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A three-dimensional flower-like NiCo-layered
double hydroxide grown on nickel foam with an
MXene coating for enhanced oxygen evolution
reaction electrocatalysisT
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Electrolysis of water is currently one of the cleanest and most efficient ways to produce high-purity
hydrogen. The oxygen evolution reaction (OER) at the anode of electrolysis is the key factor affecting
the reaction efficiency, which involves the transfer of four electrons and can slow down the overall
reaction process. In this work, using nickel foam coated with MXene (TizC,T,) as the carrier, a three-
dimensional flower-shaped layered double hydroxide (NiCo-LDH) is grown on TizC,T, by a hydrothermal
method to fabricate a NiCo-LDH/TizC,T,/NF hybrid electrocatalyst for enhanced OER performance. The
results reveal that the hybrid electrocatalyst has excellent OER activity in alkaline solution, in which a low
overpotential of 223 mV and a small Tafel slope of 47.2 mV dec™! can be achieved at a current density
of 100 mA cm™2. The interface interaction and charge transfer between TizC,T, and NiCo-LDH can
accelerate the electron transfer rate during the redox process and improve the catalytic activity of the
overall reaction. This NiCo-LDH/TizC,T,/NF hybrid electrocatalyst may have important research
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Introduction

Hydrogen energy has attracted attention due to its high energy
density and environmental friendliness as a result of aggravated
environmental issues and the energy crisis."* Currently, elec-
trolysis of water is an efficient approach to produce high-purity
hydrogen. The electrolysis of water consists of the oxygen
evolution reaction on the anode (OER, 20H™ — H,0 + 1/20, +
2e”) and the hydrogen evolution reaction on the cathode (HER,
2H,0 + 2e~ — H, + 20H"). The OER involves the transfer of
four electrons, which slows down the overall reaction rate, and
thus it is desirable to develop an efficient OER catalyst to
accelerate the reaction process.®” Precious metals, such as Pt,
Ru, Ir, and their oxides, are excellent OER catalysts but they
suffer from high costs and shortages of resources. Therefore, it
is still a huge challenge to develop efficient and inexpensive
catalysts to replace precious metal catalysts.®*® At present, non-
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significance and great application potential in catalytic electrolysis of water.

noble metal electrocatalysts, including carbides, nitride, oxides,
sulfides, phosphates, alloys, oxides, hydroxides, and other
active materials, are receiving extensive attention.*”* Layered
double hydroxides (LDH), a typical kind of hydroxide, stand out
among catalysts because of their advantages such as abundant
active sites, low cost, simple preparation process, and modu-
lation of composition and morphology.

Transition metal-based LDH were proven to have good OER
catalytic activity under alkaline conditions in 2013. In recent
years, Ni-based and Co-based LDH have proved to have excellent
activity for the electrolysis of water.””* However, the disad-
vantages of poor conductivity and a strong tendency to aggre-
gate of LDH limit the electron conduction.* The fabrication of
LDH with conductive carriers can overcome its poor conduc-
tivity, promote dispersion and expose more active sites of
LDH.** Carbon materials, especially graphene with a large
specific surface area, are often used as the carriers to promote
dispersion and improve the electrical conductivity of LDH.>*>*
However, carbon materials have a low affinity for water and are
difficult to firmly anchor on the metal precursors of LDH
because of their non-polar surface.***”

MXene (M,+1X,Ty) is a typical two-dimensional layered
conductive material with a graphene-like structure, which can
be obtained by selectively etching the A atoms from the MAX
(M,,11AX,,) phase.”®** MXene has attracted increasing attention
due to its unique surface chemistry, adjustable composition,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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physiochemical properties and high metal conductivity. More-
over, benefiting from the negatively charged layers of MXene
and positively charged layers of LDH, the hybrid structure of
LDH/MXene can have a strong interface interaction and elec-
tron coupling, which can expedite electronic transmission and
enhance structural stability. Additionally, MXene can play
a synergistic role in the OER process to accelerate the redox
process of LDH.**** Hao et al. reported a CoFe LDH/MXene
electrocatalyst synthesized by in situ growth of CoFe LDH on
MZXene and the obtained catalyst exhibited a lower overpotential
(319 mvV) than CoFe LDH (352 mV) at the current density j = 10
mA cm % Nevertheless, LDH/MXene OER electrocatalysts are
always in the macroscopic state of a powder and they need to be
coated on the electrode with adhesives such as Nafion or poly-
vinylidene fluoride, which restricts the contact between the
active site and the electrolyte and reduces catalytic activity.***”

