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The development of efficient and cost-effective electrocatalysts for the hydrogen evolution reaction
(HER) is crucial for renewable energy conversion and storage. Here, we report the synthesis of a
mesoporous NiFe,O4/MXene nanocomposite for the alkaline HER. The as-prepared nanocomposite
demonstrated a synergistic effect in facilitating the HER, as evidenced by significantly improved
electrocatalytic activity compared to individual NiFe,O, and MXene components. The mesoporous
structure of the nanocomposite, derived from the SBA-15 template, provided a large surface area and
enhanced mass transport, while the incorporation of MXene as a conductive additive improved the
charge transfer kinetics. Based on the results, the NiFe,O4/MXene nanocomposite exhibited a low onset
overpotential of —440 mV, a small Tafel slope of 187.5 mV per decade, and long-term stability for the
HER in alkaline electrolytes, as opposed to the individual NiFe,O,; or MXene. The enhanced
electrocatalytic performance was attributed to the synergistic effect of the unique mesoporous
structure, high conductivity, and abundant active sites provided by NiFe,O4, and MXene. However, DFT
calculations revealed that more favorable H atom adsorption and activation processes were observed on
the surface of the NiFe,O4 (400) plane. Our findings highlight the potential of using templated
mesoporous nanocomposites for designing efficient electrocatalysts for the alkaline HER and contribute
to the advancement of renewable energy technologies.

Introduction

Replacing fossil fuel-based energy resources with renewable ones
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has been one of the main agendas for developing clean and
sustainable energy."” Nevertheless, many current renewable
energy resources, such as solar, wind, or geothermal, are known
to be temporal and spatially intermittent, which could potentially
lead to low energy delivery and hamper their daily applications.*
Therefore, conversion of such renewable energy resources into
storable and transferable chemical fuels is desired.®” Among
different candidates for such chemical fuels, hydrogen gas has
attracted much attention as a clean fuel due to its high energy
density (283 kJ mol ') and because it produces zero emission
during consumption.® Currently, hydrogen gas is mainly made
from industrial steam reforming. However, the high cost, low
conversion efficiency, and carbon dioxide production (a major
contributor to global warming) as a by-product make such
a process undesirable for clean, economical, and sustainable
hydrogen production.’ Recently, electrochemical water splitting
has been considered one of the most promising pathways for
producing clean and sustainable hydrogen gas.’** In general,
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electrochemical water splitting proceeds in two significant con-
certed reactions occurring at both the cathode and anode. The
reaction at the cathode is known as the hydrogen evolution
reaction (HER), while the reaction at the anode is commonly
known as the oxygen evolution reaction (OER). In a typical
alkaline-based electrolyte, the HER occurs via the Volmer-Tafel
or Volmer-Heyrovsky mechanism depending on the type of
electrocatalyst.”>'* Nevertheless, the application of such a process
for large-scale hydrogen gas production is still hampered by the
high HER overpotential, making the overall reaction kinetics very
slow. One way to solve this shortcoming is by developing an
efficient and highly active electrocatalyst to facilitate fast and
efficient HER." Traditionally, platinum (Pt) metal has been the
most effective electrocatalyst in the HER due to its ability to
generate a small onset potential and low overpotential. However,
the utilization of such a low abundant and expensive rare earth
metal-based catalyst is less preferred in developing an affordable
hydrogen production economy. Therefore, the fabrication of
effective and highly active HER electrocatalysts from low-cost
earth-abundant elements is highly needed.

