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Porous yet densely packed metal—organic
frameworks (MOFs) toward ultrastable oxygen
evolution at practical current densities¥

Haiming Wang,?® Ming Li,? Jingjing Duan {2 ? and Sheng Chen {2 *?

It is known that the increase of catalyst loadings usually leads to activity decay owing to the increased
mass transport limitations. And most catalyst electrodes are thus restricted to small mass loadings
(0.1-1mg cm™2). However, there are exceptions. Here we have reported the confined growth of nickel,
iron-metal-organic framework (NiFe-MOF) electrodes characteristic of porous yet densely packed
architectures. The NiFe-MOF electrode has shown elevated activities for the catalyst loadings increasing
from 1 to 10 mg cm™2, and achieving excellent oxygen evolution at the practical levels of catalyst
loading (~10 mg cm™2). Further detailed study reveals the NiFe-MOF electrode is composed of self-
assembled MOF nanoribbons in 3D honeycomb architecture on a nickel foam substrate. The electrode can
afford hierarchical macro—micro-porosity that facilitates fast mass transport, in addition to high catalyst
loadings for securing strong durability. Consequently, NiFe-MOF electrodes are optimized to deliver the

best oxygen evolution activities ever reported for MOFs, characteristic of a low overpotential of 226 mV at

rsc.li/frontiers-materials

1. Introduction

Water electrolysis has the advantage of producing ‘‘green”
hydrogen without carbon dioxide emission, which is expected
to solve the problem of global warming caused by fossil fuels.'™
Generally, water electrolysis is comprised of two half-cell reac-
tions, the anodic oxygen evolution reaction (OER, 4OH™ — O, +
2H,0 + 4e") and cathodic hydrogen evolution reaction (HER,
2H,0 + 2e~ — H, +20H").>* In comparison to HER, the OER is
a more energy-intensive reaction because it proceeds via a four-
proton-electron coupled pathway, and hence requires a higher
external overpotential to overcome sluggish reaction kinetics."”
For OER electrocatalysts, activity, stability and cost are the three
critical merits that need to be considered for practical applica-
tions. In industry, noble metal catalysts (like ruthenium oxide
RuO,"™® and iridium dioxide IrO,>°) have been used as the
benchmark catalysts to facilitate OER, but their high cost and
scarcity limit large-scale applications. As a consequence, a variety
of cost-effective alternatives (such as transition metal oxides”®
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10 mA cm™2, and a prolonged stability up to 666 h at 100 mA cm~2 or 100 h at 500 mA cm™2.

and carbons®) have been developed. However, the OER activities
and stability of these catalysts still need to be further enhanced
for practical water electrolysis.

Typically, the OER process consists of three intermediate
steps: (i) H,O migrates to the surfaces of electrodes, (ii) H,O
splitting to O, through a proton-electron coupling step, and (iii)
0, evolution from electrodes.’ ™ Therefore, the activity and stabi-
lity of OER should be related to such factors as the number of
active centres and mass/charge transport of H,O and 0,.>°"?
Currently, most OER catalytic electrodes have been prepared into
thin films, and their thickness has been reduced to nanometre
levels to maximize the exposure of catalytic active centers and
facilitate mass/charge transfer kinetics. However, such thin-film
electrodes (0.1-1 mg cm ™2, mass loadings) are not able to meet the
requirement for practical applications (greater than 1 mg cm™?)."?
In bulk water electrolysis especially under high current conditions
(=500 mA cm™?), these thin-film electrodes are prone to perfor-
mance decline due to bubble effects and loss of active centres,
etc.>® Although thicker electrodes can be fabricated by directly
increasing the mass loading (greater than 1 mg cm™?) using the
same preparation procedure, significant problems may also occur,
for example, the increased mass transport limitations in thick
electrodes and active species peeling off from electrodes because
of weak catalyst-substrate interactions, leading to sharp activity
drop in proportion to mass loadings.>*"?

In nature, honeycombs are important habitual residences
for bees to rest, breed and store foods. In order to facilitate the
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frequent entry and exit of bees, honeycombs are usually con-
structed with highly porous structures. Simultaneously, to store as
much foods as possible and accommodate more offspring, the
honeycombs are also arranged with densely packed architec-
tures."*"® Inspired by the honeycomb structures, we consider the
construction of porous yet densely packed electrodes may be one
of the ways to improve the electrocatalytic activity and stability of
thick electrodes. Recently, metal-organic frameworks (MOFs) have
become a new class of functional materials. MOFs have the
advantages of abundant intrinsic molecular metal sites, rich
porosity, large specific surface areas, and characteristics of
inorganic-organic structural units, which are useful for water
electrolysis."™ By adjusting the packing styles of MOFs, the
porous yet densely packed MOF electrodes would allow rapid
mass transfer under high mass loadings, which is rarely
reported thus far.

In this work, we report a confined growth procedure to
assemble NiFe-MOFs with characteristics of hierarchical por-
osity (micropore, and macropore) and high packing density (up
to 10 mg cm ™ 2). The OER performances of NiFe-MOF electrodes
are optimized to deliver a low overpotential of 226 mV at
10 mA ecm™?, and a prolonged stability up to 666 h at 100 mA cm™>
or 100 h at 500 mA cm ™2, which would play a positive role in the
industrial applications of water electrolysis.

