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ABSTRACT: Synthesis of ultrathin metal—organic framework (MOF) nano-
sheets for highly efficient oxygen evolution reaction (OER) is prevalent, but still
many challenges remain. Herein, a facile and efficient three-layer method is
reported for the synthesis of NiCoFe-based trimetallic MOF nanosheets, which
can be directly used for the oxygen evolution reaction in alkaline conditions. The
physical characterization and morphology of trimetallic MOF nanosheets were
characterized by powder X-ray diffraction (PXRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). By optimizing the molar ratio of Ni/Co/Fe atoms, a
series of MOFs with different metal proportions were synthesized. Among them,
the as-prepared (Ni;Co;);Fe;-MOF nanosheets can deliver a current density of 10
mA cm ™ at a low overpotential of 245 mV with a small Tafel slope of 50.9 mV
dec™ in an alkaline electrolyte and exhibit excellent stability. More importantly,
through the characterization of the intermediates in the OER process, the possible source of the catalytic active species is the
electrochemically transformed metal hydroxides and oxyhydroxides.
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B INTRODUCTION

tures expose more active sites; (ii) increased specific surface

Under the pressure of global warming and huge consumption area allows the.flctive sites to .be in full contact V\./'ith the
of fossil energy, it is imperative to develop eco-friendly and reactants; and (iii) these ultrathin nanostructures easily form
3,4 more defects to produce more coordination-unsaturated metal

efficient energy resources (e.g., fuel cells,"”* Dbatteries,’
electrocatalytic water splitting”). Oxygen evolution reaction sites, which can reduce the reactive energy barrier by

(OER) plays an important role in metal—air batteries and
electrocatalytic water splitting. However, the sluggish kinetics
of OER, which involves the multistep proton-coupled transfer
of four electrons, needs to be resolved urgently, where the
design of highly eflicient catalysts is one of the crucial issues for
OER. As is well known, nanosized materials possess large
specific surface area, abundant exposed active sites, and rapid
electron transfer rates. In view of this finding, reducing the size
of electrocatalysts is an effective strategy to improve the
electrocatalytic activity of the OER. Since graphene was
discovered through the exfoliation of graphite in 2004, two-
dimensional (2D) nanomaterials, such as layered metal
oxides,””® graphitic carbon nitride,” transition-metal dichalco-
genides,'’ lactic dehydrogenases (LDH),"" and metal—organic
frameworks (MOFs),'”"” have attracted much more attention
because of their unique physical and chemical properties.
These materials have been widely applied in many fields, such
as gas separation, energy storage, and electronic and
optoelectronic devices.

Recently, MOFs have emerged as novel OER catalysts
because of their tunable porosity, high specific surface area, and
diversity in the functional species of metal centers and organic
linkers. Turning three-dimensional (3D) bulk MOFs into 2D
MOFs have the following advantages: (i) ultrathin nanostruc-

© 2021 The Authors. Published by
American Chemical Society
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optimizing the charge structure. Tang et al."* demonstrated
the OER performance of ultrathin NiCo-MOF nanosheets,
which presented a low overpotential of 250 mV at 10 mA cm™
in alkaline conditions, far below that of bulk NiCo-MOFs (317
mV). Pang et al."” reported a one-pot hydrothermal method to
synthesize ultrathin 2D Co-MOF nanosheets, and the obtained
2D Co-MOF nanosheets have higher OER activity than that of
bulk MOFs. These indicate that the 2D MOF nanosheets will
get increasing attention in the area of electrocatalytic water
splitting, which relies on their distinctive physical and chemical
properties. Recent reports have demonstrated that Ni-, Fe-,
and Co-based MOFs have excellent catalytic performance in
the field of electrocatalytic water splitting.'°~"® Furthermore,
the doping of nickel—cobalt—iron ternary metal results in a
change in the electronic structure,'~" thereby improving the
conductivity of the MOFs. Therefore, by embedding the
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nickel—cobalt—iron ternary metal into large-size MOF nano-
sheets, the catalytic performance of the catalysts is greatly
improved.

Here, we prepared ultrathin trimetal—organic framework
nanosheets by a three-layer method with Ni**, Co**, and Fe®*
ions and benzene dicarboxylate (BDC) ligands in separate
phases, favoring the formation of ultrathin MOF nanosheets
(MOFNSs) between the interface layer. Impressively, the as-
synthesized (NiyCo,);Fe;-MOFNSs demonstrated excellent
electrocatalytic OER activity in alkaline conditions with a low
overpotential of 245 mV at 10 mA cm 2, a small Tafel slope of
50.9 mV dec”’, and outstanding electrochemical stability for at
least 30 000 s. Meanwhile, the possible active species during
the OER process are revealed to be the electrochemically
transformed metal hydroxides and oxyhydroxides based on the
high-resolution XPS spectra, XRD, and the ex situ Raman
spectra results.

