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As an important two-dimensional material, layered double hydroxides (LDHs) show considerable potential
in electrocatalytic reactions. However, the great thickness of the bulk LDH materials significantly limits their
catalytic activity. In this work, we report ultrathin NiFe-LDH nanosheets with sulfate interlayer anions
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(NigFex(SO4)(OH)16-7H,0) (U-LDH(SO427)), which can be synthesized in gram-scale by a simple

solvothermal method. The U-LDH(SO427) shows excellent stability and great electrocatalytic
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Introduction

Current energy issues require the development of increasingly
efficient and environmentally friendly energy conversion and
storing devices."* Water splitting, which includes the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER),
is considered to be a most promising approach for energy
production.*® However, the sluggish kinetics of OER concern-
ing multistep proton-coupled electron transfer processes has
become a challenging topic and hampers efficiency of the
electrocatalytic water splitting.” Although noble-metal-based
electrocatalysts (e.g. IrO, and RuO,) possess high OER perfor-
mance,' the scarcity and high cost of such catalysts greatly
hinder their industrial applications.

Layered double hydroxides (LDHs) with unique two-
dimensional (2D) lamellar structures have been extensively
investigated as OER electrocatalysts.''"** However, the pristine
LDHs show unsatisfactory performances in OER owing to their
limited active sites and poor intrinsic activities."****> To date,
more efforts have been devoted to improve the OER activity of
LDH materials, including the incorporation of high-valent
metals (such as V,* Mn,"” Cr'®), the fabrication of vacancies
and defects,” and the hybridization with highly conductive
carbon materials.*® Since Hu and co-worker reported that
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performance in OER with a current density of 10 mA cm™2 at a low overpotential of 212 mV and a small
Tafel slope of 65.2 mV dec™?, exhibiting its great potential for a highly efficient OER electrocatalyst.

monolayer LDH nanosheets exhibited high OER activity,* the
development of ultrathin LDH nanosheets for electrocatalysis
has attracted great attention. Compared to the bulk LDHs,
ultrathin LDH nanosheets with a thickness of a few nanometers
have abundant active sites as well as the rapid mass transport
and the superior electron transfer ability, thereby greatly
enhancing catalytic performances.”*** Exfoliation technology
including liquid exfoliation®>*® and dry exfoliation is the most
common method to prepare ultrathin nanosheet materials, but
it is time-consuming, costly and low-yielding. Meanwhile, the
restacking from the ultrathin LDH nanosheets into bulk LDHs
is difficult to prevent.””* In this regard, a bottom-up, high-
yield, wet chemical synthesis for obtaining LDH nanosheets
appears to be a most promising strategy with potential practical
applications.>® However, nanosheets prepared by conventional
hydrothermal methods are usually thick and depend on the use
of substrates (e.g. nickel foam (NF), carbon nanotubes, carbon
paper),>** which limits their mass production and applica-
tions. Therefore, the facile and efficient large-scale synthesis of
ultrathin nanosheets with uniform morphology represents
a highly challenging target.

Few studies have shown that sulfate-intercalated LDH
materials can be prepared directly under solvothermal condi-
tions,*»* because compared with other anions, CO;>~ get
intercalated preferentially between the LDH layers, and they
are stable and readily available, either from CO, in ambient air
or from certain synthetic precursors such as urea.*® Further-
more, the intrinsic characteristics of interlayer anions also
have a certain effect on the electrocatalytic activity, such as the
reducing ability, the chain length and the pK, of the conjugate
acid of the interlayer anions. However, small molecular
interlayer anions such as $0,>~ show little effect on enhancing
the intrinsic activity of LDH materials.>*** Herein, we used
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a solvothermal method to directly prepare ultrathin NiFe-LDH
nanosheets with sulfate interlayer anions (NigFe,(SO,)(OH);6-
-7H,0) (U-LDH(SO4>7)), which can also be applied to its gram-
scale synthesis. Different from the previous approaches of
synthesizing only thicker nanosheets,*»* this method used
nickel acetate and ferrous sulfate as the raw materials for
preparing ultrathin nanosheets, thus saving the time and
reducing the cost. The obtained ultrathin NiFe-LDH nano-
sheets with a thickness of only a few atomic layers, exhibited
higher electrocatalytic performance and durability toward
OER than the commercial Ir/C in alkaline media and is supe-
rior to conventional NiFe-LDHs. The optimized U-LDH(SO,>")
achieved a current density of 10 mA cm 2 at a low over-
potential of 212 mV with a small Tafel slope of 65.2 mV dec ™",
and exhibited a high stability without significant activity decay
for at least 11 h.

Experimental section

Materials

Nickel(n) acetate tetrahydrate (Ni(OAc),-4H,0, = 98.0%),
iron(u) sulfate heptahydrate (FeSO,-7H,0, 99.0-101.0%), nick-
el(n) nitrate hexahydrate (Ni(NO3),-6H,0, 98%), iron(m) nitrate
nonahydrate (Fe(NO3);-9H,0, = 98.5%), ammonium fluoride
(NH,F, =96.0%), urea (CH,N,0, 99%) and N,N-dimethylaceta-
mide (DMAC) were purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China). All the chemicals were used
without further purification.

Preparation of U-LDH(SO4>") nanosheets

Ni(OAc),-4H,0 (0.0249 g, 0.1 mmol) and FeSO,-7H,0 (0.0084 g,
0.03 mmol) were each dissolved in 3 mL of H,O and their
mixture was transferred into a Teflon-lined stainless steel
autoclave followed by addition of 6 mL of DMAC. Subsequently,
the reactor was sealed and placed upright in an oven and heated
at 150 °C for 3 h. The as-prepared product was collected via
centrifugation, washed with ethanol and water and dried at
60 °C for 12 h.

Scale-gram preparation of U-LDH(SO,>") nanosheets

An analogous procedure as the above reaction was used by
using Ni(OAc),-4H,0 (2.4884 g, 10 mmol) and FeSO,-7H,0
(0.8340 g, 3 mmol) in a mixed solvent of 600 mL DMAC : H,O =
1:1 (v/v) in a 1 L glass bottle.

Preparation of B-LDH(CO;>")

In a typical procedure* but without the use of a Ni foam,
Ni(NO;),-6H,0 (0.9887 g, 3.4 mmol), Fe(NO;);-9H,0 (0.6060 g,
1.5 mmol), NH,F (0.3700 g, 10 mmol), and urea (0.7500 g, 12.5
mmol) were dissolved in 70 mL deionized water and stirred for
30 min. The solution was transferred into a 100 mL of Teflon-
lined stainless steel autoclave. The autoclave was heated at
120 °C for 6 h and naturally cooled down to room temperature.
The as-obtained product was collected via centrifugation,
washed with deionized water and ethanol and collected after
being dried at 60 °C for 12 h.
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Preparation of Ni(OH),

Ni(OAc),-4H,0 (0.0249 g, 0.1 mmol) dissolved in 12 mL mixed
solvent (H,O : DMAC = 1: 1 (v/v)). Then the reactor was sealed
and placed upright in an oven and heated at 150 °C for 3 h. The
as-obtained product was collected via centrifugation, washed
with ethanol and water and dried at 60 °C for 12 h.

Characterization

Scanning electron microscopy (SEM) images and energy
dispersive X-ray spectroscopy (EDS) were taken at 15 kV by
a HITACHI S-4700 cold field emission scanning electron
microscope. Transmission electron microscopy (TEM) was
performed on a FEI Tecnai G20 transmission electron micro-
scope at an accelerating voltage of 200 kv. High-resolution TEM
(HRTEM), high-angle annular dark-field scanning TEM
(HAADF-STEM) and HAADF-STEM energy dispersive X-ray
spectroscopy (HAADF-STEM-EDS) were performed on a FEI
Tecnai F20 transmission electron microscope. The powder X-ray
diffraction (PXRD) patterns were collected on X'Pert-Pro MPD
diffractometer (Netherlands PANalytical) with a Cu Ko X-ray
source (A = 1.540598 A). The thickness was determined by
atomic force microscopy (AFM) using a Dimension-Icon
(Bruker). The contents of Ni and Fe were measured by induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
using a Varian 710-ES instrument (USA). X-ray photoelectron
spectra (XPS) were collected on an SSI S-Probe XPS Spectrom-
eter. FT-IR spectra (KBr pellets) were obtained with a Thermo
Electron NEXUS 670 FT-IR spectrometer.