2. Experimental
2.1 Chemicals

2-Hiophenecarboxylic acid (2-CsH,0,S, 99%) was purchased
from Tianjing Heowns Biochemical Technology Co., Ltd. Nickel
acetate tetrahydrate (Ni(Ac),-4H,0, 99%), ferric(m) nitrate non-
ahydrate (Fe(NO;);-9H,0O, 98.5%) and sodium hydroxide
(NaOH, 95%) were obtained from Shanghai Macklin Biochemical
Technology Co., Ltd. Ethanol (absolute alcohol, AR) was purchased
from Sinopharm Chemical Reagent Co., Ltd. IrO, were obtained
from Afar Aesa. All chemicals were used as they were received from
manufacturers. All aqueous solution was prepared with high-purity
de-ionized water (DI-water, resistance 18.25 MQ cm™ ). Nickel
foam (NF, 2.8 cm x 2 cm x 1.6 mm, surface density 380 g m ™2, PPI
110, porosity >95%, purity 99.8%) was purchased from Suzhou
Sinero Technology Co., Ltd. Nickel foam was washed successively
with dilute HCI solution, absolute alcohol and DI-water under
ultrasonication for 5 min, respectively, which was used to remove
the surface oxide layer and organic residue. Then the clean nickel
foam was immersed in absolute alcohol for use.

2.2 Synthesis of materials

2.2.1 Synthesis of NiFe-MOF honeycombs. 600 mg of
organic ligand (2-CsH40,S), 540 mg of Ni(Ac),-4H,0 and 60 mg
Fe(NO;);-9H,0 were added to 30 mL of absolute ethanol under
magnetically stirring for several hours. Next, the above solution
was poured into a 50 mL Teflon-lined autoclave where a piece of
clean nickel foam (NF, 2.8 cm x 2 cm X 1.6 mm) was immersed
into autoclave titling against wall. Then, the autoclave was sealed
and maintained at 150 °C for 12 h. After naturally cooling down

View Article Online

Materials Chemistry Frontiers

to room temperature, the yellow NiFe-MOF honeycombs on
nickel foam substrate were taken out, and the corresponding
precipitates in the autoclave solution were separated by centrifu-
gation. Both of them were washed alternately with deionized H,O
and absolute ethanol several times, and finally dried at 60 °C
overnight.

2.2.2 Synthesis of other NiFe-MOF honeycombs with dif-
ferent Fe wt%. Other NiFe-MOF honeycombs (denoted as 5%,
15%, and 20% Fe) with were prepared similarly to NiFe-MOF
but using different amounts of Fe precursors. Specifically,
NiFe-MOF-5% was prepared by using 570 mg of Ni(Ac),-4H,0O
and 30 mg Fe(NO;);-9H,0; NiFe-MOF-15% was obtained
by using 510 mg of Ni(Ac),-4H,O and 90 mg Fe(NO;);-9H,0;
NiFe-MOF-20% was synthesized by using 480 mg of Ni(Ac),-
4H,0 and 120 mg Fe(NO;);-9H,0.

2.2.3 Synthesis of NiFe-MOF honeycomb catalysts with
different mass loadings. NiFe-MOF honeycombs with different
mass loadings (1.11,3.12,6.22,9.95,12.06 mg cm™2, denoted as
NiFe-MOF-1, NiFe-MOF-3, NiFe-MOF-6, NiFe-MOF, NiFe-MOF-
12; Tables S5-S9, ESIt) were prepared by a similar method by
using different amounts of precursors. Specifically, NiFe-MOF-1
with an average mass loading of 1.11 mg cm™> was prepared by
using 90 mg of Ni(Ac),-4H,0, 10 mg Fe(NO3);-9H,0 and
100 mg 2-CsH,0,S; NiFe-MOF-3 with an average mass loading
of 3.12 mg cm > was obtained by using 180 mg of Ni(Ac),-4H,0,
20 mg Fe(NO;3);-9H,0 and 200 mg 2-CsH,0,S; NiFe-MOF-6 with
an average mass loading of 6.22 mg cm™> was synthesized by
using 360 mg of Ni(Ac),-4H,0, 40 mg Fe(NO;);-9H,0 and
400 mg 2-CsH,0,S; NiFe-MOF-12 with an average mass loading
of 12.06 mg cm > was synthesized by using 720 mg of Ni(Ac),-
4H,0, 80 mg Fe(NO3);-9H,0 and 800 mg 2-CsH,0,S.

2.2.4 Synthesis of Ni-MOF honeycombs. Ni-MOF honey-
combs (denoted as Ni-MOF) were prepared similarly to NiFe-
MOF but using only the nickel precursors.

2.2.5 Synthesis of bulk NiFe-MOF. Bulk NiFe-MOF (denoted
as bulk) was obtained by drying the precipitates during the
synthesis of NiFe-MOF honeycombs. To fabricate catalyst electro-
des, bulk NiFe-MOF powders were dispersed in isoproponal/
water (Vi/V,, = 3/1) mixed solvents with 1 wt% Nafion as the
binder, and then being drop casted onto a nickel foam substrate
with mass loading of 10 mg cm 2.