B RESULTS AND DISCUSSION

The ultrathin NiCoFe-MOF nanosheets were synthesized by a
three-layer method based on the diffusion-mediated regulation
of the MOF growth. The corresponding synthetic process is
illustrated in Scheme 1. Typically, mixtures of N,N-

Scheme 1. Schematic Illustration of the Synthesis of
(Ni;Co,);Fe,-MOFNSs
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dimethylformamine (DMF) and acetonitrile (CH;CN) with
different volume ratios (Vpyg/ Ve cn) were prepared for each

layer with 2:1 for layer 1, 1:1 for layer 2, and 1:2 for layer 3.
First, 10 mg of H,BDC was dissolved in layer 1 at the bottom
of a glass tube. Then, the mixture of DMF and CH;CN of layer
2 was carefully added on the top of layer 1. Finally, certain
amounts of Co(CH,C00),-4H,0, Ni(CH;COO0),4H,0,
and Fe(CH;COO), were dissolved in the solvents of layer 3.
After keeping for 24 h, the MOF solids were accumulated in
layer 2, and some of them were deposited at the bottom of the
glass tube under gravity. The atomic ratio of the Ni/Co/Fe
could be easily controlled by adjusting the amount of metal
salts. The detailed synthetic procedures are described in the
Experimental Section.

The morphology of the as-synthesized sample could be
observed by scanning electron microscopy (SEM; Figure 1a)
and transmission electron microscopy (TEM; Figure 1b),
where the morphology of ultrathin nanosheets could be
revealed. The thickness of (Ni;Co,);Fe;-MOFNSs was
determined to be 8.15 nm via atomic force microscopy
(AFM; Figure 1c), and their excellent dispersion in aqueous
solution could be observed by the Tyndall effect under laser
irradiation (inset of Figure 1c). The (Ni;Co,),Fe;-MOFNSs
and bulk (NiyCo, ),Fe;-MOFs have similar XRD peaks, and the
powder X-ray diffraction (PXRD) patterns are in agreement
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Figure 1. (a) SEM image of (Ni;Co,);Fe,-MOFNSs. (b) TEM image
of (Ni;Co,);Fe;-MOFNSs. (c) AFM image of (Ni;Co,);Fe;-
MOEFNSs. The Tyndall effect under laser irradiation corresponds to
the AFM image in (c). (d) PXRD pattern of (Ni;Co,);Fe,-MOFNSs
and the bulk (Ni;Co,);Fe;-MOFs.

with the previously reported 2D Ni-based MOFs** (Figure
1d), which suggest the successful synthesis of ultrathin MOF
nanosheets. In this crystal structure, the Ni, Co, and Fe atoms
are octahedrally coordinated by six O atoms to form 2D
mixed-metal oxide layers, which are pillared with benzene
dicarboxylate (BDC) ligands. The powder X-ray diffraction
(PXRD) patterns of different metal ratios of NiCoFe-MOFNSs
are also similar (Figure S1). The Fourier transformation
infrared spectrometry (FT-IR) spectra reveal that the as-
synthesized samples and bulk MOFs have the same peaks,
indicating they have similar functional groups (Figure S2). The
specific surface area and pore size distribution of
(Ni;Co;),Fe;-MOFNSs were 62.6 cm’ gf1 and 4.16 nm,
respectively, which were analyzed from its N, adsorption/
desorption isotherm (Figure S3a,b).