In the literature, non-noble transition metal oxides, espe-
cially spinel ferrites like NiFe,O,, have gained great attention as
emerging electrocatalysts for water electrolysis due to their
large natural abundance, environmental friendliness, and
cheapness.'®™® For instance, Chanda et al. reported NiFe,0,
exhibited promising catalytic activity and durability as an
electrocatalyst for the HER under alkaline conditions using
different types of polymer binders.'® Based on the results, it
was revealed that the electrocatalyst was able to generate a
considerably high current density of 125 mA cm™> at 1.85 V
using MEA containing qPPO as the polymer binder. In another
report, Nivetha and co-workers successfully prepared NiFe,O,/
graphene nanocomposites and applied them for the HER in
0.5 M H,SO, solution.?® Here, electrochemical measurements
revealed that the nanocomposites exhibited a low overpotential
of 259 mV and a Tafel slope of 121.4 mV dec . Furthermore,
Mukherjee and co-workers also revealed that a uniformly
decorated reduced graphene oxide (RGO) sheet with NiFe,O,
nanoparticles with an average size of ~10.5 nm was found to
be effective as an efficient electrocatalyst for the HER in acidic
medium with a low onset overpotential of 5 mV vs. RHE
with high cathodic current density and a low Tafel slope of
58 mV dec”'.>' Additionally, recent studies have also reported
that many physicochemical properties of many transition metal
oxides could easily be fine-tuned making them possess porous
properties. During the past several years, nanocasting using
mesoporous silica as a hard template was regarded as the
most common method for fabrication of porous metal oxide
nanoparticles.”® For example, our recent study revealed that
nanocasting using two different mesoporous silicas (KCC-1 and
MCM-41) resulted in porous NiO nanoparticles with different
physicochemical behaviors and catalytic activity against the
reduction of p-nitrophenol.>® Based on the results, porous
NiO nanoparticles prepared with MCM-41 showed greater
catalytic activity due to their larger surface area and better
molecular diffusion. Recently, Kamali-Heidari and co-worker
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also reported that nanocasting of porous NiFe,0O, using SBA-15
was able to significantly increase its surface area to 198 m> g™ *
and improve its performance as a reliable anode material for
lithium ion batteries.>*

Another emerging material that recently received great
attention for a HER electrocatalyst is a two-dimensional material
known as MXene.>” Typically, MXene has a chemical composition
of M,,11X,, Ty, where carbon-based MXene, i.e., Ti;C,T, is the most
commonly known MXene. MXene reportedly has a high absorp-
tion capacity and a high hydrophilicity value.’**” Additionally, it is
also reported that MXene could also facilitate charge transfer
due to its high metallic conductivity.”**® Therefore, MXene has
recently emerged as one of the good candidates for electro-
catalysts for HER reactions. For example, Zhang and co-workers
found that a Pt-deposited MXene electrocatalyst had a better
catalytic performance than pure platinum.*® Based on the results,
Pt-deposited Mxene, which was prepared using atomic layer
deposition (ALD), exhibited a low overpotential of 67.8 mV at a
relatively low Pt content (1.7 wt%). Recently, a study reported by Lv
et al. also revealed that synergistic combination of Mxene and
Ni,P supported by 3D Ni foam was able to enhance hydrophobi-
city, conductivity, and catalytic activity of the electrocatalyst for the
HER in alkaline medium.** In this work, the Ni,P/Mxene/NF
composite exhibited a low overpotential of 135 mV at a current
density of 10 mA cm™ > and showed excellent durability in 1 M
KOH as the electrolyte. Motivated by the great potential, this work
therefore aims to study the application of the mesoporous
NiFe,O,/Mxene composite as an electrocatalyst for the HER
in alkaline medium. Here, mesoporous NiFe,O, (m-NiFe,O,)
nanoparticles were prepared via a nanocasting approach where
mesoporous silica SBA-15 was used as the hard template. Mean-
while, Mxene was synthesized via an etching and exfoliation
technique. Here, the as-prepared composite was deposited on a
glassy carbon electrode (GCE) as an electrode substrate where its
catalytic activity for the HER was electrochemically evaluated in
1 M NaOH.

Experimental methods
Materials

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (Pluronic® P-123, PEG-PPG-PEG) (average M, ~ 5800),
hydrochloric acid (HCl, 37% wt in H,O, purity: 99.99%), and
tetraethyl ortho-silicate (TEOS) (purity: 99.0%) were purchased from
Sigma-Aldrich and used in the synthesis of SBA-15. Meanwhile,
nickel(un) nitrate hexahydrate (Ni(NOj3),-6H,0) (purity: 97%),
iron(m) nitrate nonahydrate (Fe(NOs);-9H,0) (purity: 97%),
ethanol (C,Hs;OH) (purity: 99.5%), and sodium hydroxide
(NaOH) (purity: 99.5%) from Sigma-Aldrich were used for
fabricating m-NiFe;O, nanoparticles. Furthermore, MAX phase
ceramic carbon titanium aluminium carbon (Ti;AlC,) ~ 325
mesh (purity: 98%) was purchased from Advanced Materials
Development Expert Store, China, while lithium fluoride (LiF)
(powder, ~300 mesh) and dimethyl sulfoxide (DMSO) (purity:
99.9%) from Sigma-Aldrich were used in the synthesis of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MXene. Finally, Nafion™ 177 containing solution (~5% in a
mixture of lower aliphatic alcohols and water) was purchased
from Sigma-Aldrich and used in the fabrication of electrodes.