2.2.6 Synthesis of IrO, catalyst ink. Synthesis of IrO,
catalyst electrode was similar to bulk NiFe-MOF but using IrO,
powder as the active component.

2.3 Physical characterizations

Scanning electron microscopy was conducted on a field emis-
sion scanning electron microscope (FESEM, JEOL 7800F).
Transmission electron microscope (TEM) and high-resolution trans-
mission electron microscope (HRTEM) were conducted on an
aberration-corrected TEM (Thermo Scientific-Talos™ F200i, 200 kv
acceleration Voltage). Energy-dispersive X-ray spectroscopy (EDS)
and element mapping were acquired on SEM (OXFORD X-Max"
150 10 kV). X-ray diffractions were conducted on X-ray diffracto-
meter (XRD, Bruker-AXS D8 Advance 3 kW, 40 kV, 40 mA, 4 =
1.5418 A) with Cu Ko, radiation. X-ray photoelectron spectroscopy
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(XPS) was collected between 4 and 200 eV on an Axis Ultra
(ThermoScientific™ K-Alpha) XPS spectrometer equipped with
an Al Ko source (1486.6 eV). FTIR spectra were recorded in a
Thermofisher NICOLETIS 20 FTIR spectrometer. Inductively
coupled plasma mass spectroscopy (ICP-MS) measurements
were carried on Agilent 7800. Atomic Force Microscopy (AFM)
was conducted on Bruker Dimension ICON SPM using peak
force mode. The specific surface areas of the as-prepared
products were measured on a Micromeritics™ TRISTAR II
3020 instrument, and the pore size distributions were derived
from the desorption branches of the isotherm with the Barrett-
Joyner-Halenda (BJH) model.

2.4 Electrochemical characterizations

Electrochemical tests were performed on a CHI 760E electrochemical
workstation. Specifically, OER was tested in a three-electrode system
in a single electrolytic cell with 1 M KOH aqueous solution (with 85%
iR-compensation), which used MOF honeycombs, graphite rod and
Hg/HgO (1 M KOH) as working, counter and reference electrodes,
respectively.

The OER overpotential vs. Epgngo measured in this study
can be converted to corresponding overpotentials using the
following equation:

1 = Eugmgo + 0.059 x pH + 0.098 — 1.23 V

Linear sweep voltammogram (LSV) plots were recorded at a
scan rate of 5 mV s~ from 1.7 to 0.9 V (vs. RHE, reverse scans). All
LSV plots were recorded with 85% iR-compensation. The Tafel
slope was calculated according to Tafel equation as follows:

n=>blogj+a

where 7 is overpotential (V), j is current density (mA cm™?), and
b is Tafel slope (mV dec™ ).

The long-term durability was tested by chronopotentiometry
at 100 mA or 500 mA for OER up to 666 h. The corresponding
LSVs before and after electrochemical testing were collected with
85% iR-compensation for comparison purpose. In addition,
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electric double layer capacitances (Cq, mF cm™?) of working
electrodes were obtained from double-layer charge-discharge
diagram using cyclic voltammetry (CV) in a small potential range
of 1.219-1.319 V (vs. RHE). Both a plot of the AJ = (J, — J.)/2(mA)
at 1.269 V (vs. RHE) against scan rate are nearly linear and the
double layer capacitance were obtained by its slopes. Based on
the reported method, we have used a benchmark capacitance of
Cs = 0.04 mF cm ™ ? (typical reported value) to calculate electro-
chemically active surface area (ECSA, denoted as Agcsa) of various
electrodes (Apcsa = Cai/Cs (per cm™2)).'® The use of geometric area
(GA, denoted as Ag,) for current normalization (denoted as Jgu)
could be traced back to the period when smooth planar electro-
des were widely used in the electrochemical community, and it
could be calculated based on the dimension of the surface
contacting the electrolyte: Aga = 2Al + wi + 2wh."” In most cases,
the thickness of the planar electrode is much smaller than its
length and height, thus Agx &~ 2Al, Aga is 1 em® in this work
(Aga =2 x 0.5 cm x 1 cm =1 cm®). Electrochemical impedance
spectroscopy (EIS) was measured at 1.295 V (vs. Hg/HgO) from
100 KHz to 0.01 Hz. Faraday efficiency (FE) was measured in a
H-type electrolytic cell with MOF honeycombs, graphite rod and
Hg/HgO (1 M KOH) as anode, cathode and reference electrodes,
respectively. FE was calculated based on the equation: FE = Ve, /
Vine. = Vexp/(Vm QI F)) = Vexp/(Vim i t/(n F)), where Ve, is the
experimental volume of O,, Vi, is the theoretical volume of O,,
Vi is the molar volume of gas (25 °C, 24.5 L mol™"), Q is the
amount of electric charge, n is the number of electrons trans-
ferred; F is Faraday constant (96,485 C mol '); i is the test
current, ¢ is the collection time of O,.*

3. Results and discussion
3.1 Synthesis and growth of NiFe-MOF

The preparation procedure is shown in Scheme 1. NiFe-MOF
honeycombs were prepared by a one-step confined growth
approach starting by coordinating highly concentrated precursor
solution composed of metal salts (Fe, Ni) and organic ligands

, & H O
Electrolysis &
—— OER
@
@ O?