The electrocatalytic OER activities of these MOFs were
investigated by linear sweep voltammetry (LSV) in 1.0 M
KOH on a glassy carbon electrode (GCE) at room
temperature using graphite rod as the counter electrode. The
(Ni;Co,),Fe;-MOFNSs exhibit higher electrocatalytic OER
activity than the bulk (Ni;Co;);Fe;-MOFs and commercial
RuO,. The performance of (Ni;Co,);Fe,-MOFNSs requires an
overpotential of 245 mV at a current density of 10 mA cm™?,
much smaller than that of bulk (NiyCo,),Fe;-MOFs (294
mV), commercial RuO, (306 mV), and other different metal
ratio MOFNS electrocatalysts (Figure 2a). The (Ni;Co,),Fe;-
MOFNSs display highly enhanced OER activity when
compared to the known MOEF-based OER electrocatalysts,
which make use of nonprecious metals in alkaline media
(Table S1). Then, the corresponding Tafel slope for the
(Ni;Co;),Fe;-MOFNSs (50.9 mV dec™) is also lower than
that of the bulk (Ni;Co,),;Fe;-MOFs (76.8 mV dec™') and
other different metal ratio electrocatalysts (Figure 2b). The
double-layer capacitances (Cy4) of MOFNs were evaluated by
cyclic voltammetry (CV). The electrochemically active surface
areas (ESCA) of MOFNSs were compared as the Cy is linearly
proportional to the ESCA. To understand the OER activity of
MOF nanosheets, we measured the double-layer capacitances
(Cq) of (Ni;Co;);Fe;-MOFENSs and bulk (Ni;Co, );Fe;-MOFs
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Figure 2. OER performance of different metal proportions in MOFNSs. (a) LSV curves for the OER at a scan rate of 5 mV s™". (b) The
corresponding Tafel plots. (c) Double-layer capacitances (Cg) of the (Ni;Co,);Fe;-MOFNSs and the bulk (Ni;Co,);Fe;-MOFs. (d) LSV curves
normalized by ECSA of the (NiyCo,);Fe,-MOFNSs and the bulk (Ni;Co,);Fe;-MOFs. (e) Double-layer capacitances (Cy) of different metal

proportions in MOFNSs. (f) Nyquist plots at an overpotential of 220 mV.

by cyclic voltammetry (CV) in a non-Faradic region (Figure
S4a,b). (Ni;Co, );Fe;-MOFNSs exhibited higher values of Cy
(0.76 mF cm™) than bulk (Ni;Co,);Fe;-MOFs (0.62 mF
cm™?) (Figure 2c), suggesting that (NiyCo,);Fe,-MOFNSs
could expose more active sites. To reveal the intrinsic activities
of MOFs, the LSV curves of (Ni;Co,);Fe;-MOFNSs and bulk
(Ni;Co,);Fe;-MOFs were normalized by ECSA (Figure 2d).
The (Ni;Co,);Fe;-MOFNSs showed better OER activity
compared with the bulk (Ni;Co,);Fe;-MOFs, which indicated
that the intrinsic activity of the (Ni;Co,);Fe;-MOFNSs was
improved. The double-layer capacitances (Cy) of different
metal ratio NiCoFe-MOFNSs were also determined by cyclic
voltammetry (CV) (Figure SSa—d). The slope is linear with
the iron content, indicating that iron could influence the
electrochemical surface area (ECSA) (Figure 2e). To further
understand the OER reaction kinetics, electrochemical
impedance spectroscopy (EIS) was conducted at an applied
potential of 1.45 V (versus reversible hydrogen electrode
(RHE)). The electrochemical impedance spectroscopy (EIS)
was used to gain insight into the charge-transfer process
between the catalyst and the electrolyte, which could further
evaluate the electrode reaction kinetic of OER (Figures 2f and
S6a,b). The (Ni;Co,),Fe;-MOFNSs exhibited a smaller
charge-transfer resistance (105 Q) than the bulk
(Ni;Co,),Fe;-MOFs (536 Q) and other different metal ratio
electrocatalysts, confirming that the (Ni;Co,);Fe;-MOFNSs
had a faster charge transfer than the bulk (Ni;Co,),Fe;-MOFs
and other different metal ratio electrocatalysts in the OER
process. Furthermore, there was a little change in the OER
performance after 1000, 2000, and 3000 CV cycles,
respectively (Figure 3a). The (NiyCo,);Fe,-MOFNSs also
exhibited excellent long-time stability (Figure 3b).

For the purpose of investigating the OER active species of
(Ni;Co,;),Fe;-MOFNSs in the electrocatalytic OER process,
we monitored the change in the structure and electronic state
of electrocatalysts through the observation of the intermediates
after different CV cycles. It was obvious that the PXRD notably
changed after 10 CV cycles compared to the original MOFNS

13948

o
>
>

—initial
] ——after 1000 CV cycles
——after 2000 CV cycles
——after 3000 CV cycles

E
2
b

D w
g 3
Current density (mA cm™) =

e
wn

Current density (mA cm?)

>

5000 10000 15000 20000 25000 30000
Time (s)

1.2 13 14 15 1.6
Potential (V vs. RHE)

Figure 3. (a) Polarization curves of the (NiyCo,);Fe,-MOFNSs
before and after 1000, 2000, and 3000 CV cycles, respectively. (b) I—¢
curve at an overpotential of 275 mV versus RHE.

structure. With the disappearance of original peaks, several new
peaks appeared, which could be ascribed to Co(OH), (JCPDS
No. 45-0031), FeOOH (JCPDS No. 46-1436), and NiOOH
(JCPDS No. 06-0075)**"*° (Figure 4a). Raman vibrational
peaks for (Ni;Co,);Fe;-MOFNSs were observed at 1609,
1435, 1135, 862, and 633 cm™, respectively. However, after 10

a tafm'lli(\ cycles b [—cv=2000
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Figure 4. (a) XRD patterns and (b) Raman spectra of (Ni;Co, );Fe;-
MOENS:s after different CV tests.
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Figure S. Survey spectrum of the (Ni;Co,);Fe,-MOFNSs before and after 1000 CV cycles. (a) Ni 2p XPS of the (Ni;Co,);Fe;-MOFNSs. (b) Co
2p XPS of the (Ni;Co,);Fe;-MOFNSs. (c) Ni 2p XPS of the (NiyCo,);Fe,-MOFNSs after 1000 CV cycles. (d) Co 2p XPS of the (NiyCo, );Fe,-

MOENSs after 1000 CV cycles.

CV cycles, original peaks disappeared and three new peaks
were observed 467, 550, and 650 cm™!, respectively,
originating from the A,, stretching modes of Ni—OH in the
Ni(OH),, ¢, bending vibration of Ni—O in the NiOOH, and
the bending vibration of Co—0*%’ (Figure 4b). The FT-IR
analysis also confirms the structural evolution with the
absorption peaks at 3606 cm™' completely disappearing after
10 cycles, while a new absorption peak appears at 550 cm™
derived from the Ni—O vibration (Figure S7).

The surface chemical valence states of electrocatalysts before
and after OER were studied by XPS analysis (Figure S). The
high-resolution XPS spectra of Co 2p after 1000 cycles (Figure
Sb,d) clearly reflect that the peaks are shifted to lower binding
energy (Co 2p;/, at 782 and 779.9 eV, Co 2p,,, at 797.4 and
779.9 eV) compared to those of the pristine MOFNSs (Co
2ps,, at 782.3 and 781 eV, Co 2py, at 796.9 and 786.7 V).
The negative shift of binding energy for Co 2p;,, and 2p, , can
be ascribed to the destruction of the metal—organic ligand,
which results in a change in the local electronic structure and
the possible structural evolution from MOFNSs to Co(OH),
and CoOOH.***” Similarly, the Ni 2p peaks reflected the new
peaks of Ni 2p,,, and Ni 2p,,, at 857.0 and 874.6 eV,”"!
respectively, corresponding to Ni**, confirming the formation
of NiOOH during the electrocatalytic process (Figure Sa,c). In
the Fe 2p spectrum, the binding energy peak at 712.6 eV is
attributed to Fe 2p; 5, which means the existence of Fe’". After
1000 cycles, the binding energy of Fe 2p, ; shifts to 711.0 eV
due to the structural evolution®” (Figure S8a,c). The O 1s XPS
spectrum of the pristine (Ni;Co;);Fe;-MOFNSs showed that
the peak at 531.5, 532.5, and 533.5 eV were regarded as the
M-0-R, O = C—0, and O—H bonds, respectively (Figure
S8b). After 1000 CV cycles, change in the electronic structure
of O 1s was also evidenced by the binding energy shift, where
the peaks of O 1 s shifted to a lower binding energy®® (531.6
eV from —OH, 530.7 eV from M—OH and 529.4 eV from M—
O group), further indicating the possible formation of
hydroxide and oxyhydroxide during the OER process (Figure
S8d).
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B CONCLUSIONS

In summary, we demonstrated a three-layer method to
synthesize ultrathin trimetal—organic framework nanosheets,
which acted as high-performance catalysts in the OER. By
adjusting the ratio of Ni/Co/Fe, the (Ni;Co,);Fe;-MOFNSs
exhibited the optimal OER activity with an overpotential of
245 mV at 10 mA cm™? in alkaline conditions and a small Tafel
slope of 50.9 mV dec™'. More importantly, through the study
of intermediates during the OER process, it was found that the
electrochemically transformed metal hydroxide and oxyhydr-
oxide evolved from the pristine MOFNSs could be the active
species. This work provides a new method for the synthesis of
MOF nanosheets electrocatalysts and also stimulates the study
of active species in the electrocatalytic process of pristine
MOFs.

B EXPERIMENTAL SECTION

Chemicals. Nickel(I) acetate (Ni(CH;COO),-4H,0),
cobalt(Il) acetate tetrahydrate (Co(CH;COO),-4H,0), and
ferrous acetate (Fe(CH,COO),) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
1,4-Benzene dicarboxylic acid (1,4-H,BDC) was purchased
from Adamas. N,N-Dimethylformamide (DMF) and acetoni-
trile (CH;CN) were purchased form Energy Chemical.
Ultrapure water (18.25 MQ) used in the experiments was
supplied by a Millipore System (Millipore Q).

Synthesis of Materials. Synthesis of (Ni;Co;);Fe;-
MOFNSs. The (Ni;Co;);Fe;-MOFNSs were synthesized in a
glass tube by a diffusion-mediated method. Typically, 0.06
mmol of 1,4-H,BDC was dissolved in a mixture of 2 mL of
DMEF and 1 mL of CH;CN and then poured into the bottom
of the glass tube. On top of this solution, a mixture of 1 mL of
DMEF and 1 mL of CH;CN was carefully added as the spacer
layer. The metal precursors 0.03375 mmol Ni(CH;COO),
4H,0, 0.01125 mmol Co(CH,;COO0),-4H,0, and 0.015 mmol
(Fe(CH,COO0),) were dissolved in a mixture of 1 mL of DMF
and 2 mL of CH;CN. Finally, the solution was also carefully
added to the glass tube as the top layer. The synthesis
proceeded at room temperature for 24 h under static
conditions. The collected precipitate was centrifuged and
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washed with DMF and ethanol several times and dried at 60
°C for 12 h.

Synthesis of Bulk (Ni;Co;)s;Fe;-MOFs. Typically, 0.6 mmol
1,4-H,BDC and 0.3375 mmol Ni(CH,COO),-4H,0, 0.1125
mmol Co(CH;COO0),-4H,0, and 0.15 mmol (Fe-
(CH;C00),), and 15 mL of N,N-dimethylformamide
(DMF) were mixed in a 25 mL round-bottom flask and
refluxed at 100 °C during 24 h. The resulting powder was
collected by centrifugation at 8000 rpm, and the solid was
consecutively washed three times with DMF (20 mL each
step), followed by washing three times with CHCl; (20 mL
each step) to efficiently remove the remaining linker
molecules, which might have remained occluded in the MOF
pores after the synthesis.

Characterization. The morphology of all electrocatalysts
was investigated by scanning electron microscopy (SEM,
Hitachi, S-4800) and transmission electron microscopy
(JEM3010). The size and thickness of the electrocatalysts
were determined by atomic force microscopy (AFM, Brucker
Bioscope system). The crystal structures of the samples were
characterized using powder X-ray diffraction (XRD, Bruker D8
Advance diffractometer, Cu Kal). Nitrogen adsorption/
desorption isotherms were measured by JW-BK200C (JWGB
SCL&.TECH.) at the desired temperature, and the samples
were dried for 12 h at 423 K under vacuum before the
measurement. The Raman spectra were collected on a Raman
spectrometer (Invia-reflex) using a 633 nm laser. The X-ray
photoelectron spectroscopy (XPS) analysis was performed on
an ESCALAB 250Xi X-ray photoelectron spectrometer using
Mg as the excitation source. The infared spectrum tests were
performed at the Fourier transformation infrared spectrometer
(FT-IR, Infinity-1).

Electrochemical Measurements. All of the electro-
chemical measurements were performed with a CHI 760D
electrochemical workstation. OER was performed in a three-
electrode configuration. For electrochemical measurement of
OER, the catalyst dropped on a glassy carbon electrode was
used as the working electrode, saturated calomel electrode
(SCE) was used as the reference electrode in 1 M KOH
electrolyte, and platinum gauze was used as the counter
electrode. The scan rate for linear sweep voltammetry (LSV)
was kept at S mV s™' to minimize the capacitive current. In
addition, the LSV polarization curves for the OER was
measured after saturating the solution with O,. Before
recording the catalytic activity, the catalysts were activated
by a chronopotentiometry scan with a constant current density
until reaching a stable state. All of the polarization curves in
this work were corrected by eliminating the IR drop with
respect to the ohmic resistance of the solution. Calibration of
SCE reference electrodes was done by measuring the reversible
hydrogen electrode (RHE) potential using a Pt electrode
under a H, atmosphere.’* All potentials were normalized to a
reversible hydrogen electrode (RHE) according to the
equation” E(RHE) = E(SCE) + 0.242V + 0.0591pH. Span
life measurements were performed to evaluate the long-term
stability. The impedance spectra of OER was measured in the
three-electrode system under 1.45 V versus RHE over the
frequency range from 1 MHz to 0.1 Hz in 1.0 M KOH using
Autolab.
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