Step-1
-
i, Conc. H,50, + H,0, (30 %)
S Stirring
MWCNT
Step-2 o et
= ==
Fe salt + Ni salt
Transfered

-
Scheme 1. Synthesis process of Ni—Fe,05/O—CNT.
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Figure 1. XRD patterns of the as-prepared materials.

Results and Discussions

The synthesis procedure of the obtained catalyst has been
sketched and provided below in Scheme 1 for understanding of
the process and parameters.

The phase clarity and crystallinity of the prepared materials
were validated by X-ray diffraction (XRD), as shown in Figure 1.
The formation of a-Fe,0; is confirmed due to the presence of
diffraction peaks at 24.1, 33, 35.6, 40.8, 49.4 and 54° etc. which
is in well agreement with the reference code: 00-013-0534. The
reference code: 00-013-0534 represents the diffraction standard
card for Hematite with the empirical formula of Fe,0; which
belongs to the Rhombohedral crystal system and space group
of R-3c. After the doping of Ni**, we identified two more new
peaks that are present at 20 of 17.7° and 24.8°. Likewise, Yin
et al. observed a few less intense diffraction peaks upon the
doping of transition metals (Mn, Ni, Co, Zn etc) in Fe,O;
Moreover, the obtained peaks owing to Ni*" doping which do

180°C,12h

Hydrothermal process

Ni-Fe,0,/0-CNT
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not match with the metallic either Ni or Ni(OH), and NiO. Also,
the enhancement of peak intensity at 20 of 17.7° and 24.8° in
case of Ni—Fe,0;/O—CNT as compared to Ni—Fe,O; that is
observed, could be due to the more ordering and crystallinity
of the structure in presence of oxidized CNT. Similarly, in
Ni—Fe,0,/0—CNT, two more broad diffraction peaks at 26.4° and
435° corresponding to (002) and (100) planes of carbon
nanotube, respectively, confirm the existence of oxidized CNT.

Raman spectra of Fe,0;, O—CNT, and O—CNT_Fe,0; compo-
site are reported in Figure 2, along with the Ni doped samples.
Iron oxide peaks confirm the results obtained by XRD and are
attributable to Fe,O; in the hematite phase. Its corundum-type
crystalline structure belongs to the D;,® group for which seven
Raman-active modes (2 A,;+5E) and six IR-active modes (4E, +
2 A,,) are expected from symmetry considerations.”® Namely,
the peaks in the lower wavenumber region of the Raman
spectra at 224, 242, 290, 406, 487, 606 cm™' correspond to
Ag(1), Eg(1), unresolved® E,(2)+E,(3), E4(4), A4(2), and E,(5)
Raman modes,®? respectively. Besides these peaks’, other
spectral features in the higher wavenumber region can be seen:
peaks at 655 and 808 cm™' and a series of bands in the range

x10

]