Herein, using nickel foam (NF) and MXene (Ti;C,Ty) as the
skeleton and the intermediate, a NiCo-LDH/Ti;C,T,/NF hybrid
structure is synthesized by a two-step method, where the
Ti;C,T, coating layer on the NF skeleton is obtained by natural
deposition firstly and then the three-dimensional flower-like
NiCo-LDH is grown on the surface of TizC,T, by a hydro-
thermal method. The experimental results demonstrate that NF
as the self-supporting electrode can promote the conductivity,
while electronegative Ti;C,T, can be used as a binder to bind to
positively charged LDH layers in the NiCo-LDH/Ti;C,T,/NF
hybrid structure. The interfacial interaction and electron
transfer between NiCo-LDH and Ti;C,T, are of Dbenefit.
Furthermore, the three-dimensional flower-like structure of
NiCo-LDH grown on a Ti;C,T,/NF conductive substrate has
a larger surface area, providing more effective edge sites. NiCo-
LDH/Ti;C,T,/NF had a low overpotential of 223 mV and a small
Tafel slope of 47.2 mV dec ' can be achieved at the current
density j = 100 mA cm 2. In a word, this hybrid catalyst can
promote the advantages of NiCo-LDH, Ti;C,T, and NF in the
electrocatalytic water splitting reaction and has a potential for
broad prospective applications.

Materials and methods

Materials

Ni(NO)3-6H,0, Co(NO);-6H,0, cetyl trimethylammonium
chloride (CTAC), hydrochloric acid (HCI), hydrofluoric acid
(HF), and acetone were obtained from Xilong Chemical Reagent
Co., Ltd. MAX (Ti;AlC,) was purchased from Xinxi-technology
Co., Ltd. Nickel foam (NF) was purchased from Changde
Liyuan New Material Co., Ltd.

Synthesis of Ti;C,T,

Ti;C,T, was synthesized according to the method in the litera-
ture. Typically, 0.5 g MAX (TizAlC,) was added into 30 ml HF
solution and stirred for 24 h at room temperature to get a mixed
solution. The mixed solution was centrifuged several times to
remove the excess HF and dried under vacuum for 12 h at 60 °C
to obtain Ti;C,T,.
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Synthesis of Ti;C,T,/NF

0.2 g TizC,T, was added into 20 ml of deionized water and
stirred evenly and then was treated with ultrasound 20 times at
each ultrasonic time of 2 min in an ice bath to exfoliate TizC,T,.
Then the mixture was centrifuged at 3000 rpm for 30 min to
remove the unpeeled Ti;C,T,, and the exfoliated TizC,T, solu-
tion (denoted as d-Ti;C,T,) was obtained.

Nickel foam (NF) was cut into pieces of 3 cm x 1.5 cm and
then cleaned by ultrasound treatment with HCI solution (2.0 M)
and acetone solution for 30 min, respectively. The cleaned NF
was dried under vacuum at 60 °C for 2 h and then immersed in
d-Ti;C,T, solution for 24 h to deposit d-Ti;C,T, on the surface of
NF by electrostatic attraction. Then, it was dried under vacuum
at 60 °C for 5 h and denoted Ti;C,T,/NF.

Synthesis of NiCo-LDH/Ti;C,T,/NF and NiCo-LDH/NF

0.77 g of Ni(NO),-6H,0, 0.38 g of Co(NO),-6H,0, 1.5 g of cetyl tri-
methylammonium chloride (CTAC), 50 ml of deionized water and
10 ml of methanol were added into an autoclave and mixed evenly,
then Ti;C,T,/NF was placed into the autoclave and reacted for 18 h
at 180 °C to grow NiCo-LDH on the surface of Ti;C,T,/NF and ob-
tained NiCo-LDH/Ti;C,T,/NF. When the reaction was completed,
the NiCo-LDH/Ti;C,T,/NF hybrid electrocatalyst was rinsed with
deionized water and dried under vacuum at 60 °C for 5 h.

