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The rapid activity degradation of layered double hydroxides (LDHs)
is caused by the mismatch of surface component and construction.
Herein, MXene quantum dot (MQD) rivets are used to adjust the
surface composition and structure of Ni—Co LDH to boost electro-
chemical activity and stability. The cap of MQD rivets would enrich
a large number of unpaired electrons, thereby enhancing the
adsorption of electrolyte ions. The surface functional groups of
MQDs as rivet shafts can produce a strong interface coupling with
LDH to keep stability. The coupling effect should also promote the
charge transfer between LDH and MQDs and activate LDH surface
adsorption. The effect can be described using the electron location
function mapping, charge distribution and X-ray photoelectron
spectroscopy. Ni-Co LDH@MQDs exhibits high energy storage
activity (87 mA h g7* at 1 A g!) and durable stability (98.6%
retention after 10 000 cycles) in a two-electrode device. This work
opens up a new path for the realization of high-efficiency and
long-term stable electrochemically active materials through the
interface coupling between MQDs and LDH.

Introduction

The excellent electrochemical activity of layered double hydro-
xides (LDHs) depends on the two-dimensional structure, good
anion exchange and selective metal cations.'™* However, LDHs
show short-term cycling stability in alkaline solution.””” The
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structure collapse may be the cause of the rapid decline in
activity.® The previous reports on a solution to the instability of
LDHs are as follows: (1) controlling components,”™** (2) intro-
ducing vacancies,” (3) doping heteroatoms™*"® and (4) inte-
grating composites.'®™® The reasonable design of structure and
composition play a key role in achieving a durable stability at
an atomic level. For instance, graphene quantum dots were
used to toughen the surface structure, resulting in promoting
cycling stability of LDH through bonding interaction.”® The
terminal hydroxyl group can enhance the interface adhesion
toughness of the interface between the electron transport layer
and the halide perovskite film, thereby improving the structure
reliability.>°

The concept of surface spatial confinement (SSC) effect was
proposed to design LDH®@carbon dots with excellent activity
and stability in a supercapacitor.?! The SSC effect is defined as
special characterization of limited spatial action caused by
strong interaction between the substrate and surface modifier.
The interface coupling can be expressed by the SSC effect on
charge transfer and structure stability, providing an intuitive
description of the interaction between different micro-nano
structures. For instance, the chemical grafting of metal organic
frameworks onto polypyrrole nanotubes connected by carboxyl
groups can protect the inner-layer with a strong outer-surface to
prolong the cycling stability of lithium-sulfur batteries.>”

An abundant supply of functional groups was distributed on
the surface of MXene quantum dots (MQDs).>*>*> MXene is
known as high metallic conductivity, good mechanical proper-
ties and complex bonding surrounding, but its major limitation
is self-stacking during the electrode process.”>*” LDHs are also
known as bimetallic hydroxides with excellent adsorption abil-
ity, but their swelling properties cause a collapse of the inter-
lamellar domain.?® The bonding interaction between LDHs and
MXene can be achieved through the functional groups through
LDHs as the carrier and MXene as the surface modifier. The
MXenes would be fixed in a specific position to avoid them
gathering together. At the same time, LDHs should seem to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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have an added layer of protective armor to enhance the skeleton
stability. It is an extremely significant challenge to express the
specific effect on the surface/interface interaction in the com-
posite structure.

Generally, it is still a difficult problem to evaluate the
intensity of interface interaction.>® The electron location func-
tion (ELF) is constantly used to estimate the bond strength and
electron distribution in theoretical models.**** The ELF map-
ping can be obtained by density functional theory (DFT) calcu-
lations. These theoretical methods provide potential routes for
intuitively revealing the interface coupling effect on electroche-
mical activity and stability. Herein, we report a strategy for
constructing the structure and evaluating the method. The
stable structure and efficient electron transfer benefit from
the MQDs being bonded to the LDH surface through their
functional groups as a bridge. This occurs due to the surface
space limitation, where the strong interaction between the
substrate and the surface modifier is beneficial for the
enhancement of the structure and activity in the special con-
finement space. The SSC effect can be expressed specifically as
the bonding process, electron distribution and adsorption
energy using the DFT calculations. The supercapacitors
assembled by Ni-Co LDH@MQDs electrodes are used to reflect
the actual beneficial results based on the SSC effect. The
specific capacity, energy density and long-term cycling life were
used to confirm the influence of MQDs on the electrochemical
activity and stability of LDH.

Results and discussion

The first-principle calculations were used to describe the inter-
facial coupling between LDH and MQDs and predict the SSC
effect on activity and stability. The calculated model was
constructed by placing MQDs onto the Ni-Co LDH surface
(Fig. S1a and b, ESIT). The MQD model was simplified as four
carbon atoms and six titanium atoms with two hydroxyl groups,
while the primary Ni-Co LDH model was composed of Ni, Co, O
and H atoms. The ELF mappings were drawn to directly observe
the bonding process and electron distribution. The electron
distribution around the surface metal atom was redistributed
in Ni-Co LDH@MQDs compared with the primary Ni-Co LDH,
promoting the surface activity (Fig. 1a and Fig. Silc, ESIY).
Fig. 1b shows the side view of ELF mapping in a Ni-Co
LDH@MQD model. The unpaired electrons were localized at
the top of the MQDs to activate the adsorption for electrolyte
ions. The abundant electrons near “-Ti-O-H-O-" bonds
between the surface of MQDs and LDH are beneficial for
forming a strong interfacial coupling. The adhesion energy
(Eaan) was calculated to estimate the interface bonding strength
based on the thermodynamics. The E.q, between LDH and
MQDs was —1.51 eV. The negative E,q, value should illustrate a
strong bonding to strengthen the structure. The net charge of
atoms was obtained to quantitatively assess the charge transfer
and distribution using Mulliken charge analysis. The calculated
charge was corresponding to the ELF mapping. The net charge
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Fig. 1 ELF mappings of (a) LDH and (b) MQDs in Ni-Co LDH@MQDs.
Calculated charge of surface atoms of (c) LDH and (d) MQDs in Ni-Co
LDH@MQDs. Calculated adsorption energies using hydroxide (OH™) as an
example for (e) Ni-Co LDH model and (f) Ni-Co LDH@MQDs. (g) Com-
parative DOS plots of MQDs, Ni—-Co LDH and Ni-Co LDH@MQDs.
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of surface metal atoms exhibited a redistribution after MQD
addition in contrast to that of Ni-Co LDH (Fig. 1c and Fig. S1d,
ESIT). The Ni and Co atoms near MQDs obtained 0.01-0.06 e,
and O atoms lost 0.01-0.1 e owing to the interaction. The
“~Ti-O-H-O-" bonds of the MQD surface also displayed elec-
tron gains and losses (Fig. 1d), promoting the fast charge
transfer and strong interface interaction. The enhanced inter-
face charge interaction is the basic guarantee for improved
reaction activity.

The hydroxide adsorption energy, density of states (DOS)
and projected DOS (PDOS) were employed to analyse the sur-
face activity and electron transfer after the formation of strong
interaction. The adsorption energies (E,) for hydroxides (OH ")
of Ni-Co LDH@MQDs were higher than that of Ni-Co LDH
(Fig. 1e and f). In particular, the E, of surface metal sites was
improved from 0.05 to 0.08 eV. The Ti and C atoms at the MQD
top show higher adsorption energies than those of other sites,
which is consistent with the ELF mappings and charge redis-
tribution. MQDs can enhance the electronic conductivity of
LDH in view of the high intrinsic conductivity of MQDs. This
improvement is due to more electron states crossing the Fermi
level after surface modification (E¢ = 0, Fig. 1g). The location
and shape of the 2p and 3d orbitals have undergone major
changes owing to the strong interaction (Fig. Sle and f, ESIT).
The results indicate that the enhanced conductivity is related to
additional Ti, C and O atoms, which couples the interface of
LDH and MQDs by the hydroxide adsorption. The role of MQDs
can be attributed to three aspects: (1) the unpaired charges
were located at the cap of MQDs to promote the hydroxide
adsorption. (2) MQDs induced the charge redistributed on the
LDH surface to activate the surface activity. (3) Strong coupling
appeared at the interface due to surface functional groups.