Ni-Fe,04/0-CNT

Ni-F9203

x10

PN
Fe,04/0-CNT
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O-CNT
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Figure 2. Normalized Raman spectra of Fe,O; (black line), O—CNT (red line),
Fe,0s/O—CNT (teal blue line), Ni—Fe,0; (orange line), and Ni—Fe,0;/O—CNT
(violet line) samples. Raman spectra of Fe,0,/O—CNT and Ni—Fe,0,/O—CNT
are also shown with a magpnification factor x10 in the range 180-950 cm-".
Spectra are vertical shifted for clarity.
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950-1700 cm™' with the most prominent peak centred at
1310 cm™". Their intensities strongly depend on the excitation
wavelength, suggesting the occurrence of resonance effect. The
633 nm He—Ne laser line, used in the present setup, actually
falls very close to the optical absorption edge of Fe,0O;, leading
to Raman enhancement.®™ This condition makes possible the
detection of symmetry-forbidden transitions such as the
655 cm™' E,(LO) peak and its overtone at 1310 cm™' (2LO). The
origin of the latter peak has been disputed and early works
pointed to a spin-wave related origin. In fact, at room temper-
ature, hematite is a canted antiferromagnet® and collective
excitation of electron spin can take place, giving rise to the so-
called optical active magnons. However, several studies gave
clear-cut evidence about the correct interpretation of the high
wavenumber region in the Raman spectra of hematite.*>*® In
particular, magnon modes are located at 790 cm™' (1 magnon)
and 1587 cm™' (2 magnon, not detected in our experiment),
while symmetry forbidden modes appear at 657 cm™' (LO) and
1323 cm™' (2LO). Remarkably, the intensity of these modes
varies according to the experimental setup used in Raman
acquisition - excitation wavelength, tip, and surface
enhancement - and material morphology. As regarding this
aspect, it has been shown that the possibility of detecting
ungerade IR-active modes in Raman spectra of a-Fe,0; is greater
in those samples which facilitate breakdown of
centrosymmetry[57'58] such as the presence of surface defects,
amorphization, and large surface/volume ratio as in the present
synthesis where highly branched systems were produced.
Raman spectra of O—CNT, in accordance with literature,®
shows three main features: the D band at about 1350 cm™, the
G band at 1585 cm™', and the G’ or 2D band at 2700 cm™". The
D peak is due to defect-related scattering such as finite
graphitic sheets, vacancies, and heteroatoms; the graphitic G
band is typical of the C—C bond in sp? configuration; and the G’
band is an overtone of the D band. As expected in MWCNT, the
G band splits in two sub bands: the G* peak at 1590 cm™', due
to in-plane vibrations along the tube axis, and the G™ peak at
1570 cm™', due to in-plane vibrations along the circumferential
direction. In the O—CNT Raman spectra no other features are
registered. In particular, the absence of radial breathing modes
below 350 cm™' suggests that the diameters of the MWCNTSs
are greater than 2 nm, in accordance with HR-TEM analysis. The
spectrum of the composite material O—CNT/Fe,0; is a super-
position of the parent spectra with a dominance of O—CNT
signals, confirming the successful synthesis of composite. The
addition of Ni does not introduce significant variation to the
Raman spectra, expecting a small peak at 2555 cm™ in the
Ni—Fe,O; spectrum, which is attributable to minor cyanide
residue used during the synthesis.®

Microstructure analysis of Ni—Fe,0,/O—CNT were carried out
using electron microscopic techniques. Both the low- and high-
resolution scanning electron microscopy images suggest that
sheets of Ni—Fe,0, sheets are wrapped with the oxidized CNTs,
as shown in Figure S1a and S1b. The low and high-resolution
transmission electron microscopy, TEM and HR-TEM images as
shown in Figure3a and 3b supports the SEM results and
confirms that the O—CNTs are well coupled with the sheets of
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Figure 3. Low and high magnification TEM images of Ni—Fe,0,/O—CNT in a) and b) respectively c) lattice fringes and d) SAED pattern.

Ni—Fe,0;. The measured lattice distances, d-spacings of 0.35 nm
and 0.271 nm belong to the (002) and (104) planes of O—CNT
and Fe,0;, respectively, as depicted in Figure 3c. The crystal-
linity nature of Ni—Fe,0;/O—CNT is further verified using
selected area electron diffraction (SAED) pattern. Figure 3d
reveals that the formed hybrid structure is Ni—Fe,0;/O—CNT
polycrystalline by nature, which supports XRD. It can be noticed
from Figure 3d that the SAED pattern is comprised of incom-
plete rings, which indicates that the particles exhibit random
crystallographic orientations. The energy dispersive spectro-
scopy (EDS) spectrum in Figure S1 clarifies the presence of Fe,
Ni, Cand O.

Further, the scanning transmission electron microscopy-
energy dispersive spectroscopy (STEM-EDS) mapping elucidates
the distribution of four elements (Figure 4a). The color mapping
images reveal the existence of elements such as Fe, Ni, C and O
(From Figure 4b—e). Its shows that CNTs are everywhere and
covered the equally distributed Fe and O. Further, it is clear that
the concentration of Ni is very low, which are distributed over
Fe.

