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A General Method to Ultrathin Bimetal-MOF Nanosheets
Arrays via In Situ Transformation of Layered Double

Hydroxides Arrays

Bingqing Wang, Jing Shang, Chong Guo, Jianze Zhang, Fengnian Zhu, Aijuan Han,*

and Junfeng Liu*

Structure engineering of ultrathin metal-organic framework (MOF)
nanosheets to self-supporting and well-aligned MOF superstructures is
highly desired for diverse applications, especially important for electroca-
talysis. In this work, a facile layered double hydroxides in situ transforma-
tion strategy is developed to synthesize ultrathin bimetal-MOF nanosheets
(BMNSSs) arrays on conductive substrates. This approach is versatile, and
applicable to obtain various BMNSs or even trimetal-MOF nanosheets arrays
on different substrates. As a proof of concept application, the obtained
ultrathin NiCo-BDC BMNSs array exhibits an excellent catalytic activity toward
the oxygen evolution reaction with an overpotential of only 230 mV to reach

a current density of 10 mA cm=2in 1 m KOH. The present work demonstrates

a strategy to prepare ultrathin bimetal-MOF nanosheets arrays, which might
open an avenue for various promising applications of MOF materials.

Metal-organic frameworks (MOFs), a new class of porous mate-
rials formed by self-assembly of metal ions and organic ligands,
have been widely studied in gas storage and separation,!!
sensing,?) catalysis,l¥! etc., owing to their large surface area,
ordered pore structure, abundant intrinsic molecular metal
sites, as well as chemical tunability. Given these unique prop-
erties, they are also promising for electrocatalysis by choosing
the suitable composition and functionality.) However, because
of the poor electron transfer efficiency and strong diffusion
resistance in bulk crystalline MOFs, only a small portion of
their abundant metal sites can be utilized in electrocatalytic
reactions, which restricts their performance in energy-related
applications.P! Very recently, ultrathin bimetal-MOF nanosheets
(BMNSs) are emerging as highly efficient electrocatalysts for
oxygen evolution reaction (OER).F>¢! The ultrathin structure
of MOF nanosheets (NSs) makes most of the active metal
sites available to the reactants, which endows them with better
catalytic activities compared with their bulk counterparts.”!
Unfortunately, the easy restacking nature and relatively inferior
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electrical conductivity of the MOF NSs
limit their electrocatalytic activity far from
practical applications. In addition, time-
consuming coating procedures are always
needed to attach powdered MOF NSs onto
the surface of the electrode with the assis-
tance of polymeric binders, which may
decrease their original activity and cause
mechanical stability problems.

To address these issues, one effec-
tive and feasible way is directly growing
the ultrathin BMNSs on self-supported
3D macroporous conductive substrates.
In this kind of hierarchical structure,
first, the oriented and close arrangement
of the ultrathin MOF NSs can avoid the
restacking and guarantee the fully exposed
electroactive sites. Second, the hierarchical
pore structure of the electrode can not only enhance the mass
transfer but also facilitate bubble dissipating in gas-generated
reactions.®l Moreover, the close and strong binding of ultrathin
MOF NSs with the underlying conductive support gains more
efficient electron transfer between them and guarantees the
ultrahigh structural stability of the electrodes.”*?) However,
until now, the controllable growth of different ultrathin BMNSs
on various conductive substrates, especially the chemical inert
substrates (such as carbon cloth (CC) and carbon fiber paper
(CFP)), still remains a challenge because there are only few
nucleation sites on the substrates and MOFs tend to form bulk
crystals under conventional synthetic conditions.!% Therefore,
it is of great significance to develop a general and effective syn-
thesis strategy to directly grow different ultrathin BMNSs on
various conductive substrates to accelerate the practical applica-
tion of MOFs in electrocatalysis.

Herein, we report a general strategy to synthesize various
ultrathin BMNSs arrays on different conductive substrates
through the in situ transformation of presynthesized layered
double hydroxides (LDHs) NSs arrays, which provide an appro-
priate dissolution rate of metal ions in a mixed solvent. This
strategy with LDHs as precursor is adaptable to bimetal- MOFs
with different organic ligands and metal ions (such as NiCo-BDC
(BDC = 1,4-dicarboxybenzene), NiCo-NDC (NDC = naphthalene-
2,6-dicarboxylic acid), NiCo-TDA (TDA = 2,5-thiophenedicarbo-
xylic acid), ZnCo-BDC BMNSs) on various substrates (such as
nickel foam (NF), CC, and CFP, benefiting from the multimetal
tunability and flexibility of LDHs. In addition, trimetal- MOF NSs

(10f7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic illustration showing the fabrication of ultrathin BMNSs arrays on the 3D conductive matrix.