Synthesis of SBA-15

In this study, mesoporous silica SBA-15 was used as the hard
template and was synthesized using a method reported by Zhou
and co-workers with slight modifications.>” Typically, 4 g of
Pluronic P-123 was dissolved in an acid solution containing
19.5 mL of 37% HCI and 127 mL of deionized water. Afterwards,
the solution was stirred using a magnetic stirrer for 3 hours in a
water bath at a temperature of 40 °C at 500 rpm. Subsequently,
8.52 g of TEOS was added and the mixture was then transferred
to a 250 mL polypropylene (PP) bottle, while heating at 90 °C for
24 hours. After the reaction, the solution was filtered using a
Buchner filter followed by washing with water and ethanol
successively. The resulting precipitate was dried in an oven for
24 hours at a temperature of 70 °C. Finally, the final SBA-15 can
be obtained by calcining the powder at a temperature of 500 °C

for 5 hours at a heating rate of 1.5 °C min .

Synthesis of mesoporous NiFe,0, (m-NiFe,0,)

Nanocasting method using the as-prepared SBA-15 was used to
prepare m-NiFe,O,. Here, 0.2 g of Ni(NO;),-6H,0 and 0.55 g of
Fe(NO;);-9H,0 were dissolved in 5 ml of ethanol. Then, 0.5 g of
SBA-15 was then added to the solution and stirred for 12 h. The
solution was then dried for 12 hours at 60 °C. The resulting
powder was calcined at 250 °C for 4 hours at a heating rate of
1°Cmin~", followed by second calcination at 600 °C for 5 hours
at a heating rate of 1 °C min~'. Subsequently, the mesoporous
silica template was then etched away by dissolving the powder
in a 2 M NaOH solution at 40 °C and stirred for 24 h. Finally,
the final mesoporous NiFe,0, was collected by centrifugation
at 10000 rpm, followed by drying in a vacuum oven overnight.

Synthesis of MXene

In this work, the synthesis of MXene was carried out using an
etching and exfoliation method. In this method, 15 mL of 9 M
HCI solution was initially mixed with 1.5 g of LiF in a 250 mL PP
bottle while vigorously stirring for 30 min. Afterwards, 1.5 g of
Ti;AlC, was gradually added to the mixture and further stirred
for another 24 hours at 50 °C. Next, the mixture was centrifuged
for 5 minutes at 3500 rpm. The precipitate was then collected
and washed with distilled water until the pH of the water
reached 5-6 followed by drying in a vacuum oven at 60 °C.
Subsequently, 0.3 g of the precipitate was then redispersed in
5 mL of DMSO and stirred for another 24 hours. The mixture
was then centrifuged for 30 min at 3500 rpm and the precipi-
tate was redispersed in 150 mL of distilled water and ultra-
sonicated for 10 h. The mixture was then centrifuged again at
3500 rpm for 5 min. Finally, the supernatant was collected and
freeze-dried to obtain the final MXene product.

Preparation of m-NiFe,0,/MXene nanocomposite

Here, a nanocomposite of the as-prepared m-NiFe,O, and
MXene was prepared using a hydrothermal method. Typically,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

40 mg of MXene was dispersed in 20 mL of distilled water and
ultrasonicated for 30 min. In a separate container, 80 mg of
porous NiFe,O, nanoparticles was dispersed in 20 mL of
distilled water and ultrasonicated for 30 min. Subsequently,
the two solutions were then mixed and stirred using a magnetic
stirrer for 40 min and transferred to a 100 mL Teflon-lined
stainless-steel autoclave followed by heating at 100 °C for 4 h.
Finally, the precipitate was then collected using centrifugation
and dried overnight at 60 °C.

Characterization

Several characterization methods were employed to evaluate the
physicochemical properties of the as-prepared nanoparticles and
nanocomposites. In this work, crystallographic analysis was per-
formed using a PANanalytical X’Pert Pro MPD (PANanalytical B.V.,
Amelo, the Netherlands), where Cu-Ko was used as the source.
Meanwhile, Raman spectroscopic analysis was performed using a
Horiba LabRAM HR Evolution equipped with a 523 nm laser
source. To investigate the structural and morphological features
of the samples, micrographic and selected area electron diffrac-
tion (SAED) analyses were performed using a high-resolution
transmission electron microscope (HRTEM, TECNAI G2 Spirit
Twin), while the structural images of the sample were also
observed using a scanning electron microscope (SEM, Thermo-
Fisher Scientific Axia ChemiSEM). Finally, the surface properties
of the samples were also analyzed using a Quantachrome Quad-
rasorb Evo Surface Area and Pore Size Analyzer.