Elemental composition and chemicals state of the elements
have been verified by X-ray photoelectron spectroscopy (XPS).
Core level Fe 2p spectrum can be split into 2p;, and 2p,,, as
shown in Figure 5a. The principal peak situated at 711 eV

ChemPlusChem 2022, 87, 202200036 (4 of 11)

reveals that iron exists in the Fe ™ state, the main peak of Fe
2p,, is located at 725.2 eV, while other satellite peaks appear at
the binding energies of 713 eV, 719.8 eV and 734.5 eV. In case
of Ni 2p,),, the main peak present at 856.5 eV belongs to Ni*™,
while other peak positions at 858 eV and 863.4 eV are ascribed
to the satellite peak (Figure 5b). High resolution spectrum of C
1s in Figure 5¢ demonstrates that peaks present at 284.9 eV,
2859 eV, 287.2 eV, 289.8 eV and 291.7 eV belong to the sp?
carbon (C=C), hydroxyl/epoxy (C-OH/C—0—-C), C=O group,
carboxyl group (-COOH) and mt—t* transition. The deconvoluted
spectrum of O 1s (Figure 5d) at 530.2 eV, 532.8 eV and 534.6 eV
are belonging to Fe-O bonding, Fe-OH and Fe-H,0. We
compared the XPS spectra of pristine Fe,O; with Ni—Fe,0; to
notice the change in spectrum behavior. Figure S9 suggests
that owing to the doping of Ni, the original position of Fe 2p,,
has been shifted to 711. 2eV from 710.4 eV, which are
corresponds to the Fe*" state. The main peaks of Fe (lll) in cases
of Fe,0; with Ni—Fe,O; are located at 710.5 and 711eV,
respectively. This forward shifting of peak is observed due to
the introduction Ni*" into the lattice of hematite, which might
have significant impact on the electronic structure of Fe,O,
which could be further explained by using EPR in the later
section.

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 5. XPS spectrum of a) Fe 2p, b) Ni 2p, ¢) C 1s and d) O 1s spectrum.
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Figure 4. a) STEM color mapping images showing the distribution of distribution profiles for b) Carbon, c) Iron, d) Nickel and e) Oxygen.
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We carried out the electron paramagnetic resonance (EPR)
at room temperature (Figure 6) in order to gain some fruitful
knowledge about the electronic environment of Fe,O; and the
effect of Ni doping to it which has direct relationship with the
electrocatalytic activity. In case of Fe,O;, where iron exists in the
Fe** state corresponds to d° configuration shows the EPR
signals at g~5.8-6.3 in the applied field, AHapp of 1690-1980
Gauss.”” Usually, a g value greater than 2.001 is obtained due
to presence of certain symmetry elements.”” The resonance
signal at g~ 5.8 arises due to spin-spin coupling, S= +3/2. EPR

Intensity (a.u.)

6000

4000

0 2000

Applied Field (Gauss)
Figure 6. EPR spectra of the as-prepared materials.
60 r T T T
a) —Fe,0,
—— O-CNTS
. —— Fe,0,/0-CNTs
% 404 —— Ni-Fe,0, / -
2 —— Ni-Fe,0,/0-CNTs
E
204 //
0 r T 7 T
1.2 1.4 1.6 1.8
E (V) vs RHE
60 T r T
c)
—— After 1000 cycles
&~ 40 —— Initial cycle i
E
S
<
E
204 E
0 T . T
1.2 1.4 1.6 1.8
E (V) vs RHE

signal at around g value of 6.0 is attributed to the isolated Fe**
ions (d® system) positioned in axially low-symmetry distorted
sites.®? Ni*t (d®) belongs to octahedral symmetry configuration
with two unpaired electrons and thus it is EPR active. The Ni**
doped with Fe,0; exhibits resonance signal at 2.55-3.2 in the
corresponding AHapp (G)=2952-1880. The obtained broad
resonance signal at ga22.55 after Ni*" incorporation confirms
the alteration of local electronic environment of Fe,0,.

