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iCo-LDH nanosheet decorated
NH2-UiO-66 MOF-nanocomposite with
exceptional chemical stability for electrocatalytic
water splitting†

Saddam Sk, ab Ragunath Madhu, bc Deepak S. Gavali,d Vidha Bhasin,e

Ranjit Thapa,d Shambhu Nath Jha,e Dibyendu Bhattacharyya,e Subrata Kundu *bc
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Utilization of bifunctional high-efficiency non-precious electrocatalysts for stable and effective water splitting

is crucial to the growth of the clean energy industry. Topologically, the predetermined ordered structures of

metal–organic frameworks (MOFs) can be contrived through the judicious assembly of a tailor-made synthesis

strategy of layered double hydroxide (LDH) films. Aiming at NiCo-LDH@NH2-UiO-66 as a model system, for

the first time, we examine the 2-methyl imidazole-induced ultrathin 2D NiCo-LDH nanosheet arrays in NH2-

UiO-66 as an effective bifunctional electrocatalytic system for overall H2O splitting with marvellous

performance and robustness in alkaline environments. The progressively tuned NiCo-LDH@NH2-UiO-66

catalyst demands overpotential values of 296 and 224 mV to deliver a current density of 50 mA cm−2 for

the O2 evolution reaction (OER) and H2 evolution reaction (HER) in 1 M KOH aqueous solution,

respectively. Tafel studies also revealed favorable reaction kinetics during electrochemical processes. The

NiCo-LDH@NH2-UiO-66 bifunctional electrode displayed superior activity exhibiting a voltage of 1.65 V at

a benchmarking current density of 10 mA cm−2 towards overall water splitting. Importantly, the NiCo-

LDH@NH2-UiO-66 electrode shows an excellent specific capacitance of 0.00364 mF cm−2 with

remarkable durability of the capacitor after 1000 cycles. To compare with the experimental result, we have

performed density functional theory (DFT)-based calculation to estimate the HER and OER activity of the

NiCo-LDH@NH2-UiO-66 heterostructure. From the HER free energy profile and Bader charge analysis, we

have confirmed that the presence of NH2-UiO-66 helps in H2 production with 0.10 eV free energy of H2

adsorption (GH*). From the OER free energy profile, the estimated overpotential (h) is about 0.96 eV, which

confirms that the electrochemical reaction towards the OER is also possible on the NiCo-LDH@NH2-UiO-

66 structure. This study will bestow a beneficial blueprint for the utilization of an effective, durable, and

economical MOF-based bifunctional catalytic system for overall water splitting.
Introduction

Due to the concerns from the growing world population, rapid
industrial development, the impending depletion of fossil fuels,
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global warming, and an energy crisis on a global scale,
researchers are looking for an environmentally friendly yet
economically viable alternative to sustainable green energy. In
this regard, the conversion of solar/electric energy into chemical
energy via photoelectric/electrically power-driven H2O splitting
to obtain H2 fuel is one of the most promising and realistic
ways.1–3 To achieve these objectives, there is an urgent
requirement for effective electrocatalysts to improve the reac-
tion kinetics since electrocatalytic water splitting is an energy-
intensive process.4 As of now, Pt is acknowledged as the best
HER electrocatalyst in acidic solutions, whereas noble metal-
based materials like Ru, Ir, RuO2, and IrO2 are regarded as
the benchmark OER electrocatalysts in alkaline as well as acidic
aqueous solutions.5 However, owing to their restricted avail-
ability and prohibitive price, their commercial usage is severely
constrained. So far various transition metal-based catalysts
J. Mater. Chem. A, 2023, 11, 10309–10318 | 10309
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Fig. 1 (a) Schematic illustration of the NiCo-LDH@NH2-UiO-66 het-
erostructure, (b) XRD diffractograms, (c) FTIR spectra, and (d) Raman
spectra of the as-synthesized samples; AFM topography of the (e)
NiCo-LDH, (f) NH2-UiO-66, and (g) NiCo-LDH@NH2-UiO-66.
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have been investigated for this technique.3,6,7 However, further
work is needed to develop and synthesize novel robust and
efficient inorganic electrocatalysts with excellent stability. In
this context, MOFs, as a class of highly crystalline materials with
a dynamic, adjustable porous structure and an abundance of
active sites, are currently assumed to be suitable for OER and
HER electrocatalytic performance.8,9 On the other hand,
promoting both the OER and HER using identical electrodes is
still a challenge that needs to be addressed.

In this respect, a rational design and synthesis of NH2-UiO-
66 catalysts, made up of Zr–O clusters and NH2-BDC organic
linkers, has now been extensively researched for use in elec-
trocatalytic overall H2O splitting with good stability.8 A potential
structural motif on NH2-UiO-66 results in a larger electroactive
surface area and more active sites, which may enhance the area
of contact between the catalyst and the electrolyte as well as
shorten the active species' diffusion pathways, both of which
improve catalytic activity.10 With logical adjustment and devel-
opment, this state-of-the-art demonstrates their potential to
function as optimistic candidates for both the OER and HER.
While adding dopants to a MOF could result in a better inter-
face for the adsorption and active species activation, designing
heterostructures might make it easier for active sites to be
exposed, improving the electrocatalytic activity.11,12

In recent years, bimetallic LDHs, as one of the representa-
tives of two-dimensional (2D) materials, are electrocatalysts for
both the OER and HER because of their adaptable layered
structure and chemical adaptability, which enhance their
catalytically active sites, improve anion exchange capability, and
enrich the charge/mass dynamics. As a well-known bimetallic
LDH molecule, Ni and Co-based LDH have been intensively
researched for highly effective and stable OER and HER elec-
trocatalytic performance in alkaline environments.13,14 Subse-
quently, heterostructure electrocatalysts based on NiCo-LDH
including NiCo-LDH/NiCo2S4,15 Co3O4@NiCo-LDH,16 Co9S8@-
NiCo-LDH,17 Co3S4@NiCo-LDH,18 MoS2/NiCo2S4,19 NiCo-
LDH@NiCoP,20 Ni3S2/Cu–NiCo LDH,21 Ce3+ doped NiCo-
LDH,22 V doped NiCo-LDH,23 and so on have been reported for
overall H2O splitting. Based on the reports, the development
and exploitation of bifunctional electrocatalytic systems for
satisfactory HER and OER activities is the fundamental chal-
lenge, which alongside simplifying the experimental procedure
and lowering the cost, also enhances the overall H2O splitting
efficiency. For the optimization of the electronic structure and
enhancement in the HER and OER activities, it is important to
efficiently construct the desirable microscopic morphology and
structure through elemental doping and heterostructure
growth. As far as our literature survey is concerned, no research
has been carried out to determine how the spatial location of
the electron acceptor, ultrathin 2D nanosheet, and electronic
properties inuence the catalytic performance of 2-methyl-
imidazole derived ultrathin NiCo-LDH nanosheet arrays. The
complexing agent in this reaction was 2-methylimidazole,
which was later substituted by a –OH functional group in the
reaction system to successfully fabricate the ultrathin NiCo-
LDH nanosheet.24 Moreover, the ultrathin nanosheet structure
is favourable for the electrostatic self-assembly of the
10310 | J. Mater. Chem. A, 2023, 11, 10309–10318
heterostructure with efficient charge separation for H2O split-
ting.25,26 To improve the charge transport and surface reaction
kinetics, it is important to examine the structure–activity rela-
tionships of the 2D NiCo-LDH with NH2-UiO-66 for rational
heterostructure development and synergistic impact of
materials.

Herein, in this contribution, we demonstrate the novel
report of making a new class of 2-methyl imidazole derived
ultrathin 2D NiCo-LDH nanosheet arrays anchored via in situ
growth on the NH2-UiO-66 octahedron surface (as shown in
Fig. 1a; synthetic methodology) for efficient electrocatalytic
OER, HER, and overall H2O splitting at room temperature via
a facile and cost-effective strategy. Beneting from its interfacial
structure, the NiCo-LDH@NH2-UiO-66 catalyst demonstrated
an excellent H2O splitting activity, obtaining a current density of
10 mA cm−2 at 1.65 V in an alkaline electrolyser, accompanied
by outstanding durability. Furthermore, we have also used
spectroscopic methods to thoroughly study the functions of
each element in the binary system.
Results and discussion
Structure characterization of NiCo-LDH@NH2-UiO-66

Ultrathin NiCo-LDH nanosheets were synthesized using
controlled hydrolysis of Ni and Co precursors in the presence of
imidazole. For clarication, we named them NiCo-LDH (Ni : Co
= 1 : 1.07), as revealed by inductively coupled plasma-optical
emission spectra (ICS-OES). The growth of NiCo-LDH nano-
sheets probably follows a similar mechanism to the co-axial-
oriented growth of hydrotalcite-like Ni(OH)2 nanostructures.27
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta00836c


Fig. 2 (a) FE-SEM image of NH2-UiO-66; HR-TEM images of the (b)
NiCo-LDH, and (c, d) NiCo-LDH@NH2-UiO-66; (e, f) HAADF image
and (g–l) elemental mapping of Zr, Co, Ni, O, C, N of the NiCo-
LDH@NH2-UiO-66 heterostructure.
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We have conrmed the formation of NiCo-LDH and NH2-UiO-66
nanocrystals by recording their powder XRD pattern (Fig. 1b).
The NiCo-LDH@NH2-UiO-66 heterostructure was prepared
using in situ growth of LDH in the presence of the MOF nano-
crystals as schematically illustrated in Fig. 1a and S1.† The
growth of the LDH has not been poised by the MOF and both
the structures were retained without forming any phase impu-
rities. The diffraction peaks of NiCo-LDH at 11.3°, 22.2°, 33.9°,
38.6°, and 59.6° correspond to the (003), (006), (009), (015), and
(110) facets, respectively (JCPDS no. 38-0715).28,29 (Fig. 1b) On
the other hand, all the series of diffraction peaks related to
pristine NH2-UiO-66 match with the previous report.30

Further, the FTIR spectra of pristine NH2-UiO-66, NiCo-LDH,
and the in situ grown NiCo-LDH@NH2-UiO-66 heterostructure
with peak assignments are presented in Fig. 1c. The spectra of
NH2-UiO-66 are strikingly like those previously published and
may be separated into three regions. The rst region is below
1400 cm−1, and it comprises numerous bands corresponding to
2-amino terephthalate vibrations, like the noted peaks at 1263
and 1383 cm−1 attributed to the aromatic C and N bonding of
the amine.31 The carboxylate interactions are associated with
the second region from 1400 to 1600 cm−1. The range 1430–
1533 cm−1 was measured more specically, suggesting the
existence of amino carboxylate molecules coordinating with the
Zr metal core by the –COO asymmetrical stretching with peaks
at 1499 and 1570 cm−1 and the –COO symmetrical stretching
with peaks at 1584 and 1434 cm−1.32,33 Due to the obvious
symmetric and asymmetric interactions of –NH2 on the organic
linker, the region shows peaks at 3465 and 3367 cm−1.34 Aer
the in situ growth of LDH on the MOF surface, the characteristic
bands related to both NiCo-LDH and NH2-UiO-66 are observed
in the FT-IR spectrum of the NiCo-LDH@NH2-UiO-66 hetero-
structure. The O–H stretching mode is conrmed by a wide
band at roughly 3442 cm−1 as represented by a signature of
molecular vibrations of intercalated anions of NiCo-LDH. The
H2O molecule and –OH groups at the interlayer are thought to
be responsible for balancing the positively charged Ni and Co in
the framework layer.24 Furthermore, the bending mode of the
H2O molecule's vibration spectrum is shown, with a peak at
roughly 1630 cm−1, proving the presence of molecular H2O in
the NiCo-LDH structure.35 Asymmetric stretching of interlayer
CO3

2− anions is responsible for the strong peak at 1344 cm−1.36

The peaks at 1058, 2924, and 2811 cm−1 are attributed to the nC–
O and nC–H modes of vibration of the interlayer MeOH mole-
cules, while the peaks at roughly 602 cm−1 are ascribed to the
vibrational modes of M–O or O–M–O/M–O–M (M = Ni and
Co).37,38 Additionally, the structural properties of the samples
are further investigated by Raman spectroscopy in Fig. 1d. For
the NiCo-LDH nanosheet, the intense band at 508 cm−1 corre-
sponds to the symmetric stretching vibrations of Co–O, Ni–
OOH, and Ni–OH, whereas the band at 452 cm−1 corresponded
to O–Co–O.39 The NH2-UiO-66 Raman signature is presented in
the Raman spectrum of NiCo-LDH@NH2-UiO-66. The Raman
spectra of NiCo-LDH@NH2-UiO-66 also showed a hypochromic
shi, suggesting the existence of electronic interactions
between NH2-UiO-66 and NiCo-LDH nanosheets. The weaker
Raman peaks of the NiCo-LDH@NH2-UiO-66 can be attributed
This journal is © The Royal Society of Chemistry 2023
to the evolution of the crystalline structure,29 which is in line
with the XRD results. The FT-IR and Raman results reect the
formation of the NiCo-LDH@NH2-UiO-66 nanostructure with
retained structural integrity. Moreover, the thickness of the
NiCo-LDH nanosheet was investigated by atomic force micros-
copy (AFM) to verify the ultrathin characteristics (Fig. 1e–g and
S2†). The thickness of the NiCo-LDH nanosheet is around 1.5–
3.5 nm (Fig. 1e and S2a†). The AFM images conrmed the
successful synthesis of the ultrathin NiCo-LDH nanosheet. The
outside and interior of the NiCo-LDH are nearly transparent due
to its ultrathin thickness, which could contribute to the increase
of specic surface areas to provide more active sites. The height
prole for both NH2-UiO-66 and NiCo-LDH@NH2-UiO-66 is
approximately 120–180 nm, which is in good agreement with
the crystal size (Fig. 1f, g and S2b, c†).

As our major focus lies on the morphological properties,
NH2-UiO-66 displayed a large octahedral-like morphology with
a smooth surface and sharp crystal edges (Fig. 2a and S3a†). On
the other hand, the pristine NiCo-LDH showed microscale
growth with hierarchical 2D nanosheet-like porous morphology
(Fig. 2b, S3b, c & S4c†). The NiCo-LDH exhibited a stacked
shing network. However, the LDH growth was limited in the
presence of MOF, and layers of LDH are seen to be irregularly
wrapped but closely interfacing with the MOF crystals in the
NiCo-LDH@NH2-UiO-66 heterostructure (Fig. 2c, d & S4f†).
Interestingly, the achieved NiCo-LDH maintains the overall
vertically aligned and interconnected nanosheet morphology in
the presence of MOF. It demonstrated that the ultrathin nano-
sheets are anchored on the surface of the MOF template, which
favours the exposure of active sites, leading to high catalytic
performance. The (015) facet of the NiCo-LDH is visible in the
high-resolution TEM prole and correlated with an interplanar
spacing of 0.24 nm (Fig. S5†).24,29 Another point worth stating is
that the NiCo-LDH@NH2-UiO-66 heterostructure reveals
a strong contrast between its LDH nanosheets on the MOF
J. Mater. Chem. A, 2023, 11, 10309–10318 | 10311
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surface from the high-angle annular dark-eld scanning trans-
mission electronmicrograph (HAADF STEM) (Fig. 2e and f). The
images show that all the elements are homogeneously distrib-
uted. Furthermore, the line prole of the NiCo-LDH@NH2-UiO-
66 heterostructure (Fig. S7†) at a particular area reveals the
presence of elements and veries the high density of Ni, Co, and
Zr metals. Alongside, energy dispersive X-ray (EDX) and
elemental mapping analysis showed that the Ni, Co, and Zr
metals were distributed throughout the whole NiCo-LDH@NH2-
UiO-66 heterostructure composite (Fig. 2g–l and S8†).

Furthermore, the BET surface area and associated proles of
the pore size patterns for the materials are explored using
nitrogen adsorption–desorption isotherm measurements at 77
K. The curves for the NH2-UiO-66, NiCo-LDH, and NiCo-
LDH@NH2-UiO-66 materials are type IV isotherms with a typical
H3 hysteresis circuit, as depicted in Fig. S9,† indicating that the
materials are all mesoporous structures. The SBET of NH2-UiO-
66, NiCo-LDH, and NiCo-LDH@NH2-UiO-66 was 668.7, 25.5,
and 276.6 m2 g−1, respectively. (Table S1†) The higher specic
surface area of the modulated NiCo-LDH@NH2-UiO-66
compared to NiCo-LDH is due to the formation of hetero-
structures which eventually alter the electronic and chemical
properties of NiCo-LDH@NH2-UiO-66, leading to the formation
of more active sites. Porous NH2-UiO-66, NiCo-LDH, and NiCo-
LDH@NH2-UiO-66 have comparable pore size distribution
curves. Meanwhile, NiCo-LDH@NH2-UiO-66 has a higher pore
volume (0.37 cm3 g−1) and lower pore size (5.35 nm) than the
NiCo-LDH, implying that the introduced LDH is grown on the
surface of NH2-UiO-66 (Fig. S9 and Table S1†). NiCo-LDH@NH2-
UiO-66 may create a new interface between the LDH and MOF
that can facilitate charge transfer and provide more surface-
active sites for improving the catalytic process. To investigate
the weight loss of the MOF/LDH nanostructure, we used ther-
mogravimetric quantitative analysis (TGA). Two distinct stages
of weight loss were noticed in the NiCo-LDH, as depicted in
Fig. S10.† The initial minor weight loss (∼5%) up to 250 °C
occurs mainly because of the loss of surface and intercalated
H2O molecules. In the next step, the major weight loss (∼35%)
between 250 and 350 °C is due to interlayer anions and de-
hydroxylation of LDH.40,41 On the other hand, the TGA prole
of NH2-UiO-66 shows a small weight loss below 150 °C due to
solvent volatilization. Next, the weight loss between 150 and
450 °C can be attributed to the elimination of monocarboxylate
ligands and dihydroxylation of the Zr6 system.42,43 The magni-
tude of weight loss in the last step corresponds to the
combustion of the linker/framework. NiCo-LDH@NH2-UiO-66
possessed thermal performances like NH2-UiO-66. The residue
percentage of the NiCo-LDH@NH2-UiO-66 was much higher
than that of NiCo-LDH, indicating that the in situ growth of LDH
with the MOF system signicantly improved the thermal
stability.

The analysis by several methods to determine the formation
of NiCo-LDH and the in situ growth of LDH on the MOF surface
NiCo-LDH@NH2-UiO-66 heterostructure was followed by the
application of X-ray photoelectron spectroscopy (XPS)
measurements to learn more about the electronic states of the
surface elements as well as the composition. As depicted in
10312 | J. Mater. Chem. A, 2023, 11, 10309–10318
Fig. S11a,† NiCo-LDH@NH2-UiO-66 was primarily composed of
all elements namely Zr, Co, Ni, N, C, and O contained in NiCo-
LDH and NH2-UiO-66. In addition, as illustrated in Fig. S11b,†
the Zr 3d spectrum is divided into four peaks. The peaks at
181.5 and 184.3 eV were ascribed to Zr–O bonds, and the peaks
at 182.6 and 185.2 eV were ascribed to Zr–Zr bonds, therefore,
illustrating the existence of Zr4+.44,45 The Zr 3d spectra of NiCo-
LDH@NH2-UiO-66 are like the characteristic peaks of pristine
NH2-UiO-66. In addition, NiCo-LDH@NH2-UiO-66's Co 2p
spectra consist of two spin–orbit doublets and two shakeup
satellites (Fig. S11c†). In particular, the peaks at 781.8 and
797.3 eV are ascribed to 2p3/2 and 2p1/2 of Co2+, respectively,
while the peaks at 780.2 and 796.3 eV are ascribed to 2p3/2 and
2p1/2 of Co

3+.24,39 The two shakeup satellite peaks are situated at
790.2 and 803.4 eV. As illustrated in Fig. S11d,† the character-
istic peaks at 855.3 and 872.7 eV correspond to the 2p3/2 and
2p1/2 of Ni2+, respectively,46,47 and the peaks at 861.8 and
878.5 eV correspond to the satellite peaks. The Co 2p and Ni 2p
spectra of NiCo-LDH@NH2-UiO-66 are like the characteristic
peaks of pristine NiCo-LDH. Further, it can be seen clearly that
the two N 1s peaks at 400.2 and 401.5 eV corresponding to –NH2

and –NH groups of the organic linkers in pristine NH2-UiO-66
are shied to 399.7 and 401.1 eV, respectively, aer the in situ
growth of LDH, as shown in Fig. S11e.†48 In addition, decon-
volution of the C 1s spectrum (Fig. S11f†) displays three char-
acteristic peaks, which are located at 284.2, 285.3, and 288.2 eV
assigned to C–H/C–C, C–N, and C–O respectively.38,49 As revealed
in Fig. S11g,† HR-XPS spectra of O 1s have deconvoluted into
two characteristics peaks at 530.8, and 531.9 eV related to the
Zr–O bond and metal–hydroxyl bonding (Ni–OH and Co–OH),
respectively.24,46,50 The result is believed to indicate the
successful in situ growth of LDH on the MOF surface.
X-ray absorption spectroscopy (XAS) measurement

Fig. 3a–c shows the XANES spectra of the NiCo-LDH@NH2-UiO-
66 sample at Co, Ni, and Zr K edges respectively along with that
of Co foil, Co3O4, Ni foil, NiO, Zr foil, and ZrO2 as standards.
Fig. 3a clearly depicts an enhancement in the effective charge of
Co cations in the NiCo-LDH@NH2-UiO-66 sample as compared
to that in Co3O4 as the absorption edge of the sample is shied
towards higher energy relative to that of standard Co3O4. Fig. 3b
illustrates the XANES spectra of the NiCo-LDH@NH2-UiO-66
sample at the Ni K edge together with Ni metal foil and NiO
as standards. A similar shi in the absorption edge of the
sample towards higher energy is observed as compared to that
of standard NiO, suggesting an increase in the effective charge
of Ni cations in the NiCo-LDH@NH2-UiO-66 sample. Fig. 3c
presents the XANES spectra of the NiCo-LDH@NH2-UiO-66
sample at the Zr K edge along with Zr metal foil and ZrO2 as
standards. The shi in the absorption edge of the sample
towards lower energy compared to that of standard ZrO2 could
be due to the presence of Zr4+ in the NiCo-LDH@NH2-UiO-66
sample. The XANES spectra also conrm the partial reduction
of the Zr4+ oxo-cluster and the existence of Zr4+ ions. Further,
Fig. 3d presents the c(r) versus r plots of the NiCo-LDH@UiO-66-
NH2 sample at Co, Ni, and Zr K edges. The c(r) versus r plot of
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 XANES spectra of the NiCo-LDH@NH2-UiO-66 material
measured at (a) Co edge, (b) Ni edge, (c) Zr edge, (d) Fourier trans-
formed EXAFS spectra of the sample measured at Co, Ni, and Zr edges
(the solid lines denote best fit theoretical simulations and open circles
denote experimental data).

Fig. 4 (a) Polarization curves of the NH2-UiO-66, NiCo-LDH, and
NiCo-LDH@NH2-UiO-66 for the OER, (b) Tafel slope, (c) electro-
chemical impedance spectroscopy (inset shows the fitted equivalent
circuit diagram), (d) long-term stability test of the NiCo-LDH@NH2-
UiO-66 heterostructure for 30 h at 1.64 V (vs. RHE) applied potential,
(e) TOF values calculated at 275 mV overpotential (f) mass normalized
LSV curves of NH2-UiO-66, NiCo-LDH, and NiCo-LDH@NH2-UiO-66.
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the NiCo-LDH@NH2-UiO-66 sample at the Co K edge has been
tted from 1 to 3.1 Å assuming one Co–O shell and a Co–Ni/Co
shell, and the c(r) versus r plot at Ni K edge has been tted from
1.1–3.2Å assuming one Ni–O shell and a Ni–Ni/Co shell and the
c(r) versus r plot at the Zr K edge has been tted in the range of
1.25–2.2 Å assuming two Zr–O shells. The best-t theoretical
simulations have been shown in Fig. 3d along with the experi-
mental data and the best-t results are shown in Table S2.†