Scheme 1 Confined growth of NiFe-metal-organic framework (MOF) electrode.
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(2-CsH40,S). According to the characterizations of XRD (Fig. 1(a)
and Fig. S1, ESI{), SEM (Fig. 1(c)-(e) and Fig. S2, ESIf), TEM
(Fig. 1(f) and (g)), AFM (Fig. S3, ESIY), FTIR (Fig. 1(b) and Fig. S4,
ESIt) and XPS (Fig. S5, ESIt), the as-prepared NiFe-MOF honey-
combs are composed of nanoribbons, which are further con-
structed by alternating organic units (2-thiophenecarboxylic acid
group) and inorganic units (NiOg or FeOg). The carboxyl group on
each ligand bridges two transition metal ions, and each ion
coordinates with two opposite carboxyl groups and four equator-
ial ethanol molecules.

We then used SEM and elemental mappings to study the
confined growth process. The growth process of NiFe-MOF was
explored by elongating reaction durations from 0.5 to 16 h
(Fig. S6, ESIt). Firstly, irregular nano-particles without apparent
elemental segregation are observed in the NiFe-MOF inter-
mediate obtained at 0.5 h, indicating that metal ions and
ligands begin to nucleate within this period (Fig. S6a and b,
ESIt). When the reaction time was further extended, the
mixtures of irregular nano-particles and nanoribbons (NRBs)
are observed in the reacting intermediates collected at 2-8 h,
indicating the occurrence of a crystal growth process (Fig. S6¢c-h
and S7a-d). After 12 h of reaction, well-defined NiFe-MOF NRBs
have formed that fill into nickel foam, and the morphology
and size alternation of NRBs are negligible within this period
(Fig. S6i-1 and S7e, f, ESIY).

3.2 Structure and morphology characterizations of NiFe-MOF

According to the volcano plots, Ni-based materials have mod-
erate binding energies, next only to the noble-based catalysts,
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thereby indicating a small theoretical overpotential for the
OER.*' Among the numerous reported 3d transition metal-
based electrocatalysts, Ni/Fe-based materials are known as highly
active sites for OER. Compared with noble metals (RuO,/IrO,),
Ni/Fe transition metal-based elements are earth-abundant,
cheap, and easy to large-scale application.>*'> Because Ni
and Fe are known as highly active sites for OER,>*'*?" the as-
formed NiFe-MOFs were further characterized. Firstly, according
to ICP analyses, the content of nickel and iron in the product can
be accurately determined (Table S1, ESIf). Next, the crystal
structure of NiFe-MOF honeycombs (Fig. S1, ESIT) was character-
ized by XRD, which shows a well-defined MOF crystal structure as
well as strong substrate (NF) peaks at around 44.73° 52.09°, and
76.64°. The strongest diffraction peak at 20 = 6.48° is ascribed to
(020) plane of NiFe-MOF honeycombs (Fig. 1(a) and Fig. S1,
ESIt).>* Other comparison MOFs also show similar XRD patterns
(Fig. S1, ESIT). This result is consistent with FTIR spectra that
confirm the strong coordination interactions between metal ions
and organic ligands in MOFs (Fig. 1(b)). According to the
literature***® and FTIR atlas database (Aldrich catalog no:
T3260-3, CAS number: 527-72-0), the peak at around 800 cm '
was the fingerprint region, which can be assigned to thiophene
ring. The strong FTIR bands centered at 1584, 1521, 1372,and
775 cm™ ' are assigned to stretching modes of carboxylate groups
(COO™) coordinated to Ni** or Fe**.***° The FTIR bands at 1420
and 1039 cm™ " are attributed to in-plane ring vibration of organic
ligand (2-thiophene dicarboxylic acid).**® The broad band at
3610 cm™ " is assigned to 1(O-H) stretching vibration of water
molecules.”® Notably, the characteristic FTIR band of the acidic

Fig. 1 Morphological and structural characterizations of NiFe-MOF. (a) experimental and simulated XRD patterns. (b) FT-IR spectra. (c)—(e) SEM images,
inset of (e) is a nanoribbon; (f) and the inset of (f) HRTEM image of the NiFe-MOF with lattice fringes; (g) TEM element mappings of C, O, S, Ni, and Fe.
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carbonyl group (C=O0) at 1662 cm™ " and tensile vibration of the
non-ionized carboxyl group (C-OH) at 1278 cm " have disap-
peared, indicating that the organic ligand (2-thiophene dicar-
boxylic acid) is completely deprotonated by coordinating with
metal ions.”***® Other MOFs have shown similar FTIR vibration
characteristics to NiFe-MOF (Fig. S4, ESIT).