Electrochemical measurements

The electrochemical measurements were carried out on an elec-
trochemical working station (CHI 660E, Shanghai Chenhua). A
three-electrode system was used with a saturated Ag/AgCl elec-
trode as the reference and a Pt wire counter electrode, the working
electrode was a glassy carbon electrode (GCE) (5 mm in diameter).
To prepare the catalyst suspension, 2.5 mg of product and 2.5 mg
of carbon powder were dispersed in 0.5 mL solution containing
485 uL isopropanol and 15 pL 0.5 wt% Nafion solution with the
assistance of sonication for 1 h. Then, a 10 pL suspension was
dropped onto the polished GCE and dried at room temperature.
The potentials were referenced to the reversible hydrogen elec-
trode (RHE) by the equation: Erpp = Eagagc1 + 0.197 + 0.059 pH
and the overpotential () was calculated by the formula: 7 = Egpg
— 1.23 V. The polarization curves and Tafel plots were recorded in
an O,-saturated 1.0 M KOH solution at a scan rate of 5 mV s~ * at
room temperature and were iR-corrected. The stability test was
performed by chronopotentiometry at a current density of 10 mA
cm ™2 without iR-compensation. The Cgq was determined from
cyclic voltammograms measured in a non-faradaic region at
different scan rates (v = 10, 20, 30, 40 and 50 mV s~ ') in the
potential range of 0.2 to 0.3 V versus Ag/AgCl. The electrochemi-
cally active surface area (ECSA) was estimated from the electro-
chemical double layer capacitance (Cq). Electrochemical
impedance spectra (EIS) were measured with the sinusoidal wave
amplitude of 10 mV and the frequency scan range of 10 to 0.1 kHz.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

U-LDH(SO,>") was prepared via a one-pot solvothermal reaction
(Scheme 1) using Ni(OAc),-4H,0 and FeSO,-7H,0 (molar ratio
=10 : 3) as the metal sources, N,N-dimethylacetamide (DMAC)
and H,O as a mixed solvent system, without the need for
external alkali source or chelating reagent, which avoided the
introduction of CO5;>~ or other impurities, and saved the step of
adjusting the pH value. At the elevated temperatures, the
gradual hydrolysis of the acetate anions and the release of OH ™
ions ensured a slow reaction between metal ions with OH™,
thereby controlling nuclei formation and subsequent crystal
growth to allow uniform precipitation.*® Sulfate plays a key role
in the formation of ultrathin nanosheets. The size of the
intercalated tetrahedral SO,>~ allowed an increase of the
interlayer spacing compared to that of CO;> . The larger
interlayer spacing created by the sulfate anions weakened the
interlayer interactions and facilitated further stripping.*®
Meanwhile, water can act as a stripping agent at high temper-
atures.*® Using a 1 : 1 (v/v) DMAC : water mixture as the solvent
system can not only reduce the solubility for carbonates, but
also adjust the morphology of the target product (Fig. S1 and S2,
ESIt). Hence, ultrathin sulfate-intercalated NiFe-LDH nano-
sheets can be successfully prepared. A possible formation
mechanism can be proposed as follows:

CH;COO™ + H,0 — CH5COOH + OH~
4Fe** + 2H,0 + O, — 4Fe** + 40H™

6Ni2* + 2Fe* + 160H™ + SO,2~ + 7TH,0 —
Ni6Fe2(SO4)(OH)16 . 7H20

The physical and structural characterization of U-
LDH(SO,>") are presented in Fig. 1. The 2D ultrathin
morphology of U-LDH(SO,>") showing uniform and flexible
nanosheets was established by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) (Fig. 1a
and b). The Tyndall effect showed their good dispersibility in
aqueous solution (inset of Fig. 1b). The powder X-ray diffrac-
tion (PXRD) patterns matched those of the natural mineral
hydrohonessite (NigFe,(SO,4)(OH);6-7H,0, JCPDS #36-0382),
which is a hydrated, sulfate-containing hydrocalcite-like
compound (Fig. 1c). The broadening of the diffraction peaks
is consistent with a small crystallite size and stacking
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Scheme 1 Synthetic procedure for U-LDH(SO427) nanosheets and its
application in oxygen evolution reaction (OER).
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Fig. 1 (a) SEM image, (b) TEM image, (c) PXRD patterns, (d) HRTEM
image, (e) AFM image and height profiles, (f) HAADF-STEM image and
EDX elemental mappings, (g) FT-IR spectrum of the U-LDH(SO,2").
The inset in (b) shows the Tyndall light scattering of the U-LDH(SO,427)
in aqueous solution.

defects.*****! The interlayer spacing was calculated as 1.12 nm,
larger than the interlayer spacing (0.79 nm) generated by
carbonate anions, which greatly reduced the charge transfer
resistance and improved the exchange capability with OH™ in
the OER experiment.*® According to the high resolution TEM
(HRTEM), the lattice spacing of 0.271 nm corresponds to the
(004) facet of NigFe,(SO,4)(OH)6-7H,O (Fig. 1d). Due to the
poor crystallinity of U-LDH(SO,>"), the lattice fringes were not
so clear and regular, which was consistent with the PXRD
results. Intriguingly, it is reported that low crystalline or
amorphous materials may have better electrochemical
performances than crystalline materials.*>** The thickness of
U-LDH(SO,>") was determined by atomic force microscopy
(AFM) to be in the range from 3 nm to 5 nm, a thickness cor-
responding to only three or four coordination layers (Fig. 1e).
The energy dispersive X-ray spectroscopy (EDS) (Fig. S3, ESIY)
confirmed the elemental composition of Ni, Fe, S, O, and the
molar ratio Ni/Fe was calculated to be 3/1. According to the
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), U-LDH(SO4>") contains 34.2 wt% Ni and 12.2 wt%
Fe (Ni/Fe = 2.8/1), which is close to the theoretical value
(36.8 wt% Ni, 11.7 wt% Fe). Moreover, the HAADF-STEM
images and energy-dispersive X-ray (EDX) elemental
mappings (Fig. 1f) demonstrated the homogeneous distribu-
tion of these elements throughout the entire U-LDH(SO,>"). In
the FT-IR spectrum (Fig. 1g), the bands at 1108 cm™ " and
618 cm ' are attributed to the »3(SO,>) and »4(SO4>")
modes,* the peak at 1617 cm™ ' and the broad band at
3416 cm ™' belong to the §(H,0) and »(H,0) vibration modes,
respectively.*® No appreciable interlayer carbonate was found
in U-LDH(SO4>").
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In addition, the composition of U-LDH(SO,>") was further
clarified by X-ray photoelectron spectroscopy (XPS). The survey
spectra (Fig. 2) showed that U-LDH(SO,>") is composed of Ni,
Fe, O and S elements, which is consistent with the EDS and EDX
mapping results. In the high-resolution Ni 2p spectrum
(Fig. 2a), the peaks of Ni 2ps, and Ni 2p;;, at 856.0 eV and
873.5 eV, along with two satellite peaks at 861.8 eV and 879.7 eV,
indicating the valence state of +2 for the Ni. In the high-
resolution Fe 2p spectrum, the binding energy peaks of Fe
2ps; and 2p,, are located at 712.3 eV and 725.2 eV, respectively,
demonstrating Fe*" ions were spontaneously oxidized to Fe®*
ions during the reaction (Fig. 2b). And the peaks at 168.1 eV and
169.3 eV in the S 2p spectrum indicate the presence of SO,>~
anions (Fig. 2¢). As for O 1s spectrum, the binding energies at
531.4 eV and 532.8 €V are assignable to the M~O and SO,>~,
respectively (Fig. 2d).

For comparison, the bulk NiFe-LDH with carbonate inter-
layer anions (B-LDH(CO;3>7)) (B stands for bulk) was prepared
(Fig. S4-S6, ESIT). The PXRD patterns of the B-LDH(CO;>") were
in agreement with those of the reference NiFe-LDH (Nig5-
Feo.25(CO3)o.125(0OH), - 0.38H,0, JCPDS #40-0215) (Fig. S4c, ESIT).
The U-LDH(SO4>"), B-LDH(CO;3>") and Ir/C were subjected to
OER tests in 1 M KOH aqueous solution. In order to minimize
capacitive current, a slow scan rate of 5 mV s~ was used. Linear
sweep voltammetry was employed to obtain their polarization
curves (Fig. 3a). As demonstrated in Fig. 3b, U-LDH(SO,*")
exhibits excellent OER performance with an overpotential of
212 mV at a current density of 10 mA cm ™2, much lower than
those of the commercial Ir/C (315 mV) and B-LDH(CO5>") (303
mV). Furthermore, at the potential of 1.53 V (vs. RHE), U-
LDH(SO,*7), B-LDH(CO;*") and Ir/C reached a current density
of 122.75, 9.44 and 5.64 mA cm 2, respectively (Fig. 3c). The
Tafel slope of U-LDH(SO4>") (65.2 mV dec '), slightly higher

a Ni 2p b Fe 2p
— A —_—
= Ni2p,, = Fe2p,,
“; 3 Fe 2p1/2
3 Ni2pm ."3‘
0 Sat Sat. (2]
g al a c
Q
8 2
5 £
850 860 870 830 890 700 770 720 730 740

Binding Energy (eV)

. 1d
S0,

Binding Energy (eV)

c S2p

Intensity (a.u.)
Intensity (a.u)

162 164 166 168 170 172 174
Binding Energy (eV)

525 530 535 540
Binding Energy (eV)

Fig.2 XPS spectra of U-LDH(SO427): (a) Ni 2p, (b) Fe 2p, (c) S 2p, (d) O
1s.
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Fig. 3 (a) Linear sweep voltammetry OER curves of U-LDH(SO4%7), B-
LDH(COs27) and commercial Ir/C. (b) Overpotentials of different
catalysts at the current density of 10 mA cm™2. (c) Current densities of
different catalysts at 1.53 V versus RHE. (d) Tafel plots of different
catalysts. (e) Chronopotentiometry tests of U-LDH(SO4%7), B-
LDH(COs%") and commercial Ir/C in 1 M KOH at 10 mA cm 2.

than that of Ir/C (54.5 mV dec™ ') and much lower than that of B-
LDH(CO;3>7) (91.7 mV dec™ "), reveals the fast OER kinetics ob-
tained with U-LDH(SO,>") (Fig. 3d). The stability of electro-
catalyst material is also a significant criterion for evaluating the
performance of a catalyst. U-LDH(SO,>) showed favorable
stability since the performance of U-LDH (SO4*>7) can be
maintained in 1 M KOH for 11 h, a much longer time than those
showed by using Ir/C and B-LDH (CO;>) (Fig. 3e). The
enhanced durability of the U-LDH(SO,>") is mainly ascribed to
its ultrathin sheet morphology, so it can better adhere to the
surface of glassy carbon electrode and reduce shedding during
the OER test.** All these pertinent electrocatalytic parameters
exhibited by U-LDH(SO,>") are better than those drived from
the conventional NiFe-LDHs and the Fe/Ni-based catalysts
(Table S1, ESIT).

The OER polarization curve of U-LDH(SO,>") unveiled only
minor changes after 1000 cyclic voltammetry (CV) cycles
(Fig. 4a), further implying its good electrochemical stability for
OER. TEM image of U-LDH(SO,>") (Fig. S7, ESIt) revealed that
its original morphology got almost retained after a long-term
stability test. Moreover, XPS technique was applied to evaluate
the elemental valence states of U-LDH(SO,>") after the OER
measurement (Fig. S8, ESIf). The high-resolution Ni 2p

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Polarization curves of U-LDH(SO427) before and after 1000
CV cycles. XPS spectrum of (b) Ni 2p and (c) Fe 2p of U-LDH(SO4%7)
after 1000 CV cycles. (d) CV curves in potential range of 1.22-1.32 V
versus RHE of U-LDH(SO4%7). (e) Electrochemical double-layer
capacitance (Cq) of U-LDH(SO427) and B-LDH(COs2"). (f) EIS Nyquist
plots of U-LDH(SO,427), B-LDH(CO3*>) and Ir/C at 1.5V vs. RHE in 1 M
KOH.

spectrum (Fig. 4b) contains new peaks of Ni 2p;/, (857.4 eV) and
Ni 2p;/, (874.7 eV), indicating that NIOOH might be formed
during the electrocatalytic process. The peaks of Fe 2p;/, and Fe
2py2 at 711.8 eV and 724.1 eV are characteristic for the binding
energy of Fe®" in FeOOH, which is the critical active phase for
OER (Fig. 4¢).*** To further illustrate the OER mechanism of U-
LDH(SO,”"), Ni(OH), was prepared by a method similar to that
for U-LDH(SO,>") (Fig. S9, ESI{). The cyclic voltammogram
measurements of U-LDH(SO,>) and Ni(OH), were carried out
(Fig. S10, ESIT). As shown in the CV curves, Ni(OH), exhibited
a quasi-reversible Ni*"** redox behavior at E;;, = 1.35 V.¥ As
reported in previous literatures,*** the introduction of Fe led to
a positive shift of this function, thus confirming the strong
interactions between nickel and iron ions. In addition, the
broad peak O” at about 1.47 V was attributed to the presence of
Ni*" or Fe*", which might make a significant contribution to the
OER performance.**3°

Notably, both the number of exposed active sites (extrinsic)
and unit activity on each active site (intrinsic) have a significant
impact on OER performance. The electrochemical surface areas
(ECSA) of various samples were obtained by cyclic voltammetry at
various scan rates in the range of non-faradaic potential (Fig. 4d
and S11, ESI). The double layer capacitance (Cqj) values were
calculated by the plots of Aj = (j, — j)/2 at 1.27 V vs. RHE against
the scan rate (Fig. 4e). The Cq of U-LDH(SO,>"), B-LDH(CO,*")
were 3.96 and 2.01 mF cm™ >, respectively. Benefitting from the
ultrathin sheets morphology with a thickness of only a few
atomic layers, the Cg value of U-LDH(SO,>") was twice higher
than that of B-LDH(CO5>"), indicating that U-LDH(SO,>) owned
a larger active surface area, which was responsible for the excel-
lent OER activity.*** To investigate the electron transport capa-
bility of U-LDH(SO4>"), electrochemical impedance spectroscopy
(EIS) was performed. As shown in the Nyquist plots, the semi-
circular diameter of U-LDH(SO,>) was significantly smaller than
those of B-LDH(CO;>") and Ir/C (Fig. 4f), suggesting its lower

This journal is © The Royal Society of Chemistry 2020
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charge transfer impedance, the faster charge transfer and the
higher electrical conductivity. Remarkably, a large-scale synthesis
of U-LDH(SO4>") can be realized in a 1 L reactor, yielding 1.438 g
of product (Fig. S12, ESIT) with the same morphology and crystal
structure (Fig. S131), and also displaying the same excellent OER
performance (Fig. S14, ESI{).

Conclusions

In this work, we prepared an ultrathin sulfate-intercalated NiFe-
LDH nanosheets U-LDH(SO,*>") in gram-scale by using a facile
solvothermal reaction. This material showed excellent electro-
catalytic performance in OER and could attain a current density
of 10 mA cm™ > at a low overpotential of 212 mV, and maintained
for at least 11 h without significant activity decay. In particular,
the sulfate interlayer anions play a key role in the construction of
the ultrathin nanosheets. Benefiting from the two-dimensional
structure, ultrathin sheet morphology and bimetallic composi-
tion, U-LDH(SO,>") held a large active surface area, a low charge
transfer impedance, a low overpotential, a small Tafel slope and
a superior stability, demonstrating that it would be an ideal
electrocatalyst for OER. This work also provides some insight into
the design and preparation of novel Ni/Fe(Co, Mn, etc.)-based
LDHs and other 2D lamellar materials with excellent perfor-
mances in OER and other electrocatalytic reactions.
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