Electrocatalytic performance of the OER in 1 M KOH
electrolyte

The electrocatalytic OER activities of NH2-UiO-66, NiCo-LDH,
and NiCo-LDH@NH2-UiO-66 catalysts were analyzed in a stan-
dard three-electrode setup. The linear sweep voltammetry (LSV)
curves of all the catalytic systems were analyzed at the xed scan
rate of 5 mV s−1 in an ‘Fe free’ 1 M KOH solution. For deter-
mining the accurate overpotential, backward LSV (60% iR
compensation) from the positive to the negative potential of
cyclic voltammetry (CV) was performed to eliminate the strong
oxidation peak around a potential of 1.32–1.45 V (vs. RHE) and
the obtained results are depicted in Fig. 4. From Fig. 4a, it can
be observed that the NiCo-LDH@NH2-UiO-66 hybrid exhibits
superior OER activity with a low overpotential of 296 mV to
attain a current density of 50 mA cm−2. The catalysts NH2-UiO-
66 and NiCo-LDH possess 310 and 326 mV as overpotential and
exhibit least electrocatalytic activity than NiCo-LDH@NH2-UiO-
66 to attain the above current density. Moreover, commercial
RuO2 also demands an overpotential of 324 mV to achieve the
current density of 50 mA cm−2.51 The enhanced OER activity of
NiCo-LDH@NH2-UiO-66 is due to the increase in charge trans-
fer around the Fermi level aer hybridizing NH2-UiO-66 with
NiCo-LDH. In addition, the pH-dependent electrocatalytic
activity of the NiCo-LDH@NH2-UiO-66 catalyst was analyzed at
four different pHs of KOH electrolyte such as ∼14.0, 13.6, 13.4,
and 13.0 and the results are provided in Fig. S12.† These results
This journal is © The Royal Society of Chemistry 2023
showed that with the decrease in pH of the KOH, the catalytic
activity of the NiCo-LDH@NH2-UiO-66 was decreased (296, 351,
370 and 396 mV) to attain the same benchmarking current
density. This decrease in electrocatalytic activity is due to the
availability of a smaller number of free OH− ions for the
generation of O2 molecules in the lower pHs of KOH electrolyte.
The Tafel slope analysis was derived from the geometrical LSV
polarization results and is provided in Fig. 4b. As expected,
NiCo-LDH@NH2-UiO-66 shows less resistance towards the
charge transfer kinetics with a Tafel slope value of 56 mV dec−1

at the electrode–electrolyte interface. The catalysts NH2-UiO-66
and NiCo-LDH having a Tafel slope value of 66 and 75 mV
dec−1, respectively, exhibit poor reaction kinetics than the
NiCo-LDH@NH2-UiO-66 hybrid. The small Tafel slope of NiCo-
LDH@NH2-UiO-66 hikes the catalytic current density by
reducing the overpotential. The inuence of charge transfer
resistance (Rct) was evaluated from the electrochemical imped-
ance spectroscopy (EIS) and the results are demonstrated in
Fig. 4c. Fig. 4c reveals that Rct of NiCo-LDH@NH2-UiO-66 is
0.313 U, whereas NH2-UiO-66 and NiCo-LDH Rct values notice-
ably increase as 0.365 U and 0.416 U respectively. As a result,
hybridization of NH2-UiO-66 and NiCo-LDH shows less resis-
tance towards charge transfer at the electrode–electrolyte
interface, which might be due to the formation of a hetero-
interface between the NH2-UiO-66 and NiCo-LDH. The long-
term static stability of NiCo-LDH@NH2-UiO-66 was analyzed
through chronoamperometric analysis at an applied of 1.64 V
(vs. RHE) and observed high stability over 30 h towards the OER
without any reduction from the initial current density (Fig. 4d).
Moreover, chronocoulometric analysis has been carried out for
2 h and the obtained charge vs. time relation is given in
Fig. S13.† The chronocoulometric analysis showed a linear
straight line, suggesting that continuous charge accumulated
over the active sites of the catalysts is constant which implies
the highly stable nature of the NiCo-LDH@NH2-UiO-66. In
addition, the turn over frequency (TOF) of all the catalysts was
calculated at an overpotential of 330 mV, and the corresponding
J. Mater. Chem. A, 2023, 11, 10309–10318 | 10313
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bar diagram is provided in Fig. 4e. The calculated TOF values
are 0.21954 × 103 s−1 for NH2-UiO-66, 0.07955 × 103 s−1 for
NiCo-LDH and 0.12721 × 103 s−1 for NiCo-LDH@NH2-UiO-66.
TOF outcomes explain that NiCo-LDH@NH2-UiO-66 exhibits
many active sites for the adsorption of OH− during the OER
process. Further mass-dependent electrocatalytic activity of all
the catalysts given in Fig. 4f was analyzed through normaliza-
tion of current density with the mass of the catalyst loading
(Table S3†) and the obtained overpotential values are 301, 315,
and 328 mV for NiCo-LDH@NH2-UiO-66, NH2-UiO-66, and
NiCo-LDH respectively to attain a 50 mA cm−2 current density.
To know the inherent performance of all the electrocatalysts,
double-layer capacitance (Cdl) was determined from the elec-
trochemical active surface area (ECSA) at a potential interval of
0.1–0.2 V (vs.Hg/HgO) at various scan rates. From the measured
CV curves (Fig. 5a–c), Cdl values were determined and observed
that NiCo-LDH@NH2-UiO-66 possesses the highest Cdl value of
0.00364 mF cm−2 compared to the NH2-UiO-66 (0.00285 mF
cm−2) and NiCo-LDH (0.00213 mF cm−2). These Cdl values
(Fig. 5d) suggest that NiCo-LDH@NH2-UiO-66 possesses
a greater number of active sites for the conversion of O2 mole-
cules. Moreover, by using the reduction area of all catalysts, the
surface area was determined by eliminating the oxidation peak
in the redox region and the obtained results are provided in
Fig. S14(a–c).† The obtained surface area values are 5.3586,
5.2070, and 7.4664 VA for NH2-UiO-66, NiCo-LDH, and NiCo-
LDH@NH2-UiO-66 respectively, suggesting that NiCo-
LDH@NH2-UiO-66 exhibits larger reduction surface area for the
generation of oxygen molecules. The above results demonstrate
that the NiCo-LDH@NH2-UiO-66 catalyst holds many catalyti-
cally active surface sites towards the OER process. Besides, the
dynamic stability of NiCo-LDH@NH2-UiO-66 was determined
by carrying out the CV for 1000 cycles at a scan rate of 150 mV
s−1. Aer 1000 CV cycles, the obtained LSV outcomes show
a slight reduction in the overpotential of 9 mV compared to that
before 1000 CV cycles to meet the benchmark current density
(Fig. 5e). However, EIS analysis aer 1000 CV cycles given in
Fig. 5 (a–c) CVs recorded for NH2-UiO-66, NiCo-LDH, and NiCo-
LDH@NH2-UiO-66, respectively, in a non-faradaic region at a different
scan rate for the determination of ECSA from the double layer
capacitance in 1 M KOH solution, (d) the corresponding Cdl plots, (e)
LSV curve of the acceleration degradation (AD) study after 1000 cycles
for the OER, and (f) corresponding EIS spectra in 1 M KOH solution.

10314 | J. Mater. Chem. A, 2023, 11, 10309–10318
Fig. 5f shows an Rct value of 0.245 U which is smaller than that
before 1000 CV cycling and even in good accordance with the
LSV results. From the cycling results, it is evident that the NiCo-
LDH@NH2-UiO-66 hybrid exhibits dynamic stability even at
harsh anodic potential sweep towards the OER process.
Notably, the obtained OER activities are comparable with those
of the previously reported catalyst and are listed in Table S4.† In
addition, to know the inuence of the electrode surface, elec-
trocatalytic performance of NiCo-LDH@NH2-UiO-66 has been
probed via analyzing over carbon cloth (CC) in addition to
metallic nickel foam (NF). NiCo-LDH@NH2-UiO-66 delivers
a lower overpotential value of 340 mV to 50 mA cm−2 current
density value which is quite high as compared to the electrode
prepared by using NF as a substrate (Fig. S15†). This increase in
overpotential value because of changing the working electrode
substrate might be due to the high conductivity of the metallic
foam which allows faster charge transfer kinetics at the inter-
face. But it is interesting to note that the onset potential for the
OER is unchanged irrespective of the working electrode
substrate.
Electrocatalytic performance of the HER in 1 M KOH
electrolyte

We further evaluated the HER electrocatalytic activity of all the
catalysts in the same 1 M KOH solution using the same three-
electrode setup. The LSV outcomes (60% iR compensation)
given in Fig. 6a show that NiCo-LDH@NH2-UiO-66 exhibits the
highest catalytic activity with a lower overpotential of 224 mV
than NiCo-LDH (281 mV) and NH2-UiO-66 (292 mV) to reach
a 50 mA cm−2 current density. Besides, the commercial Pt/C
shows high electrocatalytic activity with an overpotential of
132 mV to reach the same current density (50 mA cm−2).51

Moreover, the analyzed pH-dependent electrocatalytic activity of
the NiCo-LDH@NH2-UiO-66 catalyst at four different pHs of
KOH (Fig. S16†) disclosed the reduction of catalytic activity with
the decrease in pH of KOH. Besides, the obtained overpotential
Fig. 6 (a) Polarization curves of NH2-UiO-66, NiCo-LDH, and NiCo-
LDH@NH2-UiO-66 for the HER, (b) electrochemical impedance
spectroscopy (inset shows the fitted equivalent circuit diagram), (c)
Tafel slope, (d) long-term stability test of the NiCo-LDH@NH2-UiO-66
heterostructure for 30 h at −0.33 V (vs. RHE) applied potential, (e) TOF
values calculated at 275 mV overpotential, (f) mass normalized LSV
curves of NH2-UiO-66, NiCo-LDH, and NiCo-LDH@NH2-UiO-66.

This journal is © The Royal Society of Chemistry 2023
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for pH ∼ 14, 13.6, 13.4, and 13.0 was 224, 292, 303, and 324 mV
to attain the same current density of 50 mA cm−2.

The higher electrocatalytic activity of NiCo-LDH@NH2-UiO-
66 towards the HER might be due to the moderate
adsorption/desorption of H* than the bare NH2-UiO-66 and
NiCo-LDHmaterials. However, the EIS analysis in Fig. 6b shows
that hybrid NiCo-LDH@NH2-UiO-66 possesses less resistance
with an Rct value of 0.49 U towards the charge transfer at the
electrode–electrolyte interface than the NiCo-LDH (0.58 U) and
NH2-UiO-66 (0.61 U). The LSV-derived Tafel slope outcomes in
Fig. 6c suggest that the NiCo-LDH@NH2-UiO-66 hybrid displays
a lower Tafel slope of 82mV dec−1, whereas NiCo-LDH and NH2-
UiO-66 require 88 and 92 mV dec−1 as Tafel values, respectively.
Tafel slope outcomes further conrm that the formation of the
heterostructure between NH2-UiO-66 and NiCo-LDH facilitates
the faster charge transfer at the interface, which further
enhances the activity of NiCo-LDH@NH2-UiO-66 by reducing
the overpotential. The long-term chronoamperometric analysis
in Fig. 6d revealed the highly stable nature of the NiCo-
LDH@NH2-UiO-66 electrocatalyst up to 30 h at an applied
potential of −0.33 V (vs. RHE). In addition, the chronocoulo-
metric analysis results revealed that the continuous accumula-
tion of charge over the catalyst is unceasing at a certain applied
potential for 2 h, which can be evident from the straight line as
shown in Fig. S17.† These results again conrm the stable
nature of the catalyst NiCo-LDH@NH2-UiO-66. To know the
number of hydrogen molecules evolved per second, TOF values
are calculated at 275 mV overpotential, and the respective bar
diagram is given in Fig. 6e. The bar diagram showed that the
NiCo-LDH@NH2-UiO-66 hybrid exhibits a higher TOF value of
0.47453, as expected which is higher than that of the NiCo-LDH
(0.10548 × 103 s−1) and NH2-UiO-66 (0.08452 × 103 s−1),
Fig. 7 (a) Cell representation of the two-electrode setup (NiCo-
LDH@NH2-UiO-66 jj NiCo-LDH@NH2-UiO-66) for TWS in 1 M KOH
solution, (b) LSV polarization curves of the NiCo-LDH@NH2-UiO-66
hybrid towards TWS, (c) long-term static stability test of the NiCo-
LDH@NH2-UiO-66 heterostructure for 78 h at 1.6 V applied potential,
and (d) comparison of our cell voltage with a previously reported
similar type catalyst.

This journal is © The Royal Society of Chemistry 2023
suggesting that NiCo-LDH@NH2-UiO-66 evolves a larger
number of hydrogen molecules per second than the other
catalyst. The mass-dependent normalization with the catalyst
loading given in Table S3† of all the catalysts follows the same
activity trend with an overpotential of 228, 283, and 293 mV
corresponding to NiCo-LDH@NH2-UiO-66, NiCo-LDH, and
NH2-UiO-66 respectively (Fig. 6f). Moreover, Fig. S18a† shows
the LSV results of NiCo-LDH@NH2-UiO-66 aer 1000 contin-
uous CV cycles, which depicted the hike in the overpotential
with a difference of 15mV than the one achieved before 1000 CV
cycles suggesting the high dynamic stability over the HER
process. EIS analysis also displayed the same with an Rct of (0.55
U) which is higher than the one obtained before cycling
(Fig. S18b†). Moreover, the obtained results of HER activities are
comparable with the reported catalyst in the literature and
provided in Table S5.†
Total water splitting (TWS) performance of the NiCo-
LDH@NH2-UiO-66 electrode

Inspired by the higher electrocatalytic activity of the NiCo-
LDH@NH2-UiO-66 electrode towards the HER and OER in an
alkaline medium, we demonstrate a full cell in the same 1 M
KOH solution. However, we employed NiCo-LDH@NH2-UiO-66
as both the cathode and anode (bifunctional catalyst; NiCo-
LDH@NH2-UiO-66 jj NiCo-LDH@NH2-UiO-66) for total water
splitting (Fig. 7a). Interestingly, NiCo-LDH@NH2-UiO-66 jj
NiCo-LDH@NH2-UiO-66 requires a cell voltage of 1.65 V to split
water molecules at a benchmarking current density of 10 mA
cm−2 (Fig. 7b). Notably, NiCo-LDH@NH2-UiO-66 jj NiCo-
LDH@NH2-UiO-66 shows remarkable operating stability for
78 h with no obvious reduction from the initial current density
at an applied potential of 1.6 V as seen from Fig. 7c. Our
bifunctional electrocatalyst cell voltage is comparable to the
majority of previously reported bifunctional electrocatalysts
(Fig. 7d). The process of total water splitting in the alkaline
environment is given as ESI† video. The above obtained best
activity explains that NiCo-LDH@NH2-UiO-66 will be a potential
candidate for the total water-splitting reaction.

Moreover, aer 1000 continuous CV cycles of NiCo-
LDH@NH2-UiO-66 towards the OER and HER, the chemical
nature and morphology were analysed through XRD, FE-SEM,
and XPS techniques. In the XRD pattern (Fig. S19†), no char-
acteristic peaks corresponding to NiCo-LDH@NH2-UiO-66 were
observed other than the nickel peak. In addition, Fig. S20(a–d)†
represents the FE-SEM analysis of NiCo-LDH@NH2-UiO-66 aer
OER and HER analyses. These results show that aer contin-
uous CV cycles the morphology of NiCo-LDH@NH2-UiO-66 was
intact, suggesting the highly stable nature of the catalyst in 1 M
KOH solution. Further, the XPS analysis of NiCo-LDH@NH2-
UiO-66 aer OER and HER analysis was carried out, and the
obtained spectrum is presented in Fig. S21a–g.† The XPS survey
spectrum in Fig. S21a† shows the presence of all the expected
elements like Zr 3d, Co 2p, Ni 2p, N 1s, C 1s and O 1s even aer
the OER and HER analysis. The deconvoluted Co 2p XPS spec-
trum (Fig. S21c†) shows that aer OER and HER analysis the Co
2p3/2 peaks are shied towards lower binding (0.89 and 0.94 eV
J. Mater. Chem. A, 2023, 11, 10309–10318 | 10315
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for the OER and HER, respectively) whichmight have originated
due to the increase of the Co3+ state during OER and HER
analysis. The above results suggest that Co has served as the
active sites for both reactions and further prove the highly
stable nature of NiCo-LDH@NH2-UiO-66 aer the continuous
1000 CV cycles in 1 M KOH solution.
Fig. 8 (a, b) Top and side view of NH2-UiO-66 and NiCo-LDH
respectively and (c) NiCo-LDH@NH2-UiO-66 heterostructure along
with active sites shown by the black dotted circle. Demonstration of
the (d, e) top view, and (f, g) side view of the charge density difference
of NH2-UiO-66 and NiCo-LDH structures, respectively. Here, green
and yellow colours indicated the charge loss and gain, respectively.
DFT calculations

The free energy of hydrogen adsorption (GH*) can be a good
indicator of the activity of H2 evolution. The HER activity can be
determined from the free energy prole. There are a total of
three steps, involved in the calculation of the free energy prole.

The rst (GH
+) and nal

0
B@G 1

2H2

1
CA are anticipated as in equi-

librium conditions considering the computational hydrogen
electrode concept. Although, hydrogen adsorption (H*) is the
key step to dene the evolution of H2, it is dened as the second
step in the free energy prole. The Gibbs free energy is calcu-
lated by using the following equation DGH = DE − TDS + ZPE,
where DE represents the difference in total energy (calculated
from DFT), and DS and ZPE imply the gradient in entropy and
the zero-point energy difference between the adsorbed and the
gas phase of hydrogen, respectively.52 However, DS and ZPE of
the adsorbed hydrogen are considered negligible and ignored
as compared to those obtained for the gaseous phase under
ambient conditions.

To conrm the experimental nding and to dene the HER
activity, we have used DFT-based calculation to evaluate the
DGH. In this work, we have considered three model structures
namely, (i) NiCo-LDH (Fig. 8b) (R3M-space group), (ii) NH2-UiO-
66 (Fig. 8a), and (iii) NiCo-LDH@NH2-UiO-66 as shown in
Fig. 8c. To build the NiCo-LDH@NH2-UiO-66 heterostructure,
we have considered a (2 × 1 × 1) supercell of the alpha phase of
the NiCo-LDH structure and NH2-UiO-66 structure where two
metal clusters are separated by a carbon ring, which is named
NiCo-LDH@NH2-UiO-66. First, we have estimated the GH* for
NiCo-LDH, where we have dened two active sites for hydrogen
adsorption, (i) Co–NiCo-LDH and (ii) O–NiCo-LDH as shown in
Fig. 8b. The GH* for Co–NiCo-LDH and O–NiCo-LDH is−1.03 eV
and −0.89 eV, respectively, which shows the strong binding of
hydrogen to the surface. The estimated GH* for the Co–NiCo-
LDH site is well matched with the previous report.53 From
Bader charge analysis and charge density difference, it is
conrmed that a total 0.72 e charge is transferred to the LDH
surface, where Co and O atoms gain 0.38 e and 0.42 e, respec-
tively. The charge density plot for hydrogen adsorbed at the Co
site of NiCo-LDH is shown in Fig. 8(f and g). Next, we have
estimated the hydrogen adsorption on the NH2-UiO-66 surface.
For NH2-UiO-66 (Zr-MOF), we have dened two active sites, C1

and C2, where the C1 site is not surrounded by any molecule and
the C2 site is surrounded by NH2 molecules as shown in Fig. 8a.
The estimated GH* for C1 and C2 site is 0.39 eV and 0.15 eV,
respectively. Further, charge density difference and Bader
charge analysis show negligible charge transfer from the H
atom to the C atom (Fig. 8d and e). For MOF at both sites, the H
10316 | J. Mater. Chem. A, 2023, 11, 10309–10318
atom loses 0.12 e and the C atom gains the same charge. In the
case of the NiCo-LDH@NH2-UiO-66 heterostructure, we have
considered three H adsorption sites, C1 and C2 sites of NH2-UiO-
66 and the O site of the NiCo-LDH structure. The calculated H2

adsorption energies for the C1, C2, and O sites of NiCo-
LDH@NH2-UiO-66 are 0.30 eV, 0.10 eV, and −0.77 eV, respec-
tively. We have calculated the Bader charge for the most effi-
cient site C2 of the NiCo-LDH@NH2-UiO-66 structure for HER
activity. In this case, H loses 0.10 e charge whereas C gains the
same charge, and the charge density difference for C2 of the
NiCo-LDH@NH2-UiO-66 structure also conrms that H loses
the charge, which accumulates towards the C site. From the
complete free energy prole, as shown in Fig. 9a and Bader
charge analysis, we can conclude that NiCo-LDH@NH2-UiO-66
is an efficient catalyst for H2 production.

Aer theoretical conrmation of a favourable site for HER
activity, we analyzed the electrochemical performance towards
the OER and estimated the associated overpotential (h) through
a complete OER-free energy prole. There are a total of three
intermediate steps associated with the OER free energy prole:
(i) DGOH*, (ii) DGO*, and (iii) DGOOH*.54,55 The adsorption energy
of OH and OOH at particular sites is linearly dependent and
correlates with the adsorption strength of the O atom. The
change in free energy of O, OH, and OOH is calculated using the
relation:

DGO* ¼
��
GOðNiCo-LDH@NH2-UiO-66Þ þ GH2OðIÞ

�

� �
GðNiCo-LDH@NH2-UiO-66Þ þ 2GOH

��

DGOH* ¼
h
G

OHðNiCo-LDH@NH2-UiO-66Þ �
�
GðNiCo-LDH@NH2-UiO-66Þ

þ GOH

�i
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Demonstration of the (a) free energy profile for the HER on
different sites for all the model structures considered in this work, (b),
(d) free energy profile for the OER on C2 and C1 sites for NiCo-
LDH@NH2-UiO-66 and (c) schematic diagram of OER intermediates.
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DGOOH* ¼
h�

G
OOHðNiCo-LDH@NH2-UiO-66Þ þ GH2OðIÞ

�

�
�
GðNiCo-LDH@NH2-UiO-66Þ þ 3GOH

�i

respectively. Here, GO(NiCo-LDH@NH2-UiO-66), GOH(NiCo-LDH@NH2-UiO-

66), and GOOH(NiCo-LDH@NH2-UiO-66) represent the Gibbs free
energy of O, OH, and OOH, respectively. With this, we have
calculated the complete OER free energy for C1 and C2 of the
NiCo-LDH@NH2-UiO-66 structure. In the case of the C2 site of
the NiCo-LDH@NH2-UiO-66 structure, we have observed that
the difference between DGOOH − DGO is determined as the
potential determining step with amaximum uphill at U= 0. The
estimated h for the C2 site of the NiCo-LDH@NH2-UiO-66
structure is about 0.96 eV at equilibrium potential (U = 0.4),
requiring 1.37 eV onset potential to perform the reaction as
shown in Fig. 9b. But in the case of the C1 site of the NiCo-
LDH@NH2-UiO-66 structure, DGOH − DGO can be determined
as the potential determining step with amaximum uphill at U=

0. The predicted h is 1.71 eV and the required onset potential is
2.1 eV to perform the reaction. The complete OER energy prole
for C1 of the NiCo-LDH@NH2-UiO-66 structure is shown in
Fig. 9d. The schematic diagram of the OER is shown in Fig. 9c.
Overall, from theoretical observation, the NiCo-LDH@NH2-UiO-
66 structure can be used as an ideal catalyst for the HER as well
as OER.
Conclusions

In conclusion, the present investigation has demonstrated the
rst example of a 2-methyl imidazole-derived ultrathin 2D NiCo-
LDH nanosheet array anchored via in situ growth on the NH2-
UiO-66 octahedron surface for efficient electrocatalytic OER and
HER. Surface and bulk characterization (employing, e.g., elec-
tron microscopy, AFM, X-ray-based techniques, Raman, FT-IR,
BET, etc.) of the as-prepared composite conrms the
This journal is © The Royal Society of Chemistry 2023
successful linkage of the individual components and retention
of the structural integrity. NiCo-LDH@NH2-UiO-66 bifunctional
electrocatalysts showed exceptional stability and enhanced
overall efficiency of H2O splitting in an alkaline medium. The
marvelous electrocatalytic efficiency is ascribed to the following
contributing factors: (1) in situ NiCo-LDH growth over the MOF
substrate alongside improving structural stability and conduc-
tivity, also endowed rapid charge transfer and bubble release;
(2) its intricate morphological features provide higher specic
surface area, largely accessible exposed sites and improved
charge/mass dynamics; (3) extensive symbiotic relationship
between NH2-UiO-66 and NiCo-LDH explains the advanced
electrochemical performance towards HER and OER processes.
We also believe that combining charge-carrier dynamic analysis
with DFT calculations exposed both the exclusive spatial coor-
dination structure and electronic properties of ultrathin 2D
NiCo-LDH sites and the strong metal-support interface effect on
NH2-UiO-66, the main reasons for achieving the signicantly
enhanced electrocatalytic performance. This report is the rst
example of decorating ultrathin 2D LDH nanosheets on a MOF
as a robust non-noble bifunctional electrocatalyst for renewable
energy conversion applications, and further in-depth studies of
related materials are in progress.
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