NiCo-LDH/NF was prepared by directly growing NiCo-LDH
on a clean NF substrate under the same conditions.

Materials characterization

The crystalline structures of the electrocatalysts were analyzed
by PAN Analytic X'Pert PRO X-ray diffraction (XRD) with a Cu-ko
radiation source (A = 0.15405 nm). Field-emission scanning
electron microscopy (SEM, Hitachi S4800) and transmission
electron microscopy (TEM, FEI Talos 200S) with elemental
analysis was used to detect the microstructure and the
composition of the electrocatalysts. Surface characteristics of
the samples were investigated using a Thermo Scientific K-
Alpha X-ray photoelectron spectrometer (XPS) and all peaks
were calibrated using the standard C 1s (284.8 eV).

Electrocatalytic test

The OER catalytic performance of the electrocatalysts was evaluated
using a standard CHI 660E electrochemical workstation with three
electrodes. In 1.0 M KOH solution, a platinum plate was used as the
counter electrode, saturated calomel electrode (SCE) as the reference
electrode, and the NiCo-LDH/Ti;C,T,/NF hybrid electrocatalyst was
used as the working electrode. The measured potential was con-
verted into a reversible hydrogen electrode according to the Nernst
equation (E (vs. RHE) = E (vs. SCE) + 0.241 + 00.059pH). The elec-
trocatalytic OER performance of the samples was evaluated by linear
sweep voltammetry (LSV) with a scanning rate of 5 mV s and
a sampling interval of 1 mV, and the samples were compensated by
95% iR compensation. The electrochemical impedance spectros-
copy (EIS) measured an amplitude of 5 mV, a frequency range of
1000 kHz-0.01 Hz, and a voltage of 0.5 V. The chronopotential
measurement records do not include iR compensation.
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Results and discussion

The synthetic strategy of the NiCo-LDH/Ti;C,T,/NF hybrid
electrocatalyst is shown in Fig. 1a. Before that, MXene (TizC,Ty)
was synthesized by etching MAX (Ti;AlC,) in hydrofluoric acid
(HF) (Fig. S1aft). A tightly packed lamellar structure of Ti;AIC,
could be detected from scanning electron microscope (SEM)
images (Fig. S1bt), while the basal planes of Ti;C,T, fan out and
spread apart as a result of the HF treatment (Fig. Sict), which
was attributed to the Al atom layer being replaced by T, (i.e. OH
and/or F). In contrast to TizAlC,, Ti;C,T, shows weakened
diffraction peaks that can be indexed to the (002), (004), (104),
and (105) signals of Ti;C,T, (Fig. S2), which means its crys-
tallinity decreased and the Al atom disappeared. Then, the
multi-layered Ti;C,T, was further exfoliated to prepare d-
Tiz;C,T, with a foliated structure by ultrasonic treatment. The
SEM images show that the surface of the NF skeleton was
relatively uniform and smooth with many reticulated lines
while more rough and obvious flakes could be seen on the NF
skeleton surface after deposition of Ti;C,T, (Fig. S31), which
indicated that Ti;C,T, was successfully deposited on the NF
surface. Benefiting from the electrostatic effect between TizC, T,
and LDH, NiCo-LDH/Ti;C,T,/NF was synthesized via a coating
procedure of d-Ti;C,T, on the surface of the NF substrate fol-
lowed by in situ growth of NiCo-LDH.*® Based on the color
change of the substrate in the photographs (Fig. S47), it can also
be speculated that the synthesis of the NiCo-LDH/Ti;C,T,/NF
hybrid electrocatalyst was successful. SEM analysis of NiCo-
LDH/Ti;C,T,/NF shows that the NiCo-LDH plates exhibited
a three-dimensional (3D) flower-like structure with a diameter
of about 10 pm (Fig. 1b). This 3D flower-like structure had the
benefit of exposing the active sites in marginal areas and
enhancing the catalytic activity based on the larger specific
surface area.* The transmission electron microscopy (TEM)
analysis was carried out to identify the microstructure of NiCo-
LDH/TizC,T,/NF and verified that NiCo-LDH and Tiz;C,T,
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Fig. 1 (a) The preparation process of NiCo-LDH/TizC,T,/NF, (b) SEM
image of NiCo-LDH/TizC,T,/NF, (c) TEM image of NiCo-LDH/TizC,T,/
NF, (d) HRTEM image and SAED pattern (inset) of NiCo-LDH/TizC,T,/
NF. (e—j) Elemental mapping showing the uniform distribution of Ni,
Co, Ti, O, and C elements in NiCo-LDH/TizC,T,/NF.
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lamellae were stacked together due to electrostatic interaction,
indicating the strong attraction between NiCo-LDH and Ti;C, T,
(Fig. 1c). The high-resolution TEM analysis shows that the
lattice fringe spacing was 0.25 nm, corresponding to the (012)
plane of NiCo-LDH (Fig. 1d). The (012) and (110) crystal planes
of the NiCo-LDH polycrystalline plate were calibrated by an
electron diffraction pattern, which was consistent with the
lattice fringe results. Element mapping analysis shows that Ni,
Co, Ti, O, and C were uniformly distributed in the stripped
NiCo-LDH/Ti;C,T,/NF sample, indicating that NiCo-LDH grew
uniformly on Ti;C,T, (Fig. 1e-j). In addition, NiCo-LDH with
different morphologies can be obtained by adjusting the
amount of Ni and Co nitrate precursors (Fig. S57).