Electrode preparation

In this study, a glassy carbon electrode (GCE) was used as the
electrode substrate, and was freshly polished prior to the appli-
cation of electrocatalysts via a drop-casting method. Typically,
5 mg of each electrocatalyst, ie., m-NiFe,O,, MXene, and
m-NiFe,0,/MXene, was dispersed in 1 mL of DI water, while
ultrasonicated for 30 min. Afterwards, 30 puL of the electrocatalyst
colloidal solution was further mixed with 1 pL of Nafion
solution. Finally, 10 pL of the mixture was drop cast onto the
surface of GCE and let dry at room temperature.

Electrochemical measurements

To evaluate the performance of the electrocatalysts, several
electrochemical measurements were carried out using a three-
electrode system potentiostat (ED410 e-corder, eDAQ). Herein,
a Pt-wire and Ag/AgCl were used as counter and reference
electrodes, respectively. Meanwhile, both bare and modified
GCE were used as working electrodes in 1 M NaOH as the
electrolyte. To evaluate the performance of each electrocatalyst
in the HER, linear sweep voltammetry (LSV) was carried out
within the cathodic potential range of —0.6 to 2.0 V vs. Ag/AgCl
with a scan rate of 5 mV s~ to obtain the Tafel polarization
curve. Here, Tafel analysis was carried out by fitting the
experimental data to the Tafel equation (n = blogj + a), where
n is the overpotential, j represents the current density, and a is a
constant. Electrochemical impedance spectroscopy (EIS) analysis
was also carried out within a frequency range of 10°-10~> Hz.
Moreover, stability tests were also conducted by performing both
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chronoamperometry at 10 mA cm ™" for 9000 seconds and cyclic
voltammetry at a scan rate of 100 mV s~ ' for 1000 cycles in
the non-faradaic region. Here, all potentials are reported versus
RHE by converting the measured potentials using the following
equation:

ERuE = Eag/agct + 0.059pH + E.OAg/AgCI 1)
where, Eryg is the converted potential vs. RHE, Exgagc is the
measured potential vs. Ag/AgCl, and E;g/AgCl represents the

standard potential at 25 °C (0.1976).

Theoretical calculations

DFT calculations were performed under the Kohn-Sham formu-
lation as implemented in the Vienna ab initio simulation pack-
age (VASP).**° The projector augmented wave (PAW) method
was employed to describe the interaction between ion cores and
electrons.’”*® The electron exchange correlation was treated
using the generalized gradient approximation (GGA) based on
the Perdew-Burke-Ernzerhof (PBE) functional.*® The plane wave
basis sets with a cut-off energy of 550 eV were used for all
calculations. To treat the strong correlation effects in NiFe,0,, a
rotationally invariant GGA + U approach introduced by Dudarev
et al. was used with effective Hubbard parameters (U.g) being
3.90 and 6.40 eV, respectively, for the Fe and Ni 3d orbitals, as
suggested by Wang and co-workers.®*' The semiempirical
Grimme’s D3 method was employed to account for van der
Waals dispersion corrections.*” Slab models of 6-atomic-layer
NiFe,0,(400), 4-atomic-layer Ti,C3(002), and 2-layer graphite
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surfaces with a vacuum of 15 A were used for the calculations.
Brillouin zone sampling was set to 3 x 3 x 1,3 x 3 x 1, and the
I' point, respectively, for the NiFe,0,(400), Ti,C;(002), and
graphite surfaces. The calculations were considered converged
when the maximum forces on unconstrained atoms were less
than 0.05 eV A~*. During calculations, only atoms at the top two
layers were allowed to fully relax, while the others were fixed to
their bulk positions (except for the graphite case, in which all
atoms were allowed to fully relax). The H-atom adsorption energy
can be calculated using E.qs = E(slabia) — E(stab) — 1/2Eq),
corresponding to the total energies of the H-atom adsorbed on
the slab surface, clean slab surface, and isolated H, molecules,
respectively. On the basis of this definition, a negative E,qq
indicates that the adsorption is exothermic.