In addition, X-ray photoelectron spectroscopy (XPS) was
further employed to investigate the surface elemental composi-
tions and electronic states of the samples. As shown in Fig. S5a
(ESIt), the XPS survey spectra on NiFe-MOF honeycombs sur-
face confirm the presence of C, O, S, Ni, and Fe elements, which
is consistent with the results of EDS spectrum (Fig. 2(g)). High-
resolution XPS spectra of C 1s, O 1s, S 2p, Fe 2p, and Ni 2p were
presented in Fig. S5b-f (ESIY), respectively. Three surface
components can be obtained by using deconvolution of the
high-resolution spectrum of C 1s (Fig. S5b, ESIf), corres-
ponding to the C-S of 2-hiophenecarboxylic acid at a binding
energy of 284.7 eV,” the carboxylate (C=C) groups of
2-hiophene-carboxylic acid at a binding energy of 284.9 eV,”
and the carboxylate (O-C=0) groups of 2-hiophenecarboxylic
acid at a binding energy of 288.3 eV.?® The high-resolution XPS
spectrum of O 1s (Fig. S5c, ESIt) displays three binding
energies at 530.8, 531.4,and 532.1 eV attributable to oxygen
atoms on the Ni (Fe)-O bonds, characteristic peak of O—C-O,
and absorbed water, respectively.”>*® Next, the XPS of S 2p;), at
164.1 eV and S 2p,,, at 165.3 eV indicate the C-S-C chemical
bond in the organic ligand (Fig. S5d, ESIf).*** As shown in
Fig. S5e (ESIT), the binding energy values of Ni 2p show four
major peaks, corresponding to Ni** (855.9/873.5 eV), and their
corresponding satellite peaks (identified as “Sat”) indicate the
oxidation state of the Ni species as +2 (Ni**).”® Fig. S5f (ESIt)
shows the high-resolution spectrum of Fe 2p, in which the
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peaks in Fe 2p spectrum at 709.3, 722.9, and 714.2 eV corre-
spond to Fe**, and Fe®" respectively.”®* Indicating some Fe**
ions are reduced to Fe*" species (Fe’" + e~ — Fe®), while Ni
atoms are oxidized to Ni** species (Ni-2e~ — Ni*") (Fig. S5,
ESIt).%° Therefore, the Ni element in NiFe-MOF may come from
the combined action of Ni salt and NF substrate. Importantly,
the obtained NiFe-MOF feature honeycombs with hierarchical
porosity composed of macropores around 300 pm originating
from NF substrates (Fig. 1(c)) and open pores around hundreds
of nanometers to tens of micrometers formed by adjacent NRBs
(Fig. 1(d) and (e)). According to SEM and AFM, the as-prepared
NiFe MOF honeycombs consist of quasi-one-dimensional
(quasi-1D) ribbons with average dimensions of 15 nm in thick-
ness (peeled from nickel foam substrate by ultrasonication for
3 min), 700 nm in width and tens of micrometers in length
(Fig. 1(c)~(g) and Fig. S3, ESIt). The HRTEM displays good
crystallinity of NiFe-MOF NRBs with a well-defined lattice
viewed along the [010] axis (Fig. 1(f)), and a lattice spacing of
1.36 nm of (020) plane (inset of Fig. 1(f)). This result is closely
matched with XRD results (Fig. 1(a)). Furthermore, TEM and
SEM element mappings exhibit a homogeneously distribution
of C, O, S, Ni, and Fe elements throughout NRBs (Fig. 2(g) and
Fig. S2, ESIT). Other NiFe MOFs with different percentages of Fe
also show similar structural features (Fig. S8-S11, ESIT).

We have further prepared a series of porous yet dense NiFe-
MOFs by systematically tailoring packing densities of the NiFe-
MOFs (Fig. 3(a)-(e) and Fig. S2, S12-S15, ESIt). Compared to
NiFe-MOFs with different mass loadings, it can be observed
that the stacking density of nanoribbons continues to increase
from the loading increase from 1 to 10 mg cm >, When the
packing density is >10 mg cm >, there is little change in the
relative distributions of nanoribbons.
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Fig. 2 The evaluation of alkaline OER electrocatalytic performances of NiFe-MOF. (a) OER LSV curves of Ni-MOF, NiFe-MOF-5%Fe, NiFe-MOF, NiFe-
MOF-15%Fe, NiFe-MOF-20%Fe, NF, commercial IrO,, and NiFe-MOF-bulk. (b) Tafel plots of different samples, (c) Nyquist plots and (d) Cq values of
different samples, (e) experimental and theoretical volumes of O, and Faraday efficiency, (f) multi-step E-t curve with the current density increased from
20 to 100 mA cm™2, (g) chronopotentiometry curve of NiFe-MOF at 100 mA cm™2, the inset shows LSV plots obtained before and after 666 h
chronoamperometric test. (h) Cyclic voltammetry of NiFe-MOF before and after 5000 cycles.
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Fig. 3 Morphology characterizations and Electrocatalytic performance of alkaline OER electrocatalytic performance of NiFe-MOF with different
average mass loadings. (a) SEM of NiFe-MOF-1 (b) SEM of NiFe-MOF-3 (c) SEM of NiFe-MOF-6 (d) SEM of NiFe-MOF (e) SEM of NiFe-MOF-12, (f) OER LSV
curves of NiFe-MOF-1, NiFe-MOF-3, NiFe-MOF-6, NiFe-MOF, and NiFe-MOF-12. (g) Tafel plots of NiFe-MOF with different mass loadings, (h) Nyquist
plots, and (i) chronopotentiometry curves of NiFe-MOFs and contrast samples at 500 mA cm™2, the inset of (i) shows the potentials at 500 mA cm 2 as a

function of catalyst loading.