Due to its poor crystallinity, Ti;C,Ty, TizC,T,/NF does not
show a characteristic diffraction peak in the XRD pattern as
compared to pure TizC,T, (Fig. 3a). After deposition of NiCo-
LDH on Ti;C,T,/NF, NiCo-LDH/Ti;C,T,/NF had obvious
diffraction peaks at around 11.8°, 23.2°, 35.3°, 39.6° and 46.6°,
which correspond to the (003), (006), (009), (015), and (018)
planes of LDH, indicating that NiCo-LDH had been successfully
grown on the Ti;C,T,/NF substrate. Furthermore, it can be seen
that the diffraction peaks of NiCo-LDH in NiCo-LDH/Ti3C,T,/
NF were stronger than that in NiCo-LDH/NF, which may be
because the hydroxyl group on the surface of Ti;C,T, had an
adsorption capacity for Ni and Co cations, thus promoting the
formation and growth of NiCo-LDH.

It was shown to contain chemical elements of Ni, Co, Ti, O,
C, etc., which was in accordance with the results of element
mapping analysis. The Ti 2p spectrum of Ti;C,T,/NF can be
divided into four types of characteristic peaks, namely Ti-C
(454.68 and 461.63 eV), Ti’* (456.64 and 463.70 eV), Ti-O (458.78
and 464.53 eV) and Ti-F (460.39 and 465.44 eV) (Fig. S6at),
which proved that Ti;C,T, was deposited on the NF skeleton
successfully.*® However, the signal of the Ti 2p spectrum in
NiCo-LDH/Ti;C,T,/NF was concealed, which can be attributed
to the high crystallization and thick lamellae of the growth of
NiCo-LDH. This understanding can also be obtained by
comparing the C 1s and O 1s spectra of Ti;C,T,/NF, NiCo-LDH/
TizC,T,/NF, and NiCo-LDH/NF (Fig. S6T), which proved that
Ti;C,T, existed as NiCo-LDH/Ti;C,T,/NF. The standard peak of
C 15 (284.8 eV) was used to calibrate the position of all the peaks
before fitting and comparison. As clearly illustrated in Fig. 2c
and d, the Ni**/Ni** and Co**/Co®" area ratios increased in both
the Ni 2p and Co 2p binding energy peaks of NiCo-LDH/Ti;C, T,/
NF compared to those of the NiCo-LDH/NF, indicating the
strong interaction between NiCo-LDH and Ti;C,T,. In addition,
high-valence Ni and Co can regulate the electronic structure of
LDH and were beneficial for the formation of NiOOH and
CoOOH, which are the active substances in the process of water
splitting electrolysis and can speed up OOH deprotonation to
obtain O,.***

The OER electrocatalytic performance of NiCo-LDH/Ti;C,T,/
NF was obtained using a standard three-electrode system in
1.0 M KOH solution. The NiCo-LDH/Ti;C,T,/NF hybrid elec-
trocatalyst was used as the working electrode and SCE and
platinum plate were used as the reference and counter elec-
trode, respectively (Fig. 3). It can be seen from Fig. 3a and b that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns of NiCo-LDH/TizC,T,/NF, NiCo-LDH/NF,

TizC,T,, and TizC,T,/NF. (b) XPS spectra of NiCo-LDH/TizC,T,/NF. (c
and d) Ni 2p and Co 2p XPS spectra of NiCo-LDH/TizC,T,/NF and
NiCo-LDH/NF.

the catalytic activity of pure NF, IrO,/NF, Ti;C,T,/NF, and
NiCo-LDH/NF was very weak with overpotentials of 494, 448,
389, and 331 mV at a current density of 100 mA cm 2,
respectively. On the other hand, the overpotential of NiCo-
LDH/Ti;C,T,/NF was 223 mV at the same current density,
which was much lower than those of other electrocatalysts.
This result implied that NiCo-LDH/Ti;C,T,/NF shows
a superior OER performance, which may be attributed to the
synergistic effect of NiCo-LDH and Ti;C,T,. The Tafel slopes
of NiCo-LDH/TizC,T,/NF (47.2 mV dec™ ') and NiCo-LDH/NF
(52.7 mV dec™') shows in Fig. 3c indicate that NiCo-LDH/
Ti;C,T,/NF had kinetic advantages, which can be attributed
to the reason that the presence of Ti;C,T, promotes electron
transport, facilitates the chemical desorption process,
accelerates the OOH- de-proton conversion to O,, generates
synergistic catalysis and improves the catalytic activity by
means of the interface effect between Ti;C,T, and NiCo-LDH.
NiCo-LDH/Ti;C,T,/NF and NiCo-LDH/NF had double layer
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Fig. 3 (a) LSV curves of NiCo-LDH/TizC,T,/NF, NiCo-LDH/NF,
TizC,T,/NF, NF, and IrO,/NF. (b) Overpotentials of different catalysts at
j =100 mA cm™2. (c) Tafel plots of NiCo-LDH/TizC,T,/NF and NiCo-
LDH/NF. (d) The corresponding charging current as a function of scan
rate of NiCo-LDH/TizC,T,/NF and NiCo-LDH/NF. (e) Electrochemical
impedance spectroscopy Nyquist plots of NiCo-LDH/TizC,T,/NF and
NiCo-LDH/NF. (f) I-t curves of NiCo-LDH/TizC,T,/NF and NiCo-LDH/
NF.
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capacitance values of 8.58 and 5.25 mF cm ™2, indicating that
NiCo-LDH-LDH/Ti;C,T,/NF had a larger electrochemical
active surface area, which can expose more active sites, and
was more conducive to the release of catalyst active sites in
the process of water splitting (Fig. 3d and S77).

NiCo-LDH with different morphologies can be obtained by
adjusting the amount of Ni and Co nitrate precursors. When
the amounts of Ni and Co nitrate precursors were 0.8 mmol
and 2.4 mmol, NiCo-LDH nanosheets grew vertically on the
TizC,T,/NF surface, which had double layer capacitance
values of 3.51 and 5.86 mF cm ™2 (Fig. 4c and S87). When the
Ni and Co amount was 4.0 mmol, NiCo-LDH was stacked into
a 3D flower-like structure on the Ti;C,T,/NF skeleton, it had
the biggest double layer capacitance values of 8.58 mF cm >
and the lowest overpotentials (Fig. 4). The overpotentials of
NiCo-LDH/Ti;C,T,/NF were 286, 254 and 223 mV at the
current density of 100 mA cm ™2 when the addition amount of
Ni and Co nitrate precursor was 0.8 mmol, 2.4 mmol and
4.0 mmol, respectively. This was because flower-like NiCo-
LDH may provide more effective edge sites, such as coordi-
nation steps, surface defects and corner atoms, and they were
also the locations of the active sites.**

