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ABSTRACT: Here, we report the synthesis of nickel nanoparticles thermally
encapsulated in multiwalled carbon nanotubes (MWCNTs) and its utility in
alkaline water splitting by combining with composite thermoset anion-exchange
membrane. Ni@MWCNT displayed both oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER). It provided 10 mA cm−2 current density at an
overpotential of 300 mV for OER and 254 mV for HER on a glassy carbon
electrode, respectively. Base-catalyzed N-methly-4-piperidone-formaldehyde-based
prepolymer was grafted on to poly(vinyl alcohol) and cross-linked via thermal
annealing followed by quaternization using methyl iodide to obtain thermoset
anion exchange membrane (NMPi). Composite NMPi membranes were
synthesized using additives tetraethyl orthosilicate (TEOS) and zirconium oxychloride. The water splitting performance on the
fabricated membrane electrode assembly was tested and compared with commercially available Neosepta membrane. The obtained
faradic efficacy of the water splitting was 94.33% for ZrO2-NMPi membrane followed by 80.23%, 77.70%, and 65.10% for SiO2-
NMPi, NMPi, and Neosepta membranes, respectively. The best membrane ZrO2-NMPi achieved maximum current density of
∼0.776 A cm−2 in 5 M KOH electrolyte at 80 °C and 2 V applied constant voltage. The excellent alkaline stability of MEA indicates
its potential utility in hydrogen generation applications.

■ INTRODUCTION

Electrochemical water splitting establishes a potential route to
generate and store renewable energy.1−5 However, high
thermodynamics and sluggish reaction kinetics of the electrode
hinder practical applications. The typical operating voltage of
the commercial electrolyzer is ∼1.8−2.0 V, which is far higher
than the 1.23 , thermodynamic potential of the water
splitting.6,7 The factors contributing to high water splitting
potential are activation energy, diffusion of ions on electrode
surface and/or ion mobility in electrolyte, change in
concentration near the electrode surface, ohmic resistance of
the system, resistance incurred from bubble formation due to
blockage of electrode surface, and entropy. The high potential,
that is, overpotential and hence the energy efficiency can be
minimized by selecting appropriate electrocatalyst which could
accelerate oxygen and hydrogen evolution reactions (OER and
HER).7,8 The best known electrocatalysts are noble group
elements, precisely Ru, Ir, and Pt metals and their oxides.
RuO2 and IrO2 exhibit the highest OER activity in alkaline
solution, whereas Pt exhibits the highest HER activity in acidic
environment.9 However, their scarcity in the earth’s crust and
hence the price is the major obstacle. Iridium, the most
preferred anode, is one of the rarest elements in the Earth’s
crust, having an average mass fraction of 0.001 ppm in crustal
rock. Conversely, gold and platinum are 40 times and 10 times
more abundant, respectively. Further, performance of noble

metal catalysts is a mismatch due to their activity in different
pH conditions in which they are more stable and most
active.10−12 Hence, the work on nonplatinum group (NPG)
metals have attracted tremendous attention in recent years to
develop a highly active and robust bifunctional electrocatalyst
for sustainable development of clean energy.
The design of new catalyst is based on the theoretical

evaluation of “activity volcano” proposed by Man et al. for
OER and Roger for HER.13,14 Of the known transition metal-
based catalysts, Ni (or Co) and NiO (or Co3O4) based
catalysts show high activity for water splitting because of their
activity near the peak of the “activity volcano”.7,11,15 The
mechanism of OER in alkaline conditions involves the
formation of metal−OH bond (M−OH) by a single electron
oxidation of hydroxide ions adsorbed on the active surfaces. It
is followed by the formation of the M−O bond with coupled
electron and proton transport. The M−O combines to form
the O2 by combination of 2 M−O or with the formation of
M−OOH followed by the single electron oxidation and
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another coupled electron and proton transport pathway to
generate O2.

16,17 The mechanism of HER involves the
combination of Volmer step, Heyrovsky step, and Tafel step,
and they can be presented as hydronium ion (H3O

+) discharge
and formation of adsorbed (Had° ) on active sites (●) as shown
in eqs 1−417,18
In acidic medium

+ • + → ° ++ − H(H O e H O) (Volmer step)3 ad 2 (1)

+ ° + → • + ++ −H(H O e H H O) (Heyrovsky step)3 ad 2 2
(2)

° → • +H H2 2 (Tafel step)ad 2 (3)

In basic medium, Had° is formed by dissociation of water.

+ • + → ° +− −HH O e OH2 ad (4)

The rate-determining step is the rate of Had combination and
H2O dissociation. With nickel (Ni) being the most promising
HER catalyst, the rate of adsorption of H atom to facilitate the
HER was carried out by nickel nanoparticles in carbon or
heteroatom-doped carbon materials. In the past few years,
there is tremendous interest in Ni-based electrocatalysts for
water splitting in alkaline medium.11,19,20 Yan et al. reported
the in situ growth of Ni nanoparticle-encapsulated N-doped
carbon nanotubes with 134 mV overpotential for HER.21

Carbon fiber cloth embedded nickel nanoparticles showed 131
mV overpotential.22 The nickel anchored porous carbon is also
reported.23 Chhetri et al. reported the HER activity of Ni/
Ni(OH)2/graphite electrode with 200 mA cm−2 at an
overpotential of 0.3 V comparable to platinum (0.44 V).24

Graphene oxide loaded Ni and NiO nanoparticles showed
enhanced HER catalytic activity.25 The motivation for the
anchoring of nickel nanoparticle to carbon matrix is to reduce
catalyst leaching during the operation and it promotes the
adsorption of H atom to facilitate the HER.
Thermal encapsulation of functional materials in carbon

nanotubes is a promising method to anchor catalyst. It was first
demonstrated by Ajayan and Ijima by thermal migration of
molten metal particles inside the high-temperature-treated
carbon nanotubes (CNT);26 many reports are available on
thermal encapsulation of the small organic molecules, metal
particles, fullerenes, and metal oxides.27−31 The formation of
“peapod” like structures by encapsulation of fullerenes in CNT
was reported by Kataura et al.32 The molecular electronic
application of organic molecules encapsulated CNTs was
reported by Takenobu et al.27 Encapsulation of functionalized
endohedral fullerenes inside the thin layered CNT was
reported where the complex dynamic behavior of the
intercalants was identified.33 Ugarte et al. proved thermal
intercalation of the molten silver particles inside the CNTs by
capillary forces and the decomposition of silver nitrate inside
the nanotubes to form the chains of the silver nanobeads.34 In
our earlier report, we demonstrated the thermal encapsulation
of polyoxometalates in multiwalled carbon nanotubes
(MWCNTs) and their application for a nongassing electro-
osmotic pump.35 Here, we have demonstrated a low-temper-
ature thermal encapsulation of Ni nanoparticles in MWCNTs,
and its utility as an efficient alkaline water-splitting catalyst by
making membrane electrode assembly (MEA).
MEA consist of sandwich of polymeric membrane in

between two electrodes (cathode and anode). Membranes
used for alkaline water splitting are anion exchange

membranes, conducting OH− ion with a quaternary
ammonium functional group.36 Several quaternary ammonium
functionalized polymers such as poly(arylene ether sulfone),
poly(phenylene oxide), poly(ether sulfone ketone), and
poly(vinyl alcohol) have been reported. It has been well
reported that quaternary ammonium cations are generally
sensitive toward β-hydrogen elimination (Hoffman degrada-
tion) and/or direct nucleophilic substitution (SN2) under
alkaline conditions.37 Therefore, development of new AEM’s
with dedicated focus on its thermal and mechanical stability in
alkaline media has been a serious concern. N-methyl
piperidone-based AEM prepared by a super acid catalyst has
been reported with excellent alkaline stability. Here, we are
reporting the base-catalyzed preparation method of N-methyl
piperidone-based composite AEM and its MEA with thermally
encapsulated Ni@MWCNTs for alkaline water splitting.

■ EXPERIMENTAL SECTION
Material and Methods. Poly(vinyl alcohol) (PVA) Mw

89 000−98 000, 99+% hydrolyzed, tetraethyl ortho silicate
(TEOS) ≥ 99.0%, and N-methyl-4-piperidone (NMPi) were
purchased from Sigma-Aldrich; sodium hydroxide (NaOH) of
AR grade, zirconium oxychloride, formaldehyde 37% in water,
and nickel(II) acetate (Ni(OCOCH3)2·4H2O) were sourced
from SD Fine Chemicals, India. Graphite paper was purchased
from Nikunj Exim Enterprise Ltd. Nickel foam (NF) was
purchased from Research Supporters India. Hydrazine
monohydrate (N2H4·H2O), MWCNTs were obtained from
SRL, and Nafion dispersion (5 wt %) was procured from Alfa
Aesar. All chemicals were used as received without further
purification. Ultrapure (deionized) water was utilized during
the experiments.

Synthesis of NMPi Membranes. Briefly, 5 mL of NMP
was added in a round-bottom flask containing 12 mL of
formaldehyde. To the mixture, 4 mL of 40% NaOH was added
dropwise with constant stirring at 0 °C to obtain a clear red
color solution, followed by the addition of 100 mL of 10%
PVA solution. After 10 min, 10 wt % of TEOS and 10 wt % of
zirconium oxychloride with respect to NMP were added and
kept for 6 h stirring at room temperature. The resulting
reaction mixture was casted on a glass plate, and membrane
was obtained via solvent evaporation. The completely dried
membrane was peeled off from the glass plate and thermally
cross-linked in a muffle furnace at 140 °C for 4 h. The
obtained membrane was activated in 1 M HCl and 1 M NaOH
alternatively and stored in salt solution. The membrane with
TEOS additive was designated as SiO2-NMPi, the membrane
with TEOS and zirconia additives was designated as ZrO2-
NMPi, and the membrane with no additives was labeled as
NMPi

Synthesis of Ni@MWCNT. In brief, 100 mg of MWCNTs
was heated at 300 °C for 0.5 h in a preheated muffle furnace.
The hot MWCNTs was dispersed in 4 mM of nickel acetate
solution and stirred for 0.5 h. It followed by the addition of 19
mM of hydrazine monohydrate with continuous stirring for
further 1 h. The resulting solution was transferred to a 50 mL
Teflon-lined stainless steel vessel and autoclaved at 110 °C for
24 h in a preheated oven. After 24 h, the product was
centrifuged and collected through washing with distilled water
three times and dried at 60 °C overnight. The prepared
material was designated as Ni@MWCNT.

Fabrication of Membrane Electrode Assembly. The
nickel foam coated with Ni@MWCNT were used as a cathode

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00070
ACS Omega 2022, 7, 15467−15477

15468

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and anode for membrane electrode assembly. The nickel foam
of dimensions 5 cm × 5 cm was dipped in 1 M HCl for 10 min
and rinsed with distilled water followed by ultrasonication in
acetone for 5 min. The nickel foam was washed with distilled
water and dried in a vacuum oven overnight prior to use. The
catalyst ink was painted on the pretreated nickel foam with a
brush coating technique and dried in a vacuum oven at 60 °C
for 1 h. The coated nickel foam was hot pressed against the
membrane and placed between gaskets of thickness 0.8 mm
and inserted between the graphitic plates and clamped hand
tightly together with the nuts and bolts. The cell had a
provision for feeding the reactant and removal of the products.
The two terminals of the cell were connected to the DC supply
unit having constant current and constant voltage provisions.
The potassium hydroxide solution having a concentration 1 M
was pumped across the two compartments of the cell with the
help of a pump at a flow rate of 15 mL min−1. The voltage was
varied linearly and the corresponding current was measured
three times with different time interval to check the
reproducibility of the results. The amount of current produced
and the voltage applied is monitored with the help of the
multimeter.
Characterization. Membrane Characterization. 1H

NMR spectra were recorded on Bruker DMX-300 NMR
instrument at 300 Hz in deuterated DMSO-d6 solvent. The
surface morphology and structural analysis of the synthesized
membranes were thoroughly characterized using various
analytical tools. X-ray diffraction of the membranes were
recorded, and the chemical functionalities were analyzed by
Fourier-transform infrared (FTIR). The spectra were recorded
on Agilent, Cary 600 series FTIR microscope (with a
resolution of ±4 cm−1 and incident angle of 45°) in the
wavenumber range of 400−4000 cm−1. The thermal character-
istics of the membrane was analyzed using thermogravimetric
analysis (TGA), TA Instruments 2960 (Mettler Toledo,
Germany) at a heating rate of 10 °C min−1 from 30 to 800
°C in N2 atmosphere. The detailed physicochemical and
electrochemical characterization of the membranes are
presented in Supporting Information.

■ RESULTS AND DISCUSSION

The successful formation of Ni@MWCNT was confirmed by
powder XRD as shown in Figure 1. The XRD profile validate
the presence of face-centered cubic (fcc) nickel nanoparticles

(JCPDS file: No. 03-1051) with a small diffraction peak of
graphite (002) at ∼26° from MWCNTs.38,39 We could not
observe the peak for nickel carbide of the cementite phase and
nickel oxides in the diffraction pattern. The results clearly
indicate the formation of nickel nanoparticles by thermal
migration of nickel ions by capillary suction in the interior and
interlayers of MWCNTs followed by its reduction in the
presence of hydrazine monohydrate and to form particles by
agglomeration. The formation of nickel nanoparticles by
reduction with carbon in inert atmosphere has been reported
by Koltypin et al. at 500 °C.40 The formation of micron-sized
particles from the reduction of nickel oxide in the presence of
natural graphite at 950 °C has also been reported.41 The
broadening of nickel peaks in the XRD pattern is due to its
small particle size. The size of the nickel nanoparticles was
calculated using the Scherer equation, that is, t = 0.9λ/B cos
θB, where t is the particle size, λ is the characteristic
wavelength of the X-ray used, B is the angular width in
radians at an intensity equal to half of the maximum peak
intensity, and θB the Bragg angle in degrees at which the
diffraction occurs.42 The average particle size of the deposited
nickel nanoparticles was estimated as 19 nm, calculated from
the Scherer equation using nickel (111) peak at 2θ of 44.5°.
This size generally accords to TEM observations (Figure 2).

The crystallite of irregular size and shape were observed inside
the cavities and at the opening of the MWCNTs. Also, Ni@
MWCNT possesses a high BET surface area of 20.7255 ±
0.1585 m2/g which is represented by the isotherm linear plots
(Figure S1). For comparison purposes, BET surface area of
neat nickel particles synthesized by reduction of nickel acetate
was recorded, and its surface area was found to be 0.0224 ±
0.0120 m2/g, which is very low compared to Ni@MWCNT.
Figure 3A−C shows the SEM images of encapsulated

MWCNTs with elemental mapping and energy dispersive X-
ray spectrum. The presence of clear images without
aggregation or dirt formation indicated encapsulation inside

Figure 1. XRD pattern of the Ni@MWCNTs showing the presence of
fcc nickel nanoparticles along with JCPDS data.

Figure 2. TEM images of Ni@MWCNTs showing encapsulated
nickel nanoparticles of irregular shape and size inside the cavities and
openings of MWCNTs.
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the MWCNTs. SEM mapping (Figure 3B) shows the expected
nickel element throughout the image suggesting its encapsu-
lation. The energy dispersive X-ray spectrum as shown in
Figure 3C confirmed ∼9.58 weight% of nickel.
The XPS spectra (Figure 4) was recorded to determine the

oxidation state of Ni in Ni@MWCNT. The spectra were
deconvoluted to obtain the Ni 2p fitting (Figure 4A). The
intense peak at 852.93 and 870.28 eV binding energy indicated
the metallic (Ni0) phase.43 The peak at 856.53 and 854.34 eV
attributed to Ni3+ and Ni2+ 2p spin orbits.43,44 The peaks at
861.98 and 880.68 eV represented the satellite peaks for the Ni
2p3/2 and Ni 2p1/2 region, respectively.

45,46 The binding energy
at 874.38 eV was ascribed to the Ni 2p1/2 region. The C 1s
high-resolution spectra (Figure 4B) showed the intense peak at
the binding energy 284.8, 286.43, and 289.0 eV ascribed to the
C−C bond, C−O−C bond and O−CO bond, respec-
tively.47 The peaks at 531.92 and 529.68 eV observed from the
O 1s spectra (Figure 4C) represented the Ni2O3 and NiO,
respectively, due to surface oxidation during the analysis.44

Electrochemical Study. The electrochemical study was
performed with paste consisting of 4:1 ratio Ni@MWCNT and
Nafion dispersion drop coated on a glassy carbon electrode as
the working, Ag/AgCl as the reference, and a glassy carbon rod
as the counter electrode in 1 M KOH. The recorded
polarization curves for HER and OER are presented in Figure
5 along with the Tafel slope as the insets. In the polarization
curve, we could observe the broad oxidation peak in the
potential range of 1.25−1.45 V versus RHE, this peak belongs
to transformation from NiO to NiOOH (Figure 5B). It is well
reported in the literature that the oxidized state of the
transition metal is conductive for OER reaction.7,48 Thus, the
more positive the potential of the scan was, the higher the
oxidation current was observed. The broadening of the peak
indicated a large amount of charging during the anodic
potential scan, which is related to the enhanced redox active
sites for OER. By scanning the potential further toward the
onset potential for the water oxidation, the redox active site,
especially the Ni3+ redox species, tends to accept the electron
released from water during oxidation and regenerated back to

Figure 3. (A) SEM image of the Ni@MWCNTs showing uniform distribution of Ni nanoparticles. (B) Elemental mapping shows distribution of
Ni nanoparticles. (C) Energy dispersive X-ray spectrum showing atomic and weight percentage of Ni.

Figure 4. XPS spectra of Ni@MWCNT confirming the presense of metallic Ni°. (A) Ni 2p, (B) C 1s, and (C) O 1s.
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Ni2+ redox state. Thus, the water oxidation process is facilitated
with a decrease in the onset potential and enhancement in the
oxidation current density.
The observed onset potential of 1.53 V versus RHE being

more negative than Ni@C reported.10,19,22 It was about 100
mV positive than the transition bimetallic catalyst on carbon.20

We propose that the OER activity is due to the stabilization of
intermediate NiO/NiOOH oxidation state by MWCNTs. In
our earlier report, we have showed that cations of mixed
valence at surfaces of metal oxide nanoparticles constitute
electrochemical half-cells with potential intermediates between
those of the dissolved cations and those in the solid.49 The
stabilization of polyoxometalates inside the MWCNTs by
transfer of electron from MWCNTs to encapsulated
polyoxometalates is also reported.35 Here, we are also
anticipating good electron transport from MWCNTs to
encapsulated nickel nanoparticles to stabilize the intermediate
oxidation state which is responsible for good OER activity.
Furthermore, the conducting MWCNTs enhanced fast charge
transport which is beneficial to increase reaction efficiency.
The formation of metal/p-type semiconductor, that is, Ni@
MWCNT can generate a positive space charge region on the
metal surface which can further promote the OER activity.18

The well distributed nickel nanoparticles with high surface area
allowed the high mass transport, that is, transport of OH− and
O2 to commence the ease of OER activity. The observed over
potential and Tafel slope were 300 mV and 153 mV dec−1,
respectively (Figure 5B). The low Tafel slope is indicative of
effective communication between MWCNTs and nickel
nanoparticles. It facilitated faster kinetics of the OER reaction.
The electrode showed the good stability at an onset potential
of 0.7 V versus Ag/AgCl with a current density of 10 mA cm−2

at 30 °C for 8 h on graphite paper. The data are presented
versus RHE along with the normalized current density in
Figure 5D. Nickel is the excellent HER catalyst, and its
performance for hydrogen generation was evaluated by
recording LSV in negative potential as shown in Figure 5A.
The electrode showed the onset potential of 145 mV, lower
than the Ni@C reported in the literature, and low Tafel slope
(166 mV dec−1).10,18,25 It signifies the presence of metallic
nickel which was confirmed by powder XRD as shown in
Figure 1, as an active species for HER reaction. Here, we are
also anticipating the presence of an intermediate oxidation
state which can cleave the adsorbed H2Oad molecule into an
adsorbed OH−

ad and H atom. The preferential recombination
of H atom generates H2 by Volmer process. The stability of the
electrode was evaluated at a potential of −1.4 V versus RHE at
35 mA cm−2 current density for 14 h for HER (Figure 5C).
The constant current indicated the excellent stability of the
electrode for HER activity. The calculated electrochemically
active surface area (ECSA) was 0.0375 cm2 (Figure S2) which
was directly proportional to the electrochemical double layer
capacitance (Cdl). The calculated turn over frequency (TOF)
was found to be 0.035 s−1 for OER and 0.094 s−1 for HER at
350 mV. It is much higher when compared to the NiCo-LDH
nanosheets.50

After electrochemical stability, Ni@MWCNT was subjected
to post morphological characterization. The coated catalyst on
graphite paper was scraped and removed by ultrasonication.
The intact Ni in MWCNT suggests its excellent stability
(TEM images, Figure S3). It was supported from the PXRD
data (Figure S4), and SEM images and their corresponding
elemental composition. A close look at the elemental
composition revealed that the atomic percentage of Ni was

Figure 5. Linear sweep voltammogram of the paste consisting of 4:1 ratio of Ni@MWCNTs and Nafion dispersion drop coated on a glassy carbon
electrode as the working, Ag/AgCl as the reference, and a glassy carbon rod as the counter electrode in 1 M KOH with 5 mV scan rate. The
normalized current density and potentials were presented versus hydrogen electrode. (A) HER and (B) OER. Insets show the corresponding Tafel
slope. (C,D) Stability of the electrode at constant potential for HER and OER respectively.
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found to be increased after HER stability (Figure S5), whereas
after OER stability decrease in atomic percentage of Ni and
increase in atomic percentage of oxygen was observed (Figure
S6). This indicates that there may be possible formation of
NiO/NiOOH during the OER activity (Figure S6). The XPS
spectra of Ni@MWCNT after OER stability further supported
the coexistence of Ni2+/Ni3+ peaks at 856 eV (Figure S7). An
identical peak was also observed in XPS spectra of Ni@
MWCNT after HER stability study (Figure S8).
After evaluation of electrochemical properties of Ni@

MWCNT, we made a membrane electrode assembly (MEA)
and demonstrated its alkaline water splitting ability in
electrolysis cell. MEA was constructed from N-methyl
piperidone-based membrane and nickel foam-coated Ni@
MWCNT. Membrane preparation detail is provided in the
experimental section and its schematics is presented in Figure
6. It is a thermoset anion exchange membrane prepared by the

thermal annealing of NMPi-formaldehyde prepolymer and
PVA followed by the quaternization with methyl iodide

(Figure 6A). The in situ addition of tetraethyl orthosilicate
and zirconium oxychloride results into the formation of
composite membranes. We have prepared three membranes,
namely, NMPi, SiO2-NMPi, and ZrO2-NMPi. Figure 6B
display the photographs of the synthesized membranes. The
prepolymer used for the preparation of three membrane have
been characterized by NMR and data are presented in
Supporting Information (Figure S9). Figure 7A shows the
recorded XRD spectra of membranes. In all three membranes,
two characteristic peaks were observed for PVA at ∼20° and
∼40°. They were assigned (101) and (111) planes,
respectively.51 SiO2-NMPi membrane shows peaks around
22° for amorphous SiO2 (111).

52 The peaks at ∼30°, 35° for
ZrO2-NMPi membrane were assigned to the tetragonal
structure of ZrO2 with plane (101), (110).53 Further
confirmation was supported by FTIR spectra (Figure 7B).
The presence of a broad peak at ∼3550 cm−1 shows O−R
stretching of PVA in all three membranes. The peaks at 2000
and 1845 cm−1 represent the O−Si stretching of SiO2. The
synthesized ZrO2-NMPi membrane shows an additional peak
at 1633 cm−1 due to the stretching of Zr−O bond. Figure 7C
shows the UTM analysis of the membranes. Obtained tensile
stress versus tensile strain plot shows the ZrO2-NMPi
membrane with 87.5% elongation break which is greater
than 73.95% for SiO2-NMPi and 20% for NMPi membrane.
The addition of SiO2 and ZrO2 increases the Young’s modulus
of the membranes. The obtained values were 93, 75, and 46
MPa for ZrO2-NMPi, SiO2-NMPi, and NMPi, respectively.
The formation of dense membrane was observed from SEM
analysis (Figure S10). The membranes were found to be crack
free and no phase separation and aggregation was observed.
There was uniform distribution of SiO2 and ZrO2 particles
throughout the membrane. The addition of SiO2 and ZrO2
have a notable effect on the thermal stability of the membrane.
Figure 8A shows the recorded TGA curves in inert
atmosphere. All three membranes showed three step weight
loss. The initial weight loss at ∼150 °C was due to the loss of
adsorbed water molecules. But of the three membranes, the
membrane with high water content showed high weight loss.
The second weight loss at 220−350 °C was due to the partial
degradation of functional groups present in the membrane.
The weight loss above 400 °C was due to degradation of a
polymer backbone. Before performing the water electrolysis
experiments, electro- and physicochemical properties of the
membranes were evaluated and presented in Table 1. Of the
three membranes, ZrO2-NMPi showed the highest IEC, water

Figure 6. (A) Schematics of composite anion exchange membrane.
(B) Photograph of the prepared membranes.

Figure 7. (A) XRD spectra of membranes confirming the presence of SiO2 and ZrO2 in the membrane matrix. (B) FTIR spectra to support the
presence of SiO2 and ZrO2 in the membrane matrix. (C) UTM analysis of the membrane displaying the SiO2- and ZrO2-dependent elongation at
break.
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content, and transport number and low resistance due to the
affinity of ZrO2 to the hydroxyl ions.
Membrane Electrode Assembly. The assembly of the

MEA is presented in Figures S11 and S12. The performance
was evaluated in a two-compartment cell used for redox flow
battery in recirculation mode at constant voltage, and
corresponding current was recorded with the help of constant
voltage power supply (accuracy voltage ±10 mV and current
±0.1 mA). ZrO2-NMPi membrane showed relatively high
current density value compared to SiO2-NMPi, NMPi, and
commercial Neosepta membranes at constant applied
potential. This observation may be explained by its high
conductivity (4.5 × 10−2 S cm−1) and low activation energy
(10.127 kJ mol−1) in comparison with SiO2-NMPi (K = 3.3 ×
10−2 S cm−1 and Ea = 11.718 kJ mol−1) and NMPi (K = 1.8 ×
10−2 S cm−1 and Ea = 16.474 kJ mol−1) (Figure 8B,C). The
recorded polarization curves presented in Figure 9A show
three well-defined regions. The first linear region of 1.0−1.8 V
corresponded to the activation overpotential for activation
energy of formation of hydrogen and oxygen on the electrode
surface. The second region of 1.8 to 2.2 V can be attributed to
ohmic overpotential comprising resistance of all components
of the cell, that is, ohmic resistance of electrodes, current
collectors, resistance incurred from gas bubble formation, ionic
resistance of electrolyte, resistivity of membrane, and so forth.
The third region of 2.2−3.0 V can be considered as the
concentration overpotential due to the resistance to the mass

transport at the electrode surface at high current density. The
assembled Ni@MWCNT electrocatalyst with ZrO2-NMPi,
SiO2-NMPi, and NMPi membrane electrode assembly shows
high current density of 300, 252, and 228 mA cm−2,
respectively, at room temperature in 1 M KOH at 2.00 V
constant potential. With an increase in concentration of KOH
(Figure 9B) and temperature (Figure 9C) current density was
also increased. The maximum current density of 776 mA cm−2

was obtained in 5 M KOH at 80 °C (Figure 9C) with ZrO2-
NMPi membrane. The calculated faradic efficacy of the water
splitting was 94.33% higher for ZrO2-NMPi membrane
followed by 80.23% SiO2-NMPi, 77.7% NMPi, and 65.10%
Neosepta membranes. The results are comparatively better
than a commercially available Neosepta membrane in identical
experimental conditions. The Neosepta membrane showed
245 mA cm−2 current density at 2.00 V in 1 M KOH at room
temperature (Figure 9A). The stability of the best membrane
ZrO2-NMPi was evaluated in 1 M KOH at onset potential of 2
V at room temperature. Figure 10 shows the obtained constant
current over 24 h experiment. For the comparison purpose,
data for Neosepta membrane is also presented in Figure 10.
From the Figure 10, it is clear that performance of ZrO2-NMPi
is far better than a Neosepta membrane. At 2 V, it gave a
current density of 300 mA cm−2, whereas a Neosepta
membrane gave a current density of 197 mA cm−2. These
data are comparable with the literature reported in Table 2
with different types of membranes. The values of current

Figure 8. (A) TGA showing two step degradation of NMPi, SiO2-NMPi and ZrO2-NMPi membranes. (B) Graph showing calculated conductivity
of membranes at the different temperature. (C) Corresponding Arrhenius plot of the membranes.

Table 1. Electro- and Physicochemical Properties of the Different Membrane

Sr. No. membrane
IEC

(meq g−1)
water uptake

(%)
areal resistance in 0.5 M KOH,

Ω cm−2 at 50 °C
transport number in

0.5 M NaCl
activation energy
(Ea, kJ mol−1)

Young modulus
(MPa)

1 NMPi 1.89 45.40 16.94 0.72 16.47 46
2 SiO2-

NMPi
2.41 47.20 12.82 0.89 11.72 75

3 ZrO2-
NMPi

2.80 51.30 9.61 0.91 10.13 93

Figure 9. Polarization curve recorded for the membrane electrode assembly with NMPi, ZrO2-NMPi, SiO2‑NMPi, and Neosepta membranes. (A)
Ni@MWCNT/NF with different membranes in 1 M KOH at room temperature. (B) Ni@MWCNT/NF with ZrO2-NMPi membrane in various
concentration of KOH at room temperature. (C) Ni@MWCNT/NF with ZrO2-NMPi membrane in 5 M KOH at different temperatures.
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density, operating conditions, and catalysts used are also
presented in Table 2. Of the reported membranes,
polybenzimidazole, Aemion, and Sustainion have better
performances than ZrO2-NMPi. The other membranes showed
poor performance indicating the best utility of the newly
synthesized Ni@MWCNT electrocatalyst and ZrO2-NMPi
membrane for hydrogen generation and/or related other
applications. After stability study, the SEM images of ZrO2-
NMPi and SiO2-NMPi membranes were recorded, and we
found that there is no leaching of silica which was confirmed
by energy dispersive X-ray spectrum (Figure S13).

■ CONCLUSION
In summary, we have successfully developed bifunctional
(OER and HER) nickel nanoparticle-encapsulated MWCNT
electrocatalysts that were used in MEA with ZrO2-NMPi
membrane for alkaline water electrolysis. The encapsulated
material showed excellent water splitting performance in
alkaline medium with current density of 10 mA cm−2 at
lower potential of 254 mV for HER and 300 mV for OER. An
MEA was assembled with ZrO2-NMPi membrane and Ni@
MWCNT electrocatalyst and performed the water splitting
experiments. A current density of 776 mA cm−2 at 80 °C in 5

M KOH was achieved which is comparable with literature of
known noble metal catalysts and better than non-noble metal
catalysts. Thus, facile preparation of anion exchange membrane
and bifunctional Ni@MWCNT electrocatalyst suggests their
potential utility in hydrogen generation applications.
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Table 2. Reported Literature Values of Electrolysis Performance of MEAa

membranes catalyst (anode and cathode) experimental condition electrolysis performance references

membrane-free Co3O4/NrGO with IrO2 1 M KOH 1.9 V at 199 mA cm−2 54
PBI membrane nanoparticle IrO2 catalyst on a GDE 1 M KOH 1.09 V at 1000 mA cm−2 55
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