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Layered double hydroxides (LDHs) are recognized as potential electrocatalysts for oxygen evolution
reactions (OERs), whereas their poor electrical conductivity restricts their practical application. Herein,
two-dimensional (2D) NiMn-LDHs on the surface of 2D TizC, MXene are synthesized via a facile
hydrothermal method. It is found that a thin layer of NiMn-LDHs is firstly deposited on the surface of
TizC, MXene, and gradually it extends out of the surface for continuous growth, and finally the 2D/2D
hybrid structure is constructed. Owing to this unique feature of such a kind of 2D/2D hybrid, the NiMn-
LDHs/TizC,-MXene hybrids (NT-10) show an overpotential of 294 mV at a current density of
10 mA cm™2 and a Tafel slope of 83.7 mV dec™ in 1 M KOH solution. The results demonstrate the
outstanding electrocatalytic OER performance which surpasses those of pristine NiMn-LDHs and
commercial IrO, catalysts. Theoretical studies reveal that the coupling effect between TizC, MXene and
NiMn-LDHs could effectively narrow the bandgap of NiMn-LDHs and modulate their electronic
structures, which could greatly boost the oxygen-evolving performances and reaction kinetics. In
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principle, this work provides a facile and effective strategy to boost the electrocatalytic OER
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1. Introduction

Electrochemical water splitting is becoming increasingly cru-
cial in the development of green energy and environmental
protection.’” However, the kinetics of the water splitting reac-
tion is sluggish, particularly for the OER that undergoes a four-
electron (4e”) transfer process.>* Therefore, excellent electro-
catalysts are usually required to accelerate the reactions, lower
the overpotential, and improve the energy conversion
efficiency.”” At present, noble-metal oxides (such as RuO,
and IrO,) show a good OER performance, yet their significant

“School of Materials Science and Engineering, Shaanxi Key Laboratory of Green
Preparation and Functionalization for Inorganic Materials, Institute of Frontier
Science and Technology Transfer, Shaanxi University of Science and Technology,
Xi’an, 710021, China. E-mail: liuyi@sust.edu.cn

b Materials Institute of Atomic and Molecular Science, Shaanxi University of Science
and Technology, Xi’an, 710021, China. E-mail: hao.xiaodong@sust.edu.cn

¢ Institute of Environment and Energy Catalysis, Shaanxi Key Laboratory of
Optoelectronic Functional Materials and Devices, School of Materials Science and
Chemical Engineering, Xi’an Technological University, Xi’an 710021, China

9 Department of Electronic Engineering, School of Electronic Information and
Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China.
E-mail: swguo@sjtu.edu.cn

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2ma00302¢

© 2022 The Author(s). Published by the Royal Society of Chemistry

cost, supply shortage, and poor electrochemical stability
impede their large-scale applications.® Besides, these precious
metal-based catalysts lack good conductivity and may likely
suffer from oxidation in the process of electrolyzing water in
alkaline electrolytes, forming high valence oxides (e.g. RuO,
and IrO;)." Therefore, exploring high activity, powerful stability,
and noble-metal-free electrocatalysts has drawn great attention
in recent years.

So far, plenty of non-noble metal catalysts, such as
perovskites,” ™! spinels,"** layer structure oxides,”>"” and
other metal oxides,'®'® have been developed. Among these
electrocatalysts, layered double hydroxides (LDHs) are typical
non-noble-metal-based hydrotalcite-like clay materials and a
class of layered bimetallic compounds with similar
structures,”® which is deemed to be a prospective non-noble-
metal OER electrocatalyst candidate because of its compositional
and structural flexibilities,”* simple preparation methods,** and
unique physicochemical properties.**® In particular, Ni-based
LDHs, for instance NiFe-LDHs, NiCo-LDHs, and NiMn-LDHs,
have been extensively investigated.”®*” However, their poor
conductivity, insufficient exposure of active sites, and limited
electrochemical active surface areas (ECSA) severely hinder their
further enhancement of electrocatalytic OER performance as
well as practical application.*®*?° Element doping is an effective
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strategy to boost OER performance, for example, doping some
metal elements with variable valence (such as v,*° Co,*"%? and
Mn**) can modulate the electronic structures of active sites,
lower the potential barrier (adsorption of *OH, *O, and *OOH)
and narrow the bandgap, enhancing the electrocatalytic OER
performance to a certain extent.

Compounding with conductive substances can be another
tactic to improve the electrocatalytic performance of LDHs.
Take NiMn-LDHs for instance, in our previous work,**?° the
as-prepared NiMn-LDHs/CNTs demonstrated that involving
nanotubes can significantly improve the electrocatalytic perfor-
mance of NiMn-LDHs. In fact, as well as compounding with
carbon nanotubes, carbon fiber cloth,*® Ni foam,*” (reduced)
graphene oxide,*® and silver nanowires®® were all utilized
to advance the OER performance of NiMn-LDHs. The inter-
actions between NiMn-LDHs and other conductive materials
are the main reason for the performance improvement of
electrocatalysts, which can promote electron transfer in a
redox process and accelerate the kinetic process of chemical
reactions.

Recently, MXene as one type of two-dimensional (2D) material
has attracted extensive attention owing to the excellent electrical
conductivity, rich surface chemistry, strong hydrophilicity, and
structural variability,* rendering them ideal alterative candidates
for electrocatalysis applications.*"**> Considering that LDHs are
also 2D materials, the construction of LDHs and MXene into the
formation of 2D/2D hybrids is expected to enhance the OER
performance. Recently, FeNi-LDHs/Ti;C,-MXene nanohybrids
were prepared via an ionic hetero-assembly method: in situ growth
of FeNi-LDHs nanoplates on the Ti;C, MXene nanosheets.** The
robust interfacial effect and quick electrical conductance between
the FeNi-LDHs as well as Ti;C, MXene are confirmed, which not
only boost the structural stability and electrical conductivity
of the hybrids, but considerably accelerate the redox process
toward electrochemical water splitting. However, the underlying
mechanism of the growth of LDHs on the MXene surface and the
improved OER performance of hybrid systems requires to be
further investigated.

Therefore, based on our previous work, NiMn-LDHs/Ti;C,-
MXene hybrids were prepared via a hydrothermal method. The
microstructure of hybrids (NT-10) was characterized in detail
via aberration-corrected scanning transmission electron micro-
scopy (Ac-STEM). The OER performance of NiMn-LDHs/Ti;C,-
MXene hybrids as well as NiMn-LDHs and Ti;C, MXene was
investigated. Furthermore, first principle calculations were also
conducted to reveal the effect of MXene coupling of LDHs
toward the OER at the electronic level.

Table 1 Molar and mass ratio of different groups of catalysts
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2. Experimental section

2.1. Preparation of Ti;C, MXene

Primarily, 0.5 g of Ti;AIC, powder was added to the mixed
solution that contained LiF (0.5 g) and HCI (6M, 10 mL) to etch
the Al layer. The solution was then magnetically stirred for
24 hours at 35 °C. The deionized (DI) H,O was utilized to wash
the obtained products until the pH reached about 6. And 0.418 g
of etched Tiz;AIC, was obtained. The powders then dispersed into
10 mL of 25% hexamethylene tetramine (HMT) aqueous solution
to exfoliate MXene. The mixed solution was agitated for 24 hours
at room temperature (RT, 25 °C), then centrifuged (washed twice
with DI H,0), finally diluted with DI H,O and centrifuged at
5000 rpm for 3 minutes. And the collected sediment was injected
with 100 mL of DI H,O and stirred powerfully to obtain a
homogeneous Tiz;C, MXene dispersion. The bottle filled with
N, was utilized to collect the supernatant after centrifugation
(3000 rpm for 1 hour) and stored at 4 °C before use. Ultimately,
TizC, MXene colloidal solution within a concentration of
0.976 mg mL ™" was successfully obtained.

2.2. Preparation of NiMn-LDHs and NiMn-LDHs/Ti;C,-MXene
hybrids

NiMn-LDHs. Pure NiMn-LDHs were synthesized following a
previous method*® with some modification. Briefly, 6 mmol of
NiCl,-6H,0 and 2 mmol of MnCl,-4H,0 were firstly dissolved
into 60 mL of DI H,O. After stirring the mixed solution, 5 mmol
of C¢H,,N, was added into the aforesaid solution and agitated
for 35 minutes. Then the mixed solution was heated to 120 °C in a
sealed autoclave and maintained for 12 hours. The obtained
products were washed 3 times within DI H,O as well as
C,H50H, and then dried vacuously for 12 hours at 60 °C to obtain
NiMn-LDHs.

NiMn-LDHs/Ti;C,-MXene hybrids. Firstly, 10 mL of Ti;C,
MXene solution was added to 20 mL of N-methyl-pyrrolidone
(NMP) to form suspension 1. The different proportions of
NiCl,-6H,0, MnCl,-4H,0, and C¢H;,N, were dissolved in
5 mL of DI H,O to form suspension 2. The two suspensions
were then transferred to a 100 mL of PTFE-lined stainless-steel
autoclave for hydrothermal reaction (120 °C for 12 hours).
The ultimate products were gained by centrifugation-rinsing
within DI H,O followed via freeze-drying to obtain NiMn-LDHs/
Ti;C,-MXene hybrids. According to the different contents of
NiMn-LDHs, the samples are marked as NT-5, NT-10, NT-15,
and NT-20 as shown in Table 1. A schematic illustration of
the preparation of NiMn-LDHs/Ti;C,-MXene hybrids is shown
in Fig. 1.

Electrocatalysts NiCl,-6H,0 (mmol) MnCl,-4H,0 (mmol) CeH1,N, (mmol) NiMn-LDHs (mg) MXene (mg)
NiMn-LDHs 6.00 2.00 5.00 303.33 9.76
NiMn-LDHs/Ti;C,-MXene (NT-5) 1.20 0.40 1.00 60.67 9.76
NiMn-LDHs/Ti;C,-MXene (NT-10) 0.60 0.20 0.50 30.33 9.76
NiMn-LDHs/Ti;C,-MXene (NT-15) 0.40 0.13 0.33 20.22 9.76
NiMn-LDHs/Ti;C,-MXene (NT-20) 0.30 0.10 0.25 15.17 9.76
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Fig. 1 Schematic illustration of NiMn-LDHs/TizC,-MXene hybrids.

3. Results and discussion
3.1 Phase analysis and microstructure characterization

To examine the crystallography characteristics, the X-ray
diffraction (XRD) patterns of TizAlC, as well as TizC, MXene
were obtained via an etching and exfoliating process, and are
displayed in Fig. S1, (ESIf) confirming the synthesis of Ti;C,
MXene. Furthermore, the phase of NiMn-LDHs/Ti;C,-MXene
hybrids as well as the corresponding independent samples were
analyzed as shown in Fig. 2. The peaks at 6.4°, 19.3°, 38.7°, and
60.3° of Ti3C, MXene are indexed to the (002), (004), (104), and
(110) crystal planes, respectively. And the peaks located around
11.3°, 22.7°, 34.4°, 38.8° and 60.0° are indexed as the (003),
(006), (012), (015), and (110) planes of the NiMn-LDHs, which is
in agreement within the standard JCPDS card file (No. 38-0715).
Obviously, all the diffraction peaks of the obtained NiMn-LDHs/
Ti;C,-MXene hybrids can well coincide with the corresponding
peaks of Ti;C, MXene and NiMn-LDHs, indicating that the as-
prepared products are very pure and no other oxides or hydro-
xides of Mn, Ti, and Ni are produced during the preparation
process. The (002) diffraction peak of TizC, MXene is weak
because the growth of NiMn-LDHs on the surface of Ti;C,
MXene suppresses the re-stacking of MXene sheets.** ™ It
should be noted that the diffraction peaks of the (003), (006),
and (012) planes of NT-5, NT-10, NT-15, and NT-20 shift toward
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Fig. 2 XRD patterns of TizC, MXene, NiMn-LDHs, and NiMn-LDHs/TizC,-
MXene hybrids.
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the higher 20 degree which means that with the decrease of
the relative contents of NiMn-LDHs in the hybrids, the lattice
size shrinkage (layer spacing) is more obvious, which will be
analyzed later.

The microstructure of Ti;C, MXene, NiMn-LDHs, and NiMn-
LDHs/Ti;C,-MXene hybrids is displayed in Fig. 3. As can be
observed from Fig. 3a—c, the Ti;C, MXene nanosheets were
successfully obtained after selective etching of Ti;AIC, by LiF/
HCI solution and exfoliated via HMT. Without Ti;C, MXene,
the pure NiMn-LDHs exhibit a flower-like microstructure
(Fig. 3d). However, when NiMn-LDHs in situ grow on the
surface of Ti;C, MXene to form hybrids, the morphology of
NiMn-LDHs has been changed and a stacked sheet structure is
formed on the surface of Ti;C, MXene, as shown in Fig. 3e-h.
Obviously, the NiMn-LDHs severely stack on the surface of
Ti;C, MXene in NT-5, and the contents of NiMn-LDHs on the
surfaces of Ti;C, MXene in NT-10, NT-15, and NT-20 decrease
gradually, which is consistent with the ratio of raw materials.
To further confirm the composition of the hybrids, the element
distribution of NT-10 is analyzed as displayed in Fig. 3i and
the elemental energy dispersive X-ray spectra (EDS) mappings
confirm the homogeneous distribution of Ni, Mn, O, Ti, and C
elements in the NT-10, indicating that the obtained products
are NiMn-LDHs/Ti;C,-MXene hybrids.

The NT-10 as a representative sample was further character-
ized by Ac-STEM as well as the results shown in Fig. 4. It can be
shown in Fig. 4a-d that the 2D thin NiMn-LDHs nanosheets are
formed on the surface of Ti;C, MXene and the identification of
the two components has been distinguished by the HAADF-
STEM images. Simultaneously, the HAADF-STEM images with
different magnifications displayed in Fig. 4e and f and the
corresponding elemental EDS mapping results show that Ni,
Mn, and O elements exist on the surface of Ti;C, MXene,
indicating that a thin layer of NiMn-LDHs was firstly deposited
on the surface of Ti;C, MXene and it extended out of the
surface during the growth process. In addition, it is also found
that the NiMn-LDHs nanosheets are certainly not growing
directly and vertically on the surface of TizC, MXene."® Besides,
multiple local locations of NT-10 were characterized via EDS
mapping as displayed in Fig. S2, (ESIt) further verifying the
composite structure of NiMn-LDHs/Ti;C,-MXene hybrids.

3.2. XPS spectral analysis

X-ray photoelectron spectroscopy (XPS) characterization was
conducted to analyze the elemental composition and valence
state of a representative sample (NT-10) and NiMn-LDHs, as

Mater. Adv., 2022, 3, 4359-4368 | 4361
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Fig. 3 The scanning electron microscopy (SEM) images of (a) the TizAlC, MAX phase, (b) TizAlC, after etching, (c) TisC, MXene after exfoliating, and (d)
NiMn-LDHs. The SEM images of NiMn-LDHs/TisC,-MXene hybrids at different ratios: (e) NT-5, (f) NT-10, (g) NT-15, and (h) NT-20. (i) The elemental EDS
mapping images showing a homogeneous distribution of Ni, Mn, O, Ti, and C elements in the NT-10.

0.5 um

Fig. 4
by the individual mapping of Ni, Mn, O, Ti, and C, respectively.

shown in Fig. 5 and Fig. S3, (ESI}) respectively. The XPS survey
spectrum of NT-10 includes the peaks corresponding to Ni 2p,
Mn 2p, Ti 2p, C 1s, and O 1s (Fig. 5a), demonstrating the co-
existence of two phases (NiMn-LDHs and Ti;C, MXene), which
is coincident with the above morphology characterization
results. In the Ni 2p XPS spectrum (Fig. 5b), the Ni (2p;/, at
855.83 eV; 2Py, at 873.22 eV) peaks in NT-10 with two shakeup

4362 | Mater. Adv, 2022, 3, 4359-4368

0.5 um

20 nm

(a—d) HAADF-STEM images of NT-10 within different magnifications, and the elemental EDS mappings of NT-10: (e and f) ADF images, followed

satellites indicate the existence of bivalent Ni (Ni**). In addition, the
peak at 653.95 and 642.56 €V is attributed to the characteristics
of Mn 2p,,, and Mn 2p;;,, demonstrating the valence state of
trivalent Mn (Mn®") (Fig. 5¢). Compared with pristine NiMn-LDHs
(Ni: 2ps3), at 855.39 €V, 2p;,, at 873.20 eV; Mn: 2p3), at 642.26 €V,
2p1, at 653.09 eV), Ni and Mn 2p peaks in NT-10 shift by a
tiny angle toward a higher binding energy direction. This shift

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of the NT-10. (a) XPS survey spectrum; (b) Ni 2P; (c) Mn 2P; (d) Ti 2p.

(low binding energy to high binding energy) manifests that MXene
coupling causes the partial electron transfer from Ni and Mn to the
heterointerface and indicates that new chemical bonds are formed
between LDHs and MXene, as discussed later. This result makes
it easier for anionic intermediates to aggregate in Ni and Mn
centers with more positive charges, resulting in a faster redox
reaction. The same phenomena have been reported in previous
FeNi-LDH/MXene studies*® and precious metal supported CoO
(OH), which evidently improves the intrinsic catalytic activity of
electrocatalysts.”” The Ti 2p spectrum can be deconvoluted into
four pairs of 2ps//2py/, doublets for Ti-C (455.17/460.84 €V), Ti**
(456.30/461.84 eV), Ti’* (457.93/463.14 eV), and Ti-O (458.45/
464.35 eV), as shown in Fig. 5d.***° The rise of Ti*" (at 457.93/
463.14 eV) and Ti-O signals (at 458.45/464.35 eV) shows the partial
oxidation of Ti;C, MXene likely via oxidative Mn®*" and oxygen
dissolved in mixed solution.

3.3. Electrocatalytic properties toward the OER

The oxygen-evolving electrocatalytic activity of Ti;C, MXene,
NiMn-LDHs, and NiMn-LDHs/Ti;C,-MXene hybrids was assessed
in 1 M KOH solution (pH = 13.8) within three-electrode systems.
Fig. 6a displays the linear sweep voltammetry (LSV) polarization
curves of Ti;C, MXene, NiMn-LDHs, and NiMn-LDHs/Ti;C,-

© 2022 The Author(s). Published by the Royal Society of Chemistry

MXene hybrids, respectively. Obviously, the pristine Ti;C, MXene
has no electrocatalytic OER activity, revealing that LDHs is the
active phase in the electrocatalytic OER process. Moreover, the
strongest redox peak is observed at n = 1.30 V for the NT-10
catalyst, which shows the evidently accelerated Ni**/Ni*" redox
process.”>>" The overpotential of the NT-10 is 294 mV, which is
smaller than NT-5 (309 mV), NT-15 (338 mV), NT-20 (404 mV),
NiMn-LDHs (356 mV), and IrO, (331 mV), respectively, as shown
in Fig. 6d. Meanwhile, the mass activity is also analyzed in Fig. 6a.
It can be observed that NT-10 has a comparatively high value
(112.99 mA mg ") relative to NT-5 (85.31 mA mg™ '), NT-15
(51.94 mA mg '), NT20 (7.17 mA mg '), NiMn-LDHs
(32.98 mA mg ™), as well as IrO, (70.55 mA mg™ ') at a specific
overpotential of 1.56 V vs. RHE, showing the substantive activity
of the electrocatalyst. NT-10 reveals a small Tafel slope of
83.7 mV dec™ ' compared with those of NT-5 (107.1 mV dec ),
NT-15 (113.3 mV dec '), NT-20 (127.5 mV dec '), and IrO,
(110.5 mV dec ") (Fig. 6b), indicating that the coupling effect
of MXene boosts the reaction kinetics in the OER process.
Compared with the pure LDH counterparts and IrO, catalyst,
the excellent OER performance of the representative sample
(NT-10) can be attributed to the optimal 2D/2D hybrid structure
that can facilitate the charge transportation across the interface

Mater. Adv,, 2022, 3, 4359-4368 | 4363
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Fig. 6 Oxygen-evolving performance display of NiMn-LDHs, NiMn-LDHs/TisC,-MXene hybrids, and IrO,. (a) The LSV curves and mass activity of the
prepared catalysts. (b) Tafel slope of all samples. (c) Cq plots. (d) overpotential atj = 10 mA cm™2. (e) EIS nyquist plots. (f) Long-term stability estimation of
NT-10, NiMn-LDHs, and IrO, at 1.52, 1.58, and 1.56 V vs. RHE, respectively.

between NiMn-LDHs and Ti;C, MXene. In order to prove the
superiority of the NiMn-LDHs/Ti;C,-MXene hybrids, a compari-
son of its overpotential and Tafel slop value with the materials
reported up to now are listed in Table S1 (ESIt). Notably, the
NT-10 shows an overall better overpotential and exhibits the most
prominent activity.

The electrochemical surface area (ECSA) of NiMn-LDHs/
TizC,-MXene hybrids and NiMn-LDHs were utilized to assess
the intrinsic catalytic properties via testing the electrochemical
double-layer capacitance (Cq;) via a cyclic voltammetry (CV)
method (Fig. S4, ESIt). The Cq for NT-10 is computed to be
0.426 mF c¢cm™ >, which is greater than those of the other
electrodes (NT-5:0.383 mF cm™?% NT-15:0.209 mF cm™ %
NT-20:0.036 mF cmfz; NiMn-LDHs: 0.102 mF cm’l; IrO, :
0.231 mF cm™?), as displayed in Fig. 6¢c. The larger Cq value
of the NT-10 demonstrates that its larger effective electro-
chemical surface and more numerous active sites for catalysis
can be exposed to electrolyte in OER processes, which is
consistent with the aforementioned structural characterization
and LSV measurement results. The electrochemical impedance
spectroscopy (EIS) analysis results in Fig. 6e show that NT-10
has a smaller charge transfer resistance (ca. 34.6 Ohm), yet
NT-5, NT-15, NT-20, NiMn-LDHs, and IrO, show rather slow
electron transfer (ca. 37.0, 37.6, 42.3, 62.5, and 38.2 Ohm),
respectively. So, the NT-10 has a faster electron transportation
efficiency and lower potential barrier for driving the current in
the OER process. More importantly, the stability of NT-10
electrodes is better than benchmark catalysts (NiMn-LDHs)
and the commercial IrO, catalyst (Fig. 6f), and furthermore
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the microstructure of NT-10 is also preserved well after the
stability test (Fig. S5, ESI}).

3.4. Theoretical calculation analysis

Density functional theory (DFT) computations based on the
Vienna Ab Initio Simulation Package (VASP) were implemented
to investigate the effect of MXene coupling LDHs on electronic
structure as well as the OER mechanism (the theoretical models
are shown in Fig. S6, ESIT). It can be seen in Fig. 7a and b that
the layer distance between Ni-O and Mn-O in NiMn-LDHs/
Ti;C,-MXene hybrids was computed to be 8.608 A and 8.645 A,
which is smaller than pristine NiMn-LDHs (8.942 A and 8.845 A),
indicating the lattice shrinkage of NiMn-LDHs. For NiMn-LDHs/
Ti;C,-MXene hybrids, the strain effect caused by lattice shrink-
age is very favorable for the optimization of electronic structure
and surface adsorption energy during the OER process.”” These
results are consistent with the peak shifts of the (003), (006), and
(012) planes of NiMn-LDHs in the XRD patterns. Furthermore,
the changes in charge transfers between NiMn-LDHs and NiMn-
LDHs/TizC,-MXene hybrids are estimated via the charge density
difference analysis (Fig. 7c). An apparent charge accumulation
exists in the interface between NiMn-LDHs and Ti;C, MXene,
while the electron depletion appears on atoms adjacent to the
interface (mainly for Ni and Mn), which is consistent within
the XPS analysis results. To further assess the stability of the
NiMn-LDHs/Ti;C,-MXene hybrids, the binding energy between
NiMn-LDHs and Tiz;C, MXene was calculated. The ultimate
computed Eyp, value is —0.36 eV which is a suitable value that
can show a good bonding strength for the interface between

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NiMn-LDHs and Ti;C, MXene, enhancing the stability of NiMn-
LDHs/TizC,-MXene hybrids, accelerating electron transport
between the interfaces as well as promoting electrocatalyst
activity during the OER process.**>® Hence, strong interfacial
interaction between Ti;C, MXene and NiMn-LDHs can assure
fast electrical conductivity and a stable structure and accelerate
the redox process of NiMn-LDHs in driving water oxidation.
Fig. 7d shows that the coupling of Ti;C, MXene and NiMn-
LDHs can narrow the bandgap of NiMn-LDHs, indicating a
more conductive catalyst, which is well consistent with the EIS
results. The partial density of the states of Ni and Mn in NiMn-
LDHs or NiMn-LDHs/Ti;C,-MXene hybrids shows that the d
orbital of Mn can enhance the electron mobility and modulate
the electronic structure near the Fermi level, as shown in
Fig. 7e. Moreover, the calculation results of the d-band center
demonstrate that it shifts from —3.91 eV for pristine NiMn-
LDHs to —1.10 eV for NiMn-LDHs/Ti;C,-MXene hybrids, which
is closer to the Fermi level. This further proves that the
coupling effect of MXene resulted in the antibonding states
between NiMn-LDHs in hybrid systems and adsorbed oxygen
species are less occupied, thereby increasing the bond
strength.>* Accordingly, the theoretical analysis and experi-
mental results are consistent with the fact that the OER kinetics

© 2022 The Author(s). Published by the Royal Society of Chemistry

can be enhanced via MXene coupling of NiMn-LDHs to pro-
mote the electric conductivity and the advanced intrinsic
electrocatalytic activity.

4. Conclusions

In summary, we utilized a straightforward hydrothermal way to
rationally design the in situ growth of NiMn-LDHs nanosheets on
the surface of Ti;C, MXene nanosheets. The Ac-STEM character-
ization confirmed the construction of 2D NiMn-LDHs and 2D
Ti;C, MXene hybrids. It is found that NiMn-LDHs/Ti;C,-MXene
hybrids (NT-10) show excellent electrocatalytic capacities in alka-
line medium, whose overpotential vs. RHE is merely 294 mV
at the current density of 10 mA ecm™? and the Tafel slope is
83.7 mV dec™ . Theoretical calculation reveals that the coupling
of MXene can effectively promote the electron mobility, mod-
ulate the electronic structure, and narrow the bandgap of NiMn-
LDHs, which together dramatically improve the OER perfor-
mance and structural stability. Besides, the electron extraction
from NiMn-LDHs in hybrid systems may improve the bond
strength via shifting the d-band center of NiMn-LDHs/Ti;C,-
MXene hybrids to higher energy as well as making the

Mater. Adv,, 2022, 3, 4359-4368 | 4365
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antibonding states between LDHs and the adsorbed oxygen
species less occupied. It is believed that the hybrid process
strategy developed in this research may offer a novel perspective
for designing other non-noble transition metal-based electroca-
talysts for electrochemical water splitting.
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