Oxygen evolution performance: We have studied the
electrocatalytic oxygen evolution performances of the prepared
materials in an alkaline electrolyte (1 M KOH, pH=14). The
linear sweep voltammetry (LSV) data (Figure 7a) shows that
bare Fe,O; renders very high overpotential which is even larger
than O—CNT. Fe,0;/O—CNT and Ni—Fe,O; show the overpoten-
tial (n) of 450 mV and 360 mV at the current density of
10 mAcm™2 Among all of them, Ni—Fe,0,/O—CNT exhibits the
highest activity as compared to Ni—Fe,O; and O—CNT. Ni—Fe,05/
O—CNT demonstrates a low onset potential of 260 mV and 7,
of 310 mV which is 50 mV lower than Ni-doped hematite.
Kinetics study is carried out using Tafel equation, n=a +blogj
(@ and b are constants, and j is the current density). Tafel plots
in Figure 7b indicate that Ni—Fe,0,/O—CNT demonstrates a
smaller Tafel slope of 65 mVdec' as compared to Ni—Fe,0;
(71 mVdec™") and Fe,0,/O—CNT (80 mVdec ). Ni—Fe,0,/O—CNT
experiences a negligible potential loss after 1000 cycles which
proves the excellent durable nature of the material (Figure 7c).
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Figure 7. Comparative LSV of the prepared materials carried out 5 mVs-', b) comparative Tafel plots, c) durability test result of Ni—Fe,0;/O—CNT d)

chronoamperometry (CA) study of Ni—Fe,0;/O—CNT.
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To elucidate the stability of Ni—Fe,0,/O—CNT, we applied a
constant potential of 154V vs. RHE (j=10mAcm™). The
chronoamperometry (CA) test result illustrates that the material
is perfectly stable up to 10 h (Figure 7d).

To illuminate the reason behind the high OER activity of the
Ni doped samples, we assessed the electrochemical active
surface area (ECSA) of both Ni—Fe,O; and Ni—Fe,0;/O—CNT.
Figure 8a and 8b display the cyclic voltammograms (CVs) of
Ni—Fe,0; and Ni—Fe,0;/O—CNT in the non-faradic regions from
where we calculated the electrical double layer capacitance
(Cp). Ni—Fe,05/0—CNT and Ni—Fe,0; show the Cp, of 0.413 and
0.29 mFcm ™2, respectively (Figure 8c). We estimated the ECSA
using the formula, ECSA=C,/Cs where Cs is the capacitance of
a smooth planar electrode (Cs =0.04 mFcm™?). Ni—Fe,05/0—-CNT
and Ni—Fe,0; exhibits the ECSA of 10.3 and 7.25 mFcm™
Larger ECSA proves the better activity shown by Ni—Fe,0;/
O—CNT. The electrochemical impedance spectroscopy (EIS)
probes into the mechanism which is studied in faradic regions
and shows that both the materials catalyze OER via charge
transfer process with the absence of any diffusion phenomena.
Ni—Fe,0,/0—CNT displays faster charge transfer process than
that of Ni—Fe,0,. Moreover, Ni—Fe,0,/O—CNT possesses better
conductivity than Ni—Fe,O; due to smaller curve (Figure 8d).

We then carried out the Mott-Schottky (MS) analysis to
examine the charge transfer properties. We analyzed it by
examining the EIS at 1kz with a small, perturbed AC amplitude
of 10 mV as shown in Figure 9a. Figure 9b shows the MS plot of

Ni—Fe,0,/O—CNT which we demonstrated separately due to
lower intensity than Fe,O; and Ni—Fe,0;. Fe,0; shows a flat
band potential of —0.914 7V and a donor density of 6.008 x
10 cm™3, after doping with Ni it exhibits flat band potential
and donor density of —1.101V and 4.41x10%° cm™3, respec-
tively. The composite, Ni—Fe,0,/O—CNT shows much better flat
band potential and donor density of —1.15V and 0.173x
10** cm™3, respectively.

Methanol electro-oxidation performance: We carried out the
electro methanol oxidation reaction study in both 0.5M and
1M CH,0H containing 1 M KOH (pH 14). Figure S3 shows the
electrochemical behavior of O-CNT and Fe,O; with the
presence of 0.5 M methanol, which reveals that these materials
are far from exhibiting the impressive activity. The cyclic
voltammogram (CV) results in 0.5M CH;OH show that
Ni—Fe,0,/O—CNT oxidizes methanol at early potential of 1.41V
vs. RHE and reaches the current density 10 mAcm™ at 1.50 V
vs. RHE. While the MOR for Ni—Fe,0; and Fe,0,/O—CNT begin
very lately as depicted in Figure 10a. In 1T M CH;0H, Ni—Fe,0,/
O-CNT shows the onset potential of 1.39V and achieves
10 mAcm™? at 1.46 V vs. RHE. Compared to the activity in 0.5 M
CH,OH, it shows better activity in 1M CH;OH, where the
Jromaem 2 difference is 40 mV (Figure 10c). Figure 10d suggests
that it shows promising durability even after 2000 cycles.

The chronoamperometry (CA) test is carried out in TM
methanol at 1.46 V vs. RHE, which is used to determine the
methanol oxidation stability of Ni—Fe,0;/O—CNT. Figure 11a
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Figure 8. CVs of a) Ni—Fe,0; and b) Ni—Fe,05/O—CNT c) double layer capacitance plots and d) EIS plot.
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durability test.

shows that Ni—Fe,0,/O—CNT possesses excellent stability as the
current density drop is negligible and it is stable up to
500 minutes. Further, to understand the reaction process, we
studied the electrochemical impedance (EIS) at the faradic
potentials of the three catalysts. The Nyquist plots reveal that in
presence of 1M methanol, O-CNT/Fe,O,, Ni—Fe,O; and
Ni—Fe,0,/0—CNT possess curves, which is an indication of
charge transfer process (Figure 11b). However, the diameter of
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the curves is much bigger for Fe,0,/O—CNT, Ni—Fe,0,, than the
composite due to slower charge transfer processes. Further-
more, the inset stands for the Nyquist plot belonging to
composite, Ni—Fe,0;/O—CNT, which is much smaller than the
other two materials as the electronic conductivity after coupling
is greatly enhanced. The Nyquist plot further confirms that the
MOR proceeds via charge transfer process with the absence of
mass transfer process.
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Postmortem analysis: It is well known that transition metal-
based systems undergo transformation to metal(oxy)hydroxides
during OER in an alkaline medium. We studied the structural
and morphological changes of Ni—Fe,0;/O—CNT using micro-
scopic and XPS analysis, after the 2000 CV cycles of OER and
MOR. After OER, the slight change in morphology with the
formation of pores on the Ni—Fe,0; sheets is observed by TEM
analysis (Figure S4a). The HR-TEM image in Figure S4b shows
that Ni—Fe,O; lost the crystallinity with the absence of fringes,
while O—CNT exhibits the fringes. The EDS analysis confirms the
existence of Fe, Ni, C and O (Figure S4c). Again, the TEM image
of post MOR sample reveals that the morphology of the
composite has been damaged (Figure S5a). Similar to the post
OER sample as shown in Figure S4, the post MOR Ni—Fe,0O; in
composite lost the crystallinity feature while O—CNT retains its
crystallinity. The EDS validates the presence of Fe, Ni, C and O.
And the presence of K is detected by EDS which most probably
originated from the interaction between electrode and electro-
lyte (1 M KOH) (Figure 5¢) (Same comment). Furthermore, we
carried out the postmortem XPS analysis of the samples after
both the oxidation process such as OER and MOR as given in
Supporting Information. After prolonged cycling of OER, the
main peak of Fe 2p,, is positively shifted to 711.7 eV which is
again belongs to Fe™® additionally, one more peak at lower
binding energy (at 707.5 eV) is observed which can be assigned
to Fe™ (+0 stands for small positive charge, close to zero
valence) (Figure S6a). The principal peak position of Ni 2p,,
belongs to Ni** also shifted to 856.8 eV as shown in Figure S6b.
C 1s spectrum in (Figure S6c) reveal that some of the C=C bond
broken into C—C and C=0 has been completely disappeared.
And the presence of peaks at 532.1 eV and 533.6 eV of O 1s
spectrum suggest that it contains M—OH and M—H,0O bonding
as provided in Figure S6d. After MOR, we observed the same
valence state of Fe from Figure S7a likewise after OER which is
Fe™? as the principal peak of Fe 2p,, is found at 711.2 eV. The
chemical state of Ni remains unchanged as compared to the
fresh even after MOR. The main peak of Ni 2p,, as given in
Figure S7b is located at 856. 4 eV which is designated to Ni*2
The fitted O 1s spectrum confirms the presence of M—OH and
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M—H,0 moieties ((Figure S7c).). Similar to the after OER sample,
the C 1s spectrum of after MOR sample exhibits C=C, C—C,
C—OH and COOH groups with the disappearance of keto group
((Figure S7d).). However, after MOR the intensity of aromatic
C=C has been significantly reduced as compared to after OER
which indicates that methanol oxidation causes more harm to
the oxidized CNT.

Conclusion

In summary, we successfully synthesized the composite of Ni-
doped Fe,0; with oxidized CNT. The sheets of Ni-doped Fe,0O,
are coupled with O—CNTs and thus formed a Mott-Schottky
heterojunction to catalyze electrochemical water and methanol
oxidation. Doping of Ni with Fe,O; alters the g value and
enhances the donor density, evidenced by EPR spectroscopy
MS analysis and thus, improves the electrical conductivity.
Ni—Fe,O; further coupled with mildly oxidized CNT and
improved the OER and MOR dramatically. The high OER activity,
150 of 310 mV is attributed to the larger electrochemical surface
area, ECSA of 103 mFcm™ Furthermore, Ni—Fe,0;/0-CNT
demonstrates j @ 10 mAcm™ at the low potentials of 1.50 V
and 146V vs. RHE in 0.5 M and 1 M MeOH. Ni—Fe,0;/O—CNT
show very good stability and durability both in presence and
absence of methanol. The synergistic effect arises due to the
development of hetero interfaces of Ni—Fe,0; and O—CNT and
hence, favors the electrocatalytic reactions. We believe our
approach provides an effective way of fabrication efficient
catalysts.

Experimental Section

Synthesis of Ni—Fe,0;/O—CNT: Firstly, we placed 150 mg of
MWCNT in a mixture of 15 ml of conc. H,SO, and 8 ml of 30% H,0,
in a 50 ml beaker and stirred for 8 h continuously using a magnetic
stirrer. After collecting the product using filtration, we centrifuged
several times with DI H,O and ethanol. Then, we dried the residue

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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for 12 h in an oven at 80°C. This product is termed as oxidized CNT
(O—CNT).

In the next step, we added 100 mg of O—CNT into a homogeneous
solution of 50 MM of K;[Fe(CN),] and 5 mM Ni(NO,),.6H,O and
sonicated for 30 minutes. Then we transferred the final mixture to a
stainless-steel autoclave with a capacity of 50 mL, where the total
homogenous mixture volume was 35 mL and we kept it in an
electric oven at 180 °C for 12 h. After the natural cooling of the
autoclave, we washed the product many times with DI water and
ethanol and dried at 80°C overnight. We called the final product as
Ni—Fe,0;/0—CNT. In a similar way we prepared Fe,0;/O—CNT
without the addition of Ni salt. To get Fe,0;, we did the
hydrothermal treatment of K;[Fe(CN),] at 180°C for 12 h. Finally, we
characterized Ni—Fe,0s/O—CNT using XRD, XPS, TEM and Raman
spectroscopy.
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