(TMNSs), such as ultrathin NiCoCu-BDC TMNSs array, can
also be achieved when using ternary NiCoCu-LDH NSs array
as the precursor, demonstrating the versatility of the approach.
The obtained ultrathin BMNSs array shows good performance,
taking NiCo-BDC BMNSs array as an example, which exhibits
better activity and durability toward OER than other NiCo-
based counterparts due to the excellent 3D construction of the
nanoarray with fast ion diffusion, efficient charge transfer, and
more exposed active sites.

The synthetic process for the ultrathin BMNSs arrays involves
a two-step growth procedure, as shown in Figure 1. LDH NSs
array was first grown onto 3D substrates. Then, the obtained
LDH NSs array was in situ transformed into BMNSs array
through a solvothermal step. In this step, LDH NSs array not
only acts as self-templates to form the ultrathin array structure,
but also works as self-sacrificial precursors to provide metal
ions for BMNSs growth, in which they were dissolved with the
assistance of solvents and ligands. NiCo-LDH NSs array on NF
(Figure 2a; Figure S1, Supporting Information) was first chosen
as the precursor to prepare NiCo-based ultrathin BMNSs arrays.
In a typical experiment, the NiCo-LDH NSs array was immersed
into 4 mL of mixed solvent of N,N-dimethylformamide (DMF)
and deionized (DI) water, which containing a certain amount of
BDC as ligand, and then maintained at 100 °C for 24 h. The
deprotonated H* from the BDC gradually reacts with NiCo-LDH
NSs and releases nickel and cobalt species. The released metal
ions in situ coordinated with the BDC ligands to form ultrathin
NiCo-BDC BMNSs until the NiCo-LDH NSs were exhausted.
After the transformation, the resultant product exhibits a hier-
archical structure with ultrathin BMNSs interconnected with
each other, forming a highly open 3D network (Figure 2b;
Figure S2, Supporting Information). Typical reflections of (00])
are shown in the X-ray diffraction (XRD) pattern of the pristine
NiCo-LDH NSs,Ml which totally disappears after 24 h conver-
sion (Figure 2c). Instead, strong diffraction peaks isostructural
to the Ni-based MOF (No. 985 792, Ni,(OH),(CsH,0,4), Cam-
bridge Crystallographic Data Centre)(®!? are observed, testifying
the successful transformation of NiCo-LDH NSs to NiCo-BDC
BMNSs. The transmission electron microscopy (TEM) image of
the NiCo-BDC BMNSs detached from NF substrate shows their
low contrast (Figure 2d). The selected area electron diffraction
(SAED) pattern collected from an individual NiCo-BDC BMNS
shows diffraction spots attributed to the (200), (201), and (001)
planes (Figure 2d, inset), which agrees well with the simulated
ones along the [010] axis, confirming their crystal structure and
single crystallinity (Figure S3, Supporting Information). The
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lattice spacing of 1.01 nm corresponding to the (200) plane of
NiCo-BDC is also clearly observed in a typical high-resolution
TEM (HRTEM) image (Figure 2e). Atomic force microscopy
(AFM) is taken to further determine the thickness. NiCo-
BDC BMNSs exhibit only about 5 nm thickness, revealing the
ultrathin nature (Figure 2f). The thickness of the generated MOF
NSs could be well controlled by regulating the DI water amount
in the mixed solvent, the metal ions dissolution rate of the LDH
precursor is adjustable in the mixed solvent of DMF and DI
water. As shown in Figure 1gh, the thicknesses of the obtained
MOF sheets are about several dozens and several hundred
nanometers when using the mixed solvent of DMF:H,0 = 6:1
and 4:1, respectively, indicating that higher DMF to DI water ratio
will lead to thinner MOF sheets. However, further increasing
the DMF:H,0 ratio from 10:1 to 12:1 showed no obvious influ-
ence on the thickness of the generated BMNSs, but the LDHs
precursor cannot fully convert to BMNSs as indicated by XRD
investigation (Figure S4, Supporting Information). In addition,
no transformation occurs without DI water in the reaction sol-
vent, demonstrating the important role of water in the disso-
lution of LDHs to release the metal ions for MOF nanosheets
growth. Energy dispersive X-ray spectroscopy (EDS) maps indi-
cate uniform spatial distributions of Ni, Co, C elements in the
NiCo-BDC BMNSs (Figure 2i-l). In addition, the quantitative
measurement by inductively coupled plasma-mass spectrometry
reveals that the atomic ratio of Ni and Co in NiCo-BDC BMNSs
was 2.3:1, in consistence with the EDS result (Figure S5, Sup-
porting Information). Furthermore, the well-aligned ultrathin
BMNSs array exhibits a superhydrophilic surface (Figure S6,
Supporting Information), which could offer much abundant
high electrode/electrolyte interface for electrocatalytic reactions.
To further confirm the successful transformation of the
NiCo-LDH NSs to NiCo-BDC BMNSs, the Fourier transform
infrared spectroscopy (FTIR) and Brunauer—-Emmett-Teller
measurements were performed. The FTIR spectrum of pris-
tine NiCo-LDH NSs in Figure 3a shows the peaks centered at
3461, 1616, and 1054 cm™ deriving from the vibrations of the
interlayer free OH, water molecules, and methanol molecules,
respectively."!l After reacting with BDC for 24 h, the peaks
belonged to LDH disappeared and several new peaks arose. The
new bands located at 3595 and 1504 cm™! can be attributed to
the stretching vibrations of OH™ and paraaromatic C—H groups
in NiCo-BDC (Ni,3Co(OH),(CgH,0,)) BMNSs,3l  respec-
tively. Besides, another two new bands at 1581 and 1377 cm™,
assigned to the v,(—COO7) and v,{(—COO7), are slightly
shifted compared to the pure BDC, proving the successful

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Morphological and phase characterization of NiCo-BDC BMNSs array. SEM images of a) NiCo-LDH NSs and b) NiCo-BDC BMNSs arrays (the
inset shows the high magnification SEM images). c) XRD patterns of NiCo-BDC BMNSs array and pristine NiCo-LDH NSs array. d) TEM, e) HRTEM,
f) AFM images and i-I) EDX mapping of NiCo-BDC BMNS. SEM images of NiCo-BDC BMNSs with different thickness synthesized at g) DMF:H,0 =6:1
and h) DMF:H,0 = 4:1 (the inset shows the high magnification SEM images) (inset of (d): the SAED pattern of a single BMNS; inset of (f): the cor-

responding height profle measured along the yellow line).

coordination of metal ions with the linker molecules.' Moreover,
the specific surface area of NiCo-BDC BMNSs is 50.8 m? g7},
which is about two times that of the pristine NiCo-LDH NSs
(249 m? g!) (Figure 3b). The obtained ultrathin NiCo-BDC
BMNSs array with the high surface area will be favorable for the
accessibility of electrolyte and provide additional active sites for
electrocatalysis. Additionally, X-ray photoelectron spectroscopy
(XPS) was employed to investigate the surface electronic state
change after transformation. The survey spectra indicate that
NiCo-BDC BMNSs contain Ni, Co, C, and O elements without
other impurities (Figure S7, Supporting Information), con-
sistent with the EDS analysis. In the high-resolution Ni 2p and
Co 2p XPS spectra of NiCo-BDC BMNSs, the fitted curves show
the main peaks for two kinds of nickel species of Ni?* and Ni**,
as well as two kinds of cobalt species of Co?* and Co*', which well
inherit the valance state in pristine NiCo-LDH NSs (Figure 3c,d).
It interprets that NiCo-LDH NSs act as the metal source to pro-
vide the metal ions in the in situ transformation to bimetal-
MOFs. Compared with the XPS peaks of pristine NiCo-LDH
NSs, Ni 2p and Co 2p peaks of NiCo-BDC BMNSs slightly shift

Small 2019, 15, 1804761 1804761

to higher binding energy due to the coordination between Ni or
Co species and BDC ligands, which draws electrons from the
metal species.”® Such strong electronic interactions could ben-
efit the electrocatalytic oxidation activity.1>>1¢]

The present strategy with LDH NSs array as precursors pos-
sesses several advantages, making it versatile for the synthesis
of different BMNSs on various substrates. 1) By regulating the
immersing solvent of LDH NSs array, the growth of BMNSs
can be well controlled, making it possible to form ultrathin
NSs array of various bimetal-MOFs. As shown in Figure 4a,b
and Figure S8a,b (Supporting Information), the ultrathin NiCo-
NDC and NiCo-TDA BMNSs arrays were successfully fabri-
cated by replacing BDC with NDC and TDA. 2) Benefiting
from the multimetal tunability and flexibility of LDHs, this
strategy is easy to apply to synthesize other binary- or ternary-
metal MOF NSs arrays. For instance, the ZnCo-BDC BMNSs or
NiCoCu-BDC TMNSs arrays were achieved by using the ZnCo-
LDH or NiCoCu-LDH NSs array as the precursors, respectively
(Figure 4c,d; Figures S8c—f and S9, Supporting Information).
3) The growth of BMNSs arrays on different substrates, which

(3 of 7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

www.small-journal.com

Figure 3. FTIR spectra, N, sorption isotherms, and XPS spectra. a) FTIR spectra, b) N, adsorption—desorption isotherms (77 K), and c) high-resolution
Ni 2p and d) Co 2p XPS spectra of NiCo-BDC BMNSs compared to NiCo-LDH NSs.

is highly desirable for diverse applications, can also be easily
achieved, since the synthesis of LDHs nanoarray with diverse
chemical compositions on various substrates has been widely
studied.'”! By using NiCo-LDH NSs arrays on CC and CFP as
precursors (Figure S10, Supporting Information), they were
successfully converted to NiCo-BDC BMNSs arrays on CC and
CFP with this strategy (Figure 4e,f; Figure S11, Supporting
Information). Overall, above results demonstrated that our syn-
thetic strategy is general and effective to produce and tune the
functionality of various BMNSs arrays on different substrates.
To reveal the advantages of the self-supporting and well-
aligned ultrathin BMNSs superstructures, OER activity of
the as-synthesized NiCo-BDC BMNSs array is investigated in
1.0 v KOH using a typical three-electrode system. The 3D self-
supported electrode was used as the working electrode directly
without additional binder and substrate. For comparison, the
same amount of NiCo-BDC BMNSs powder detached from the
NiCo-BDC BMNSs array and reloaded on NF using Nafion as
the binder (denoted as NiCo-BDC BMNSs powder), pristine
NiCo-LDH NSs array and IrO, on NF are also investigated.
Figure 5a shows the linear sweep voltammetry (LSV) curves
of all the electrodes at a scan rate of 1 mV s with iR com-
pensation (see the raw data of NiCo-BDC BMNSs array
in Figure S12a, Supporting Information). Specifically, the
NiCo-BDC BMNSs array electrode only needs overpotentials
of 230 and 292 mV to drive the current densities to 10 and
100 mA cm™ with a Tafel slope of 61 mV dec™, which are
much lower than that of powdered NiCo-BDC BMNSs, pris-
tine NiCo-LDH NSs array, and commercial IrO, (Figure 5b,c).

Small 2019, 15, 1804761
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Additionally, LSV curves with the specific mass current density
(Figure S12b, Supporting Information), further demonstrate
that the NiCo-BDC BMNSs array has superior electrocatalytic
activity than the other samples. The NiCo-BDC BMNSs array
gains much better performance than most NiCo-based OER
catalysts with various configurations (Table S1, Supporting
Information), further verifying its outstanding OER catalytic
behavior. Considering the powdered NiCo-BDC BMNSs have
the same active sites as the NiCo-BDC BMNSs arrays, therefore,
the better OER performance of NiCo-BDC BMNSs array than
of powdered NiCo-BDC BMNSs clearly arises from the specific
structure. On one hand, the thin nanosheet array structure
enables close contact with electrolyte, promotes the ion diffu-
sion, and more importantly, results in higher number of active
sites. To confirm our hypothesis, the electrochemically active
surface area (ECSA) test was performed. The cyclic voltam-
metry measurements at different scan rates were carried out to
determine the double-layer capacitance (Cg), which is used to
estimate the ECSA (Figure 5d; Figure S13, Supporting Informa-
tion). The NiCo-BDC BMNSs array possesses the highest Cy
of 6.25 mF cm™2, which is nearly twice that of the powdered
NiCo-BDC BMNSs, indicating more exposure of the active
sites in the NiCo-BDC BMNSs array. On the other hand, elec-
tron transfer between the ultrathin BMNSs and the conductive
substrates is also facilitated, as indicated by a smaller charge
transfer resistance of NiCo-BDC BMNSs array than the pow-
dered NiCo-BDC BMNSs in electrochemical impedance spectra
(EIS) (Figure 5e). In addition, the thickness effect of the MOF
sheets on the OER activities was also investigated. The results

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The general synthesis of different BMNSs arrays on various substrates. Low and high magnifation SEM images of a) NiCo-NDC BMNSs,
b) NiCo-TDA BMNSs, ¢) ZnCo-BDC BMNSs, d) NiCoCu-BDC TMNSs arrays on NF, and NiCo-BDC BMNSs array on e) CC and f) CFP (inset of (a)—(f):

the photographs of corresponding products).

showed that the thinner MOF sheets exhibited better OER per-
formance (Figure S14, Supporting Information), which can be
attributed to the higher mass and electron transfer efficiency
and more metal sitesP>®! upon the ultrathin BMNSs.

Apart from the high catalytic activity, the operating stability
is also important to practical applications. Figure 5f shows
the current density curves as a function of time recorded at
varied potentials over 24 h for OER. No appreciable deactiva-
tion is observed for the NiCo-BDC BMNSs array electrode
in this time interval, while the current density for powdered
NiCo-BDC BMNSs decreased much larger at high current
density (50 mA cm). This phenomenon could be attributed
to the structure destruction of powdered NiCo-BDC BMNSs
electrode upon the oxygen bubble evolution during the elec-
trochemical process, as a large amount of the catalysts falling
off from the substrate could be observed in the reaction cell
(Figure S15a, Supporting Information). It further testifies the
mechanical stable advantage of this nanoarray structure as
electrode. The scanning electron microscopy (SEM) image of

Small 2019, 15, 1804761 1804761

electrode after stability test also confirmed the nanoarray feature
preserves well (Figure S15b, Supporting Information). To further
investigate the stability of the MOF crystal structure, we performed
the ex situ XRD characterizations during the i~ test of current den-
sity at 50 mA cm™. The peaks belonged to NiCo-BDC BMNSs in
the XRD pattern gradually decrease within 2 h, and broad peaks
assigned to NiOOH are observed after 12 h, which indicates a
layer of metal (oxy)hydroxide species is formed in situ during
OER (Figure S16, Supporting Information). This kind of catalyst
oxidation phenomenon is similar to that of the reported metal
phosphides, sulfides, and selenides catalysts, where a layer of
metal (oxy)hydroxide species was observed during OER.[®!

In summary, we have developed a general and facile LDH
in situ transformation strategy to synthesize various BMNSs
arrays on different conductive substrates. LDH plays a key
role to obtain the BMNSs arrays, which not only acts as the
precursor but also modulator to control release metal ions in
situ for MOF growth. Importantly, the obtained NiCo-BDC
BMNSs array can be directly used as an efficient electrode for

(5 of 7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Electrocatalytic properties of NiCo-BDC BMNSs array for OER. a) Polarization curves, b) the overpotential comparison at the current density
of 10 and 100 mA cm™2, c) the corresponding Tafel plots, d) Cy calculations, and e) EIS curves of NiCo-BDC BMNSs array, NiCo-BDC BMNSs powder,
and NiCo-LDH NSs array. f) The stability curves of NiCo-BDC BMNSs array compared with NiCo-BDC BMNSs powder.

OER and exhibit much higher activity and stability compared
to the NiCo-BDC BMNSs powder and the pristine NiCo-LDH
NSs array. The high activity and stability are attributed to the
unique nanoarray architecture, which enables the electrode
with fast ion diffusion and charge transfer, exposed more
active sites, and accelerated gas bubble release. Such a general
and effective strategy to fabricate the BMNSs on the conduc-
tive substrate should be generally applicable for significantly
enhancing the electrochemical performance in energy conver-
sion and storage.
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