3.3 Electrochemical tests for OER

All electrochemical tests for NiFe-MOF honeycombs were con-
ducted under ambient conditions."”"® For comparison, several
controlled experiments have been carried out under the same
conditions, including NiFe-MOF with different Fe wt%
(Ni-MOF, 5% Fe, NiFe-MOF, 15% Fe, 20% Fe), NiFe-MOF with
different mass loadings (1, 3, 6, 10, 12 mg cm™2, Tables S5-S9,
ESIt), bulk NiFe-MOF counterpart, nickel foam, and commer-
cial IrO,. To eliminate the possible contributions of oxidation
current densities of Ni*"/Ni**, all linear sweep voltammetry
curves (LSVs) were recorded by sweeping from both low-to-
high (positive sweep) and high-to-low potentials (reverse sweep)
at the scan rate of 5 mV s~ !, which can determine the over-
potentials at small current densities accurately.*'

As shown in Fig. 2(a) and Table S2 (ESIt), the NiFe-MOF
displays catalytic activity superior to that of other comparison
samples (Ni-MOF, NiFe-MOF-5%, NiFe-MOF-15%, NiFe-
MOF-20%, bulk NiFe-MOF, nickel foam (NF), and IrO,), only
requiring an overpotential of 226 mV to attain the current
density of 10 mA cm™>. As well as these LSV curves recorded
by sweeping from low to high potentials (positive sweep)

(Fig. S16a, ESIT) also show similar results. The excellent OER
activities of NiFe-MOF are also verified by Tafel plots (Fig. 2(b)).
The NiFe-MOF demonstrates a much smaller Tafel slope of
29.7 mV dec™ ', as comparison to the Ni-MOF (50.5 mV dec™ %),
NiFe-MOF-5% (42.1 mV dec™ '), NiFe-MOF-15% (36 mV dec™ ),
NiFe-MOF-20% (44.3 mV dec '), bulk NiFe-MOF (134.4 mV
dec™), nickel foam (162.8 mV dec™ ') and IrO, (99.5 mV dec™ ),
indicating a high transfer coefficient and rapid electrocatalytic
kinetics. To understand the origin of the high OER activities, the
EIS and ECSA (Cq;, the ECSA is proportional to its Cyqj) of the
above electrodes have been investigated. As shown in Fig. 2(c),
based on the equivalent circuit in EIS analyses (Fig. 2(c) and
Table S3, ESIt),””> the charge-transfer resistance (R.) of
NiFe-MOF is calculated to be 1.6 Q, which is much smaller than
that of Ni-MOF (7.5 Q), NiFe-MOF-5% (6.9 Q), NiFe-MOF-15%
(18.7 Q), NiFe-MOF-20% (47 Q). Further, as displayed in Fig. 2(d)
and Fig. S22 (ESIf), the NiFe-MOF exhibits a Cg value of
2.22 mF em™?, which is noticeably larger than those of Ni-MOF
(1.02 mF cm™?), NiFe-MOF-5% (1.55 mF cm™?), NiFe-MOF-15%
(1.74 mF cm™?), NiFe-MOF-20% (1.93 mF ¢cm ™), NiFe-MOF-Bulk
(0.93 mF cm™?). Finally, we have normalized the current
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densities according to ECSA to reveal the intrinsic surface-area
catalytic activity of these catalysts, and the NiFe-MOF still
exhibits the highest OER catalytic activity (Fig. S16b, ESIt) at
higher overpotential (>0.2 V). With the doping of Fe, the
crystallinity of Ni-MOF gradually deteriorated (Fig. S1, ESIT),
and the electrical conductivity declined.*> Consequently, the
doping of Fe cannot activate Ni-MOF at low overpotentials.**
And Ni-MOF has a lower onset potential than other NiFe-MOF
catalysts at low overpotential (0-0.2 V). While at higher over-
potentials (> 0.2 V), more Fe(oxy)hydroxide has formed, leading
to a larger fraction of the electrolyte-permeable catalyst film
participating in catalysis.>* Both Fe** and Ni*" formed to estab-
lish a synergetic effect in which the high spin d* Fe'" stabilizes
the oxyl-radical formed with Ni** through super-exchange inter-
action while the low spin d® Ni** induces the formation of O-O
coupling.*° As a consequence, NiFe-MOF exhibits a better
activity characteristic of low overpotentials than Ni MOF at a
high potential (> 0.2 V). As a comparison to other counterparts,
the NiFe-MOF with 20% Fe has the lowest crystallinity (Fig. S1,
ESIt) and electrical conductivity,®* owing to the formation of an
insulating FeOOH phase during the electrocatalysis process.***!
As a consequence, these features have suppressed the oxidation
peak at the overpotential of 0.2 V corresponding to the oxidation
of Ni*" to Ni*"/Nj*".**4!