Results and discussion
Characterization of the electrodes

In this work, nanocasting using SBA-15 as the hard template
was employed to introduce the porosity feature in the as-
prepared m-NiFe,0,. Fig. 1a presents the results obtained from
XRD analysis. Based on the results, the reaction product
collected from the nanocasting could unambiguously be
ascribed as the spinel NiFe,0,. This is proven by the similarity
of the observed Bragg’s diffraction pattern to the standard
(JCPDS 74-2081 for crystal plane of spinel NiFe,0,4) and those
reported in the literature.>***** Here, the results also revealed
that no sign of the characteristic broad peak for amorphous
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silica at low diffraction angle was observed, suggesting that the
removal of the SBA-15 template was successful (see Fig. Sla, ESIT
for the XRD pattern of the as-prepared SBA-15). Furthermore, the
XRD analysis results also suggested that the etching and exfoliation
method successfully converted Ti;AlC, into Ti;C,T, MXene. As
shown in Fig. 1a, the formation of a Ti;C,T, MXene phase is
signified by a shift of a sharp peak at a low diffraction angle of 9.33°
corresponding to the (002) plane of Ti;AIC, to a lower angle of 5.72°
due to the etching of the Al layer by HF (Fig. Sib, ESIt).* ™"
Additionally, it is also reported that the shift of such a (002) peak
can be associated with the increase of d-spacing and c-lattice
parameters due to the formation of Ti;C,T, MXene from the etched
Ti;AlC,.*® Finally, the results also demonstrated that a nanocom-
posite of the as-prepared m-NiFe,O, and MXene was successfully
prepared using the hydrothermal method (Fig. 1a). This is indi-
cated by the appearance of characteristic Bragg’s peaks for both
materials in the diffraction pattern of the composite.

Furthermore, Fig. 1b shows the Raman spectra of m-
NiFe,0,, MXene, and the m-NiFe,O,/MXene composite. Based
on the results, it is evident that the observation from XRD
analysis was also in agreement with the results of spectroscopic
analysis. Here, the Raman scattering spectrum of m-NiFe,O,
exhibited the characteristic vibration modes of F4(1), E,, Fa,(2),
Fy4(3), and Ay, for the spinel structure of NiFe,0,4, which were
also observed elsewhere.***® Meanwhile, several characteristic
vibration modes for MXene were also observed and matched
well with those reported in the literature.’™ In general,
vibration modes of Ti;C,T, MXene can be divided into four
regions, ie., (i) the resonant peak, (ii) A, (out-of-plane) vibra-
tions for Ti, C, and O atoms, (iii) the vibration of the surface
group, and (iv) the region for carbon vibrations.”® According to
the results, it is evident that the Raman spectra of Mxene
exhibited a characteristic peak at 155 cm ™', which could be
assigned to the doubly degenerated w, (E;) mode for the in-
plane surface Ti and C atom vibrations (Fig. 1b). Additionally,
the disappearance of the w; peak at 252 cm™ ' and a significant
decrease in the peak intensities of w, and w3 (433 cm™ ') and w,
(613 em™") from Ti3AIC, indicates that the successfulness of the
Al etching process (Fig. Sic, ESIT).”" Finally, Raman spectro-
scopy also provided the supporting evidence for the formation
of the m-NiFe,O,/MXene composite. As shown in Fig. 1b, the
spectrum of the m-NiFe,0,/MXene composite was indeed a
combination of both the spectra of m-NiFe,O, and MXene.

In addition, Brunauer-Emmett-Teller (BET) and Barret-Joy-
ner-Halenda (BJH) analyses were also carried out to study the
surface properties of the electrocatalysts. As shown in Fig. 1c, it
is evident that the as-prepared m-NiFe,O, exhibited the desired
mesoporous features because of nanocasting using SBA-15 as
the hard template. Based on the results, N, adsorption-
desorption isotherms clearly revealed that m-NiFe,O, exhibited
a typical IUPAC’s type IV isotherm. A similar feature was
also observed for the mesoporous silica SBA-15 template (see
Fig. S2a, ESIT). This suggests that the nanocasting approach
was able to preserve the mesoporosity features of the SBA-15
template after its removal, making the resulting m-NiFe,O0,4 had
the same mesoporosity features with a large BET surface area of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Surface properties of mesoporous silica SBA-15 and the as-
prepared electrocatalysts

BET surface BJH pore BJH pore
Entry area (m”> g~ ")  size (nm)  volume (em® g™")
SBA-15 557.1 5.162 0.611
m-NiFe,O, 102.4 3.268 0.117
MXene 77.9 3.268 0.076
m-NiFe,0,/MXene 176.7 3.267 0.256

1024 m®> g '. A similar observation was also reported
elsewhere.”* Nevertheless, it is worth noting that the as-
prepared m-NiFe,O, seems to have a more complex network
porous system than that of the SBA-15 template. This is
indicated by the fact that m-NiFe,0, exhibited the H3 hysteresis
loop as opposed to the H1 hysteresis loop of SBA-15 (Fig. S2b,
ESIT). Additionally, BJH pore size estimation also revealed that
m-NiFe,O, had a smaller pore size and volume than SBA-15
(Fig. 1d and Table 1). Moreover, the results also demonstrated
that the surface properties of MXene and the corresponding
m-NiFe,0,/MXene composite follow the type IV isotherm with
the H3 hysteresis loop, suggesting the similar mesoporosity
features with large surface areas (Fig. 1c). However, it is inter-
esting to note that the estimated m-NiFe,O,/MXene nano-
composite’s surface area was found to be total areas of both
m-NiFe,0, and MXene (Table 1). This suggests that the integra-
tion of the two materials did not alter their individual porosity.

Structural and morphological analysis

Further investigation using electron microscopy was also carried
out to study the structural and morphological features of the
electrocatalysts. Fig. 2 presents the micrographic images of the
samples obtained from both TEM and SEM analyses. Based on
the results, it is evident that the as-prepared m-NiFe,0, exhibited
the desired parallel interconnected nanowire structure as a
result of the nanocasting method using SBA-15 as the hard
template (Fig. 2a). It is believed that such a unique structural
morphology was originated from the ability of Fe’" and Ni** ion
precursors to penetrate and transform into the corresponding
NiFe,0, inside the pores and channels of SBA-15. This is true
since mesoporous silica SBA-15 consists of the typical highly
ordered three dimensional parallel interconnected hexagonal
pores and channels (Fig. S3, ESIf). As a result, the resulting
NiFe,O, would pertain to the negative structural copy of SBA-15
after its removal. This is proven by the similarity between the
diameter of m-NiFe,O, nanowires (~5.64 £+ 0.18 nm) and the
pore diameter of SBA-15 (~5.66 £ 0.27 nm). Moreover, such a
porosity feature of the as-prepared m-NiFe,O, was also sup-
ported by the results obtained from SEM analysis (Fig. 2d). As
shown, the interconnected nanowires tend to clump together
and form larger irregular clusters, making the additional poros-
ity features in the bulk. Finally, further analysis using SAED also
provided the supporting evidence for the formation of a highly
crystalline spinel structure of NiFe,O, due to the appearance of
the characteristic ring patterns similar to those reported in the
database and the literature.'®**>*
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On the other hand, TEM analysis revealed that the as-
prepared MXene exhibited a sheet-like morphology (Fig. 2b).
This is expected since etching, dealumination, and exfoliation
of Ti;AlC, would result in the formation of few layers of MXene
flakes, which was also reported in other publications
elsewhere.”"® Besides, the formation of a Ti;C,T, MXene
phase was also supported by the obtained ring patterns from
SAED analysis (Fig. 2b inset). Furthermore, such a unique
structural feature was also supported by the cross-sectional
SEM images of the as-prepared MXene (Fig. 2e). Based on the
results, it is evident that the morphological structure of MXene
indeed resembles stacking layers of MXene sheet flakes.
Finally, both TEM and SEM images also confirmed the for-
mation of m-NiFe,0,/MXene composites (Fig. 2c and 2f). As
shown, the results demonstrated that both m-NiFe,O, and
MXene indeed coexisted after their integration during the
hydrothermal treatment (see Fig. S4, ESIt for the EDS analysis
of the composite).

Electrochemical activity

In this study, the performance of electrocatalysts in the HER
was evaluated and compared with a Pt wire in 1 M NaOH.
Fig. 3a shows the polarization curves of the electrocatalysts
obtained from LSV analysis. Based on the results, it is evident
that the catalytic activity of the nanocomposite was found to be
superior to that of MXene or m-NiFe,0,, suggesting the syner-
gistic effect between the two materials in facilitating the HER.
This is proven by the comparative values of both onset and
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(a—c) TEM images (insets: SAED analyses) and (d—f) SEM images of m-NiFe,O4, MXene, and m-NiFe,O4/Mxene composite, respectively.