Electrochemical impedance spectroscopy (EIS) was utilized
to investigate the charge transport properties of the electro-
catalysts. In general, charge transfer resistance (R.) affects
electrocatalytic kinetics and a lower R.. value means a faster
electron transfer rate. The radius of the half-circle corre-
sponding to the charge transfer resistance (R.) of NiCo-LDH/
Ti;C,T,/NF was significantly smaller than that of NiCo-LDH/
NF (Fig. 3e), which expressed that the presence of Ti;C,T, was
conducive to accelerating the electron transfer between the
catalyst and the conductive scaffold. For electrocatalysts,
stability was also an important index. The voltage corre-
sponding to j = 100 mA cm > was applied to NiCo-LDH/
Ti;C,T,/NF and NiCo-LDH/NF respectively, and the test was
performed by chronopotentiometry. It could be seen that
during the 12 h steady-state test, the I-¢ curve of NiCo-LDH/
Ti;C,T,/NF maintains a relatively stable state, while the curve
of NiCo-LDH/NF shows a large fluctuation (Fig. 3f). In addi-
tion, the OER catalytic activity of NiCo-LDH/Ti;C,T,/NF with
a 3D flower-like structure obtained in this work was signifi-
cantly superior to the IrO, commercial catalyst coated on NF
(448 mvV), and it is also in the forefront of the OER electro-
catalysts reported in recent years (Table 1). As such, the NiCo-
LDH/Ti;C,T,/NF hybrid electrocatalyst shows superior OER
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Fig. 4 (a) XRD patterns of NiCo-LDH/TizC,T,/NF with different molar

amounts of the Ni and Co nitrate precursors, (b) LSV curves and (c) the
corresponding charging current as a function of the scan rate of NiCo-
LDH/TizC,T,/NF with different molar amounts of the Ni and Co nitrate
precursors.
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Table 1 OER catalysts that have been reported in recent years

Current density Overpotential Tafel slope
Catalyst j (mA cm™?) 7 (mV) (mV-dec ™) Ref.
NiCo-LDH/Ti;C,T,/NF 100 223 47.2 This work
NiFe-LDH/MXene 20 240 43 45
NiFe-LDH/NF 10 193 143.1 46
NiFe-LDH/MXene/NF 10 229 44 20
CoFe-LDH/MXene 10 319 50 34
NiFeCe-LDH/MXene 10 260 42.8 47
NiCo-LDH/MXene/NF 100 257.4 68 27
NiFeP-LDH/MXene 10 286 35 48
MXene/TiO,/NiFeCo-LDH 10 320 98.4 49
NiFe LDH/NiTe/NF 50 228 51.04 50
NiFeAu LDH 100 267 58 51
CoP/MXene 10 280 95.4 26
Co;0,/MXene 10 300 118 52
Lag gSr.,C0q gFen 203 5 10 248 51 53
Ni(OH),@Ni/CC 100 458 168 54
FeCoNi alloy 10 400 70 55

activity and promising potential towards much broader
energy related applications.

Conclusions

In summary, 3D flower-like NiCo-LDH was grown on a porous
Ti;C,T,/NF skeleton to fabricate a NiCo-LDH/Ti;C,T,/NF hybrid
electrocatalyst as a highly efficient OER electrocatalyst by
a hydrothermal method for electrolysis of water. By combining
the advantages of NiCo-LDH, Ti;C,T, and NF, the NiCo-LDH/
Ti;C,T,/NF hybrid electrocatalyst proved to have excellent OER
activity in an alkaline environment. On the one hand, the
interface interaction between Ti;C,T, and NiCo-LDH can
effectively accelerate ion transfer, produce a synergistic effect
and improve the OER catalytic activity. On the other hand, the
3D flower-like structure had a larger specific surface area and
double layer capacitance values, which is conducive to the
release of active sites. Compared with the OER catalysts with
LDH/MXene hybrid structures reported in recent years, the 3D
flower-like structure NiCo-LDH/Ti;C,T,/NF had a better OER
performance, a low overpotential of 223 mV and a small Tafel
slope of 47.2 mV dec™ " could be achieved at a current density of
100 mA cm 2. The new NiCo-LDH/Ti;C,T,/NF hybrid electro-
catalyst has broad application prospects in the field of electro-
lytic water splitting and this report provides a method to
construct a ternary compound structure of NiCo-LDH, Ti;C,T,
and a conductive frame.
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