The Faradaic efficiency (FE) for OER was identified by directly
measuring the amount of generated O, bubbles through a water
drainage method (Fig. S17, ESIf). As shown in Fig. 2(e), the
experimental O, volume-time curve exhibits a perfect linear
relationship that matches well with the theoretical values, indi-
cating a nearly 90% FE during the OER on NiFe-MOF. Therefore,
the as-prepared NiFe-MOF is one of the most active electrocata-
lysts reported (Table S10, ESIT).

Importantly, we then investigated the OER performances of
NiFe-MOF with different mass loadings (NiFe-MOF-1, NiFe-
MOF-3, NiFe-MOF-6, NiFe-MOF, NiFe-MOF-12). As shown in
Fig. 3(f)-(i), Fig. S18-521 and Tables S2-S9 (ESIt), the NiFe-
MOF sample (catalyst loading: 10 mg cm™?) exhibits the best
OER performance among all the samples, characteristic of the
lowest overpotential (226 mV@10 mA cm ) and the smallest
Tafel slope (30.3 mV dec™'). We attribute the excellent perfor-
mances to high transfer coefficient and rapid electrocatalytic
kinetics on the NiFe-MOF electrode, as revealed by the larger
Cqi value (2.22 mF cm™?, Fig. S18a, ESIt), and the smallest R,
(1.61 Q, Fig. 3(h), Fig. S18b and Table S4, ESIt) of NiFe-MOF as
comparison to other samples. These findings unambiguously
highlight the superiority of the NiFe-MOF honeycombs archi-
tecture for the electrocatalytic OER performances.

Other than activities, stability is another important criterion
for evaluating OER for practical applications. Accordingly, the
cyclic voltammetry (CV) and chrono-potentiometry measure-
ments were performed to investigate dynamic response and the
long-term stability of NiFe-MOF and other MOFs (Ni-MOF, NiFe-
MOF-5%, NiFe-MOF-15%, NiFe-MOF-20%). Fig. 2(f) shows the
multi-step i-¢ curves with the current density increasing from
20 mA cm™” to 200 mA cm . As observed, the applied potentials
maintain relatively stable without appreciable variations at
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different current densities. And NiFe-MOF shows a lower over-
potential in comparison with that of the other MOFs, implying its
best electrocatalytic activity. Next, the current density is fixed at
100 mA cm 2, and seldom loss of the catalytic activity (<3%) for
666 h has been observed despite vigorous gas bubble evolution
(Fig. 2(g)). The corresponding LSV curve of NiFe-MOF without iR
compensation after the 666 h durability test shows that approxi-
mately 98% of the activity is retained, suggesting its superior
durability for OER (Fig. 2(g) inset). This result is further verified
by cyclic voltammetry without iR compensation of 5000 cycles
(Fig. 2(h)), SEM, XRD, and FTIR (Fig. S20 and S21, ESI¥).

Further, when the current density increases to industrial
level (=500 mA cm™?), chronopotentiometry measurement of
the long-term stability is even more important of NiFe-MOF.
For bulk NiFe-MOF comparison electrode (i.e., loosely packed
counterpart), it shows a high initial potential at 500 mA cm 2,
and runs steadily after ~20 h at a potential comparable to
nickel foam substrate. This means that the bulk NiFe-MOF
active species have almost peeled off the surface of nickel foam
in a short duration. In great contrast, other densely packed
MOFs like NiFe-MOF, Ni-MOF and NiFe-MOFs with different
mass loadings (NiFe-MOF-1, NiFe-MOF-3, NiFe-MOF-6) all show
excellent stability. Among them, the applied external potential
of NiFe-MOF is still the lowest as comparison to others
(Fig. 3(i)). We note that the OER stability of the NiFe-MOF
outperforms all of those previously reported MOFs (Tables S10
and S11, ESIt).