overpotentials of the as-prepared electrocatalysts, even though
they were still inferior to those of the Pt wire (Table 2). Based on
the results, it is evident that m-NiFe,O,/MXene exhibited a
much lower onset potential (440 mV) than those of pristine
MXene (510 mV) and m-NiFe,0, (486 mV) at a considerably very
low catalyst mass loading on GCE supports. Furthermore, the
overpotential at a cathodic current of 10 mA ecm™> (i140) for
m-NiFe,0,/MXene was also found to be more positive (584 mV)
as compared to those of pristine MXene (650 mV) and m-
NiFe,O, (788 mV). Such an improvement in catalytic activity
was expected mainly due to the synergistic effect of the high
surface area of m-NiFe,O, and the high conductivity feature of
MXene. Nevertheless, it is also worth noting that m-NiFe,O,
showed a better catalytic activity in the HER than MXene. It is
believed that such a phenomenon was primarily caused by the
high surface area due to the mesoporous feature of m-NiFe,O,
(Table 1). Consequently, more active sites can be developed that
facilitate the HER.

According to the literature, it is reported that the reaction
mechanism of water electrolysis is largely influenced by the
pH of an electrolyte.”” In general, the HER under alkaline
conditions is kinetically and thermodynamically harder than
that under acidic conditions. This is primarily due to the
requirement of extra energy to produce protons from water
molecules.’®>® various studies have suggested that the HER
under alkaline conditions could proceed via either Volmer-
Heyrovsky or Volmer-Tafel pathways.®® Typically, the reaction
is initiated by the electrochemical hydrogen adsorption at the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Polarization curves of bare GCE, MXene, m-NiFe,O4, m-NiFe,O4/Mxene, and Pt Wire at 1M NaOH, (b) the corresponding Tafel plots, (c) and

Nyquist plots obtained from the electrochemical impedance spectroscopy (EIS) analysis and (d) polarization curves of m-NiFe,O4/Mxene before and

after 1000 cycles.

Table 2 Electrochemical activities of various electrocatalysts for the HER
in1M NaOH

Onset potential ~ Overpotential®  Tafel slope
Electrocatalyst (mV vs. RHE) (mV vs. RHE) (mV dec™)
GCE 756 952 433.5
MXene 510 788 417.8
m-NiFe,0, 486 650 198.1
m-NiFe,0,/MXene 440 584 187.5
Pt wire 2 14 63.7

% At 10 mA cm 2.

surface of the catalyst (Volmer reaction), which can be
expressed as follows:®"

H,0+M+e = M — H*+ OH (Volmer) 2)

Subsequently, the reaction could proceed to either electroche-
mical desorption step (Heyrovsky reaction) or chemical

© 2023 The Author(s). Published by the Royal Society of Chemistry

desorption step (Tafel reaction) depending upon the nature of
the catalyst, which can be expressed as follows:

H,0+e +M — H* = H, + OH + M (Heyrovsky) (3)
2M — H* = H, + 2M (Tafel) (4)

Typically, Tafel analysis is used to determine the reaction
mechanism and kinetics.®”®" By estimating the value of the
Tafel slope obtained from plotting the overpotential as a
function of log|j|, one could simply estimate the performance
of a catalyst and its possible reaction mechanism. In general, a
small Tafel slope is preferred since it implies a better and faster
electron-transfer kinetics.®® Fig. 3b shows the corresponding
Tafel plots for the electrocatalysts in 1 M NaOH. Based on the
results, it is evident that m-NiFe,0,/MXene was obtained as the
most active electrocatalyst after the Pt wire. This is proven by its
low Tafel slope (187.5 mV dec™ ') comparatively than those of
pristine m-NiFe,O, and MXene (Table 2). Such a low Tafel slope

Mater. Adv., 2023, 4, 3853-3862 | 3859
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Table 4 Adsorption energy of hydrogen atoms on each studied
electrocatalyst

Overpotential Tafel slope

Electrocatalyst Electrolyte  (mV vs. RHE)* (mV dec™') Ref.
B-Ti,C,T, 0.5 M H,SO, 504 288.0 62
Ru@Ti;C, Ty 0.5 M H,SO, 241 158.0 63

Ti;C, T, 0.5 M H,SO, >800 147.0 64
MOoS,/Ti;C,Ty 0.5 M H,SO, >400 68.0 63
MXene/NF 1 M KOH >300 164.0 64
NiFe,0,@N/C-800 1 M KOH  >300 133.8 65
m-NiFe,0,/MXene 1 M KOH 584 187.5 This work

% At 10 mA cm 2.

suggests that the integration of the two materials was able to
synergistically enhance reaction kinetics, which led to the
improvement of HER performance. The results from Tafel
analysis also revealed that the reaction mechanism for all the
catalysts follows the Volmer-Heyrovsky route, where the
desorption step was believed to be the rate determining step.

In addition, Nyquist plots from EIS analysis also revealed
that charge transfer resistance (Rct) of the m-NiFe,0,/MXene
composite was found to be the smallest among the as-prepared
electrocatalysts (Fig. 3c). Based on the estimation, the values of
R of bare GCE, pristine Mxene and m-NiFe,O,, and the
corresponding value of m-NiFe,0,/MXene were found to be
479.6, 171.5, 257.5, and 127.7 Q, respectively. This suggests that
the integration of m-NiFe,O, and MXene is responsible for the
enhancement of conductivity of the material and it thus
improves its catalytic activity. However, it is worth noting that
the major contribution for such conductivity enhancement most
likely comes from MXene due to its high conductivity. Moreover,
the results from the stability test also demonstrated that the
performance of m-NiFe,O,/MXene in the HER was found to be
very stable, even after 1000 cycles (Fig. 3d). Additionally, the
performance of m-NiFe,O,/MXene in the HER was also found to
be comparable with those reported elsewhere (Table 3).

To obtain further insight into the different electrocatalytic
performances, we have performed a set of DFT calculations in
which the H atom is adsorbed on the surface of several planes
(Fig. 4). The calculated energies are tabulated in Table 4. As
seen, the H atom positioned on the top of the graphite surface
has a positive value (1.49 eV). Contrarily, the H atom is
exothermically adsorbed on the surface of Ti;C, (MXene) and
NiFe,0,, indicating the H atom stabilization. These results

— qi 7 $leltlel

Fig. 4 Optimized structures of H-atom adsorption on (a) graphite, (b)
Ti,Cs (002), (c) NiFe,O4 (400), (d) NiFe,O4 (311), and (e) NiFe,04(400)/
Ti,C3(002) (color designation: light brown: carbon; red: oxygen; white:
hydrogen; light blue: titanium; green: nickel; and brown: iron).

3860 | Mater. Adv., 2023, 4, 3853-3862

Electrocatalyst H-atom position Eaqs (eV)
Graphite Top 1.49
TizC, (002) Top of C atom —2.41
NiFe,0, (400) Top of O atom —6.53
NiFe,0, (311) Top of O atom —1.64
NiFe,0,4(400)/Ti,C5(002) Top of O atom —10.55

explain the better HER performance over Ti;C, and NiFe,O,
than bare glassy carbon. Moreover, the adsorption energies
of the H atom on the (400) and (311) planes are —6.53 eV and
—1.64 eV, respectively. The former is more exothermic, while the
latter is less exothermic than that on Ti;C,. Note that NiFe,O,
has a better electrocatalytic performance compared to Ti;C,.
Hence, the H atom is preferably adsorbed on NiFe,O, (400)
plane. Ultimately, the H atom located at the interface between
NiFe,0, (400) and Ti,C;(002) planes shows the most exothermic
adsorption; thus, the most stabilized H atom. The trend is in line
with those in the overpotential and Tafel slopes. This insight
could be utilized to further enhance the performance of NiFe,0,-
based electrocatalysts through crystal face engineering.

Conclusions

In conclusion, we have successfully synthesized and characterized
a mesoporous NiFe,0,/MXene nanocomposite using SBA-15 as a
template for the alkaline hydrogen evolution reaction (HER). The
nanocasting method using SBA-15 as a template allowed the as-
prepared NiFe,O, to possess a large surface area of 102.4 m* g™/,
providing abundant active sites for the HER process. The electro-
chemical measurements revealed that the NiFe,O,/MXene nano-
composite exhibited a synergistic effect in facilitating the HER, as
evidenced by a low onset overpotential of -440 mV and a small
Tafel slope of 187.5 mV per decade. The nanocomposite also
demonstrated excellent long-term stability for the HER in alkaline
electrolytes. However, it is important to note that the results from
density functional theory (DFT) calculations revealed that H atoms
were preferred to be absorbed on the surface of NiFe,O, rather
than MXene. This suggests that NiFe,O, played a more dominant
role in the HER catalytic process within the nanocomposite.
Nevertheless, the incorporation of MXene as a conductive additive
and the unique mesoporous structure derived from the SBA-15
template still contributed to the enhanced electrocatalytic activity
of the nanocomposite.
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