Ni-Co LDH@MQDs were synthesized by a one-step hydro-
thermal method (Fig. 2a), indicating that MQDs were anchored
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(a) Schematic illustration of the bonding process. (b) HRTEM images with size distribution of MQDs. (c) SEM image of Ni-Co LDH@MQDs. (d)

HRTEM images of Ni-Co LDH@MQDs (Inset: Diffraction and fringe pattern). (e) The uniform distribution of Ni, Co and Ti of Ni-Co LDH@MQDs.

on the surface of LDH as rivets (Fig. S2, ESIt). The MQD
solution was prepared by separating the MXene solution using
centrifugation. The pale yellow MQD solution presented blue
cyan fluorescence under a UV lamp (365 nm). The MQDs with
the sizes of 3.06 & 0.78 nm were observed by TEM (Fig. 2b). The
lattice fringes (d = 0.25 nm) should be assigned to the (110)
crystal plane of MXene. The cleaned nickel foam was selected
as the growth skeleton. The Ni-Co LDH@MQD sheets grew
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Fig. 3 High-resolution XPS spectrum of Ni-Co LDH@MQDs: (a) Ni 2p, (b)
Co 2p, (c) Ti 2p and (d) C 1s.

5624 | Mater. Adv, 2021, 2, 5622-5628

uniformly and densely on the nickel foam compared with LDH
without MQDs in scanning electron microscopy (SEM) images
(Fig. 2c and Fig. S3a, ESIf). MQDs anchoring on LDH can
reduce the swelling properties to prevent a collapse of the
interlamellar domain. The enhanced interlayer interaction
induced by surface modification helps electron transfer.

The well-dispersed distribution of MQDs at the LDH surface
was observed by high-resolution transmission electron micro-
scopy (HRTEM) (Fig. 2d). The good dispersibility mainly
depends on the strong interaction of the functional groups at
specific positions on the surfaces of MQDs and LDH. MQDs
were confirmed by the lattice fringes of 0.20 and 0.25 nm,
referring to the (002) and (110) planes. The lattice fringes of
0.26 and 0.29 nm corresponded to the (012) and (009) plane of
Ni-Co LDH. The selected area electron diffraction (SAED)
patterns show the (110) plane of Ni-Co LDH and the (002)
and (103) planes of MQDs. The element composition was
analysed by energy-dispersive spectroscopy (EDS) (Fig. 2e and
Fig. S3b, S3c, ESIt). The HADDF-STEM image and elemental
mappings were tested to avoid the effect of Ni foam (Fig. S4,
ESIT). The atomic ratios of Ni and Co are about 1:2 according
to the element contents of Ni-Co LDH@MQDs (Fig. S5, ESIT),
in agreement with the added amount and DFT calculations.
The X-ray diffraction (XRD) pattern shows diffraction peaks at
11.7°, 23.6° and 39.7°, corresponding to the (003), (006), and
(015) planes of LDH (JCPDS No. 15-0087) (Fig. S6, ESIt). The
peak intensity of Ni-Co LDH@MQDs was lower than that of
Ni-Co LDH, suggesting that MQDs covered the LDH surface.
The chemical state of Ni-Co LDH@MQDs was evaluated by
X-ray photoelectron spectroscopy (XPS) (Fig. 3). Co 2p and Ni 2p

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectra can be deconvoluted into two spin-orbit doublets as
well as two satellites due to Co**/Ni*" and Co**/Ni*" (Fig. 3a and
b). The positive shift of all binding energies for Ni 2p and Co 2p
indicates the electron transfer from Co and Ni to O, demon-
strating surface charge redistribution on the LDH surface. The
peaks of Ti-O (458.7 and 464.3 eV) and C-O (286.4 eV) indicate
the strong interfacial coupling between MQDs and Ni-Co LDH
through surface functional groups (Fig. 3c). The anchored state
was also determined by an enhanced C—O0 peak and C-O peak
shift —0.4 eV for C 1s (Fig. 3d). Fourier transform infrared
(FT-IR) spectroscopy (Fig. S7, ESIt) was conducted to analyze
the surface groups for Ni-Co LDH@MQDs. The broad peak at
3471 cm™ " and the peak at 1445 cm™ " should be assigned to the
stretching vibration and the bending vibration of the -OH
group. The peaks at 1631, 1066, 642, and 532 cm ' correspond
to the stretching vibration modes of C=0, C-F, C-Ti and Ti-O
groups on MQDs. This result suggested that the MQDs were
successfully introduced to the surface of Ni-Co LDH. The XPS
and FT-IR results provide strong experimental evidence of the
formation of the SSC effect.

The SSC effect on the electrochemical properties was inves-
tigated using a three-electrode cell, including cyclic voltamme-
try (CV), galvanostatic charge/discharge (GCD) and
electrochemical impedance spectroscopy (EIS). The CV areas
and discharging time indicated the improvement in energy
storage after the MQD modification. (Fig. S8a-c, ESIf). The
Ni-Co LDH@MQDs gained a specific capacity of 140 mA h g™*
(1260 F g~') superior to that of Ni-Co LDH (122 mA h g™,
1098 F g~') (Fig. S8d, ESIf). The high conductivity helps
increase specific capacitance. The capacitance retention of
Ni-Co LDH@MQDs (72%) was superior to that of Ni-Co LDH
(54%) (Fig. 4a). The good rate and small charge transfer
resistance (R, 1.52 Q) confirmed the enhanced charge transfer
efficiency (Fig. 4b and Table S1, ESIT). The capacity of Ni-Co
LDH sharply drops at a current density of 6 A g~ after 5000
cycles (Fig. S8e, ESIf). For Ni-Co LDH@MQDs, the capacity
retention rate increased to 61.2% over 5000 cycles. Notably, the
capacity of Ni-Co LDH@MQDs sharply drops by 37.7% after
the beginning 2000 cycles, while the capacity is only reduced by
1.1% after the following 3000 cycles. The surface structure of
LDH@MQDs was maintained well after cycling (Fig. S8f, ESIt),
demonstrating that MQD rivets can effectively reinforce the
LDH surface structure, in agreement with DFT predictions.

A good linear correlation of peak current (i) versus the square
root of scan rate (#*/%) implied that the charge storage process
was a diffusion-controlled process. The performance complied
with the battery-type behaviour (Fig. S9, ESIt). The power law
(i = av”) was further implied to explain the charge storage
contribution and reaction kinetics of Ni-Co LDH@MQDs based
on the CV curves. The b value is the slope of log (peak current)
against log (v) plot (Fig. 4c). The index b values were 0.54 and
0.57 (close to 0.5) corresponding to Ni-Co LDH and Ni-Co
LDH@MQDs, respectively, which was in accordance with a
battery-type behaviour. The surface-controlled capacitive con-
tribution (k,v) and the diffusion-controlled contribution (k,v*/?)
were discussed to quantify the ratio of contribution via the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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following formula as i, = k;v + k,v*'?, where &, and k, values can
be calculated from the slope and intercept of i/v"* versus v*/.
The CV curves of the Ni-Co LDH@MQDs were separated into
surface-confined (red region) and diffusion-controlled contri-
butions (black region) (Fig. S10, ESIt). The percent surface-
confined capacitive contribution of Ni-Co LDH®@MQDs
(36.06%) was evidently higher than that of Ni-Co LDH
(27.08%) at a scan rate of 20 mV s~ ', proving the surface
reconstruction of the composites by anchored MQDs. For
Ni-Co LDH@MQDs, the percent capacitive contribution
enhanced from 25.76% to 72.54% with the increase of scan
rate from 5 to 100 mV s~ (Fig. 4d). The excellent capacitive
contribution suggested that surface redox reaction processes
were dominant during charge storage at a high scan rate. This
was caused by the chem-grafted MQDs with enhanced electro-
chemical performance.

The two-electrode device was further evaluated based on
Ni-Co LDH@MQDs//AC with a voltage window of 0-1.4 V
(Fig. S11a, ESIt). The CV curves suggested the excellent rever-
sibility of the device (Fig. S11b, ESIt). The specific capacities of
Ni-Co LDH@MQDs//AC were 87, 77, 63,57, 53 and 50 mA h g *
(224, 198, 162, 147, 136 and 129 F g~ ) at current densities of 1,
2,4,6,8and 10 A g~ ' (Fig. S11c and d, ESIt). The device gained
an energy density of 60.7 W h kg™" at a power density of
698 W kg~ ' (Fig. 4e). The energy storage performance was
better than the reports (Table S2, ESIt). The capacity remained

Mater. Adv., 2021, 2, 5622-5628 | 5625
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basically unchanged as the charge/discharge process exceeded
10000 cycles (Fig. 4f). The excellent cycling stability (98.6%
retention after 10000 cycles) can be attributed to the strong
interfacial coupling between MQDs and Ni-Co LDH. The device
performance is listed in Table S3 (ESIT).

Conclusions

The MQD-decorated LDH surface can enhance electron transfer
and structure stability through mutual surface functional
groups. This strong interaction at a specific surface interface
can be attributed to the surface spatial confinement effect. The
theoretical simulations can be calculated to deduce and quan-
tify the surface confinement process more accurately by using
the electron location function and surface adsorption energy.
The actual effect is demonstrated by the performance of the
assembled supercapacitor electrodes and devices. Our work
finds a new way for the design and preparation of electrodes
with high activity and long-term stability structures.

Experimental

Model construction

All models derived from Ni(OH), with « =y = 90°, § = 97.08°,
a=14.68 A, b =3.16 A and ¢ = 5.47 A (monoclinic C,/m space
group) at Materials Project database (mp-626794). The primary
Ni-Co LDH cell was built by choosing the lowest layer of
Ni(OH), (4 x 4 x 1), where the Co atom replaces the Ni position
in a ratio of 3:1. A vacuum of 15 A was used to avoid spurious
interactions in a non-periodic direction (the z direction) for
hybrid systems. MQDs were constructed by 4 carbon atoms and
6 titanium atoms with two hydroxyl groups. The Ni-Co
LDH@MQDs model means that MQDs are placed on the
primary Ni-Co LDH surface through hydroxyl groups.

DFT calculations

The first-principle calculations were carried out based on
density functional theory (DFT) implemented in the CASTEP
code. For the calculations, the generalized-gradient approxi-
mation of Perdew-Burke-Ernzerhof (GGA-PBE) was used for
the exchange-correlation interactions.*” Spin polarization was
considered in all the calculations. The energy cutoff of 400 eV
and Monkhorst-Pack k-mesh of 2 x 2 x 1 were applied.
Geometry optimizations have been carried out using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization algo-
rithm, with the convergence threshold of 1 x 10> eV for energy
and 0.02 eV A™* for force and atomic displacements lower than
0.02 A. The subsequent calculations of the electronic structure
used the same energy cutoff and k-points described above. The

adhesion energy (E.qn) Wwas estimated as follows:
Eyan = Er — Erpu — EMQDS (1)

where Er, Eipu and Emqgps were the energies of Ni-Co
LDH®@MQDs, Ni-Co LDH and MQD models, respectively.

5626 | Mater. Adv, 2021, 2, 5622-5628

View Article Online

Communication

The adsorption energy (E,) of a hydroxide ion (OH) was
computed as follows:

- Esub - EOH7 (2)

where Egupion , Esup and Eoy were the total energies of
substrates with the OH ™~ ions, clean substrates and the isolated
OH™ ions, respectively.

Ea = Esub+OH7

Synthesis of MXene nanosheets

The synthesis of MXene nanosheets was based on our report.**
Typically, 1 g of LiF was first slowly added to 20 mL of a 9 M HCl
solution with stirring for 5 min. Then Ti;AlC, (purchased from
11 Technology Co. Ltd) was gradually added to the above
solution to avoid overheating. The mixture was continuously
stirred at 35 °C for 24 h. The resulting solution was repeatedly
washed with distilled water until the pH > 6 at 3500 rpm. The
above solution was sonicated for 1 h under N, protection and
further centrifuged at 3500 rpm for 1 h. The supernatant is
MXene nanosheets.

Synthesis of MQDs

20 mL MXene nanosheet solution was placed in a 50 mL Teflon-
lined stainless steel autoclave. The pH was adjusted around 9
with ammonia. The mixture was heated at 100 °C for 6 h. The
resulting solution was centrifuged at 12000 rpm for 30 min-
utes. The light-yellow supernatant is MXene quantum dots
(MQDs) (0.5 mg L™1).

Synthesis of Ni-Co LDH@MQDs

NiCl,-6H,0 (0.48 g), CoCl,-6H,0 (0.95 g), hexamethylenetetra-
mine (1.6 g) and MQDs (10 mg) were added to a Teflon-lined
stainless-steel autoclave. The total volume was controlled to 60
mL with distilled water. The nickel foam with surface oxide
treatment was placed in the mixed solution after continuous
stirring. The autoclave was kept at 100 °C for 8 h. The treated
nickel foam was washed with distilled water and absolute
ethanol several times, and further dried at 60 °C in a vacuum

oven. The load is about 2 mg cm™>.

Characterization

The scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) images were
obtained with a Hitachi S-4800 and a TecnaiG2T20, respec-
tively. Energy-dispersive spectroscopy (EDS) measurement was
performed with SEM. The selected area electron diffraction
(SAED) pattern corresponded to the corresponding TEM image.
X-ray diffraction (XRD) spectra were acquired with an Ultima IV
at Cu-Ka radiation. High-resolution X-ray photoelectron
spectroscopy (XPS) was conducted by a Thermo Scientific
K-Alpha spectrometer. The FT-IR spectrum was recorded on a
PerkinElmer FT-IR spectrometer.

Electrochemical measurements

All electrochemical measurements were performed with a
CHI760E electrochemical workstation, including CV, GCD
curves and EIS. EIS was carried out in the range of 0.01-10°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hz. The three-electrode system includes working electrode,
reference electrode (saturated calomel electrode, SCE), auxiliary
electrode (Pt electrode) and electrolyte (6 M KOH). The cycling
stability measurement was conducted by a Land battery
measurement system (LAND CT2001A). The specific capacity
(Cs, mA h g7"), specific capacitances (C, F g~ "), energy density
(E, W h kg™") and power density (P, W kg~ ') were calculated
according to the following equations:**

= oo (mAhg ) (3)

c=— L (Fg) (@

PELIACTE LGRS (5)
36

=200 W kg ) ©

where Q is calculated from the GCD plots, and the m, AV and At
correspond to mass loading (g), working voltage (V) and dis-
charge time (s).

The two-electrode device includes positive electrode (working
electrode), negative electrode (AC) and electrolyte (6 M KOH). The
negative electrode (AC) was prepared by mixing AC/carbon black/
poly(vinyl difluoride) (PVDF) at the weight ratio 80:10:10. The
mass ratio of the positive materials (m,) and negative AC (m_)
followed the equation:

my C_XxXAV_
-7 = 7
m_  Cy XAV, ?)
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