3.4 Discussion

We consider a number of unique characteristics of NiFe-MOF
that contribute to excellent electrocatalytic properties. Firstly,
the self-supporting catalysts often feature high electrical con-
ductivity, and accelerated charge transfer rate.>>“** This is
confirmed by the large internal resistance of bulk NiFe-MOF
(prepared by the Nafion-assisted drop-casting method, 30.87 Q)
than NiFe-MOF (1.6 Q, prepared by the self-growth method on
NF, Fig. 2(c), Fig. S22b and Table S3, ESIt). Secondly, there are
strong interaction forces between the substrate and the active
material, leading to a durable growth and uniform dispersion.*>
Nanoribbons (NRBs), as a class of quasi-1D nanostructures,
have attracted both fundamental and technological interests
over the past decades due to their high surface-to-volume ratio,
highly active surface, and high concentration of selectively
exposed crystal face.*> For example, the NiMn-MOF aerogel
self-assembled from NRBs to serve as a new generation of
flexible electrocatalysts for HER from seawater splitting, which
requires a low overpotential of 243 mV to achieve a current
density of 10 mA cm™ 2. What’s more, the electrocatalyst remains
stable catalytic performance even after being folded in half
several times. The excellent performance may be attributed to
the unique aerogel structure consisting of nanoribbons.>® The
as-obtained MOFs showed a quasi-1D ribbon-like morphology
with thickness of 15 nm and large aspect ratio (700 nm in width
and tens of micrometers in length, Fig. 2(c)-(e) and Fig. S3,
ESIT). Therefore, it can expose large amounts of metal sites to
act as active centres.”'
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Next, we also have found that by precisely regulating the
feeding of iron of NiFe-MOF, it can dramatically enhance the
charge transfer kinetics and enlarge the exposure of active sites,
and remarkably decrease the resistance to charge transfer and
thus promote the OER activity. The LSV curves of NiFe MOF with
different Fe contents show that the OER activity of the catalyst
has a volcano trend with the increase of the Fe contents. That is,
the doping of Fe could increase OER activities by shifting the
overpotentials of Ni(OH), to lower regions, and the activity of
the hybrid catalyst reaches best in the Fe feeding percentages of
10%. More doping of Fe could result in the formation of
insulating FeOOH phase on the electrode surface, and when
the Fe feeding content is higher than 25%, a significant
decrease in the activity of the catalyst can be observed. Accord-
ing to the literature,’>*"** the OER rate of FeOOH electrode is
slow when Fe in FeOOH was oxidized to Fe*", and the OER rate
of Ni(OH), electrode is slower when Ni in Ni(OH), electrode was
oxidized to Ni**. Therefore, when Ni(OH), electrode was doped
with appropriate amount of Fe, the OER rate of NiFeOOH
electrode is the highest, which confirms the important role of
iron and realized the synergistic enhancement catalytic effect of
nickel-iron.*>*¢ Although both NiFe-MOF and Ni-MOF have
similar morphology, the smallest overpotential (226 mV@
10 mA cm ™2, 278 mV@100 mA cm ™2 for Ni-MOF vs. 229 mV@
10 mA cm ™2, 350 mV@100 mA cm ™2 for Ni-MOF vs. 372 mV@
10 mA cm 2, 494 mV@50 mA cm™ > for NF, Fig. 2 and Table S2,
ESIt), the smallest Tafel slope (29.7 mV dec™ ' for NiFe-MOF,
50.5 mV dec™ " for Ni-MOF, 162.8 mV dec™ ' for NF), the largest
Ca (2.22 mF cm™? for NiFe-MOF NRBs vs. 1.02 mF cm ™ > for Ni-
MOF and 0.31 mF ecm ™2 for nickel foam; Fig. 2 and Fig. $23,
ESIt), and the smallest R, (1.6 Q for NiFe-MOF vs. 7.5 Q for
Ni-MOF; Fig. 2(c) and Table S3, ESIt) values of the NiFe-MOF
show the remarkable catalytic effect of iron.**”*° As compar-
ison to NiFe-MOF, nickel foam shows negligible catalytic effect
for OER in terms of overpotentials (372 mV@10 mA cm ), Tafel
slope (162.8 mV dec '), and Cg (0.31 mF cm ™ ?).

More importantly, intimate interaction between the catalyst
and 3D-support is favorable to the improvement of mass
transfer, a better contact between electrolyte and catalytic inter-
face, and effectively facilitates ion and electron transfer.’>"*>
NiFe-MOF has a 3D honeycomb architecture, which can afford
multi-dimensional hierarchical porosity to improve mass trans-
port at electrode-electrolyte interfaces (Fig. 1(c)-(e) and Fig. S24,
ESIT). Its extra-large macropores (about 300 pm) of the NF
substrate can ensure the full flow of electrolytes and promote
rapid transfer of as-produced O,. And it has open pores around
hundreds of nanometers to tens of micrometers formed by
adjacent NRBs of MOF, which provide enormous, highly acces-
sible catalytic active sites and short ion diffusion pathways for
boosted reaction kinetics. In addition, the intrinsic fractional-
scale microporosity of NiFe-MOF can also provide highly acces-
sible molecular active sites for electrocatalytic reactions.”*

Last but not least, the high mass loading of catalysts also
has a positive effect on mechanical stability. In common
electrode, high mass loadings may induce a weak contact
between catalyst with electrode and the detachment of catalyst
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during operation.'*>° In this work, we show a confined growth
strategy for manipulating NiFe-MOF electrodes. When the mass
loading is 1-10 mg cm ™ ? (industrial grade), all NiFe- based MOF
catalysts can work stably at industrial current density (Fig. 3(i)).
Moreover, there is a negative correlation between overpotential
and mass loading (inset of Fig. 3(i)). Although it does not reflect
the intrinsic activity of catalysts, it has important guiding signifi-
cance in industrial application of energy saving.>® This means that
based on industrial mass loading (mg cm™>), a win-win situation
of low overpotential and high stability can be achieved by tailoring
the NiFe-MOF honeycombs’ loading scrupulously (Fig. 1(c)-(e) and
3(a)-(i)). Moreover, attributed to the honeycomb architecture with
outstanding mechanical properties, such as high specific stiffness/
strength, fracture toughness, and impact resistance,**** porous yet
densely packed NiFe-MOF honeycombs make an indelible con-
tribution to enhancing the mechanical stability of NiFe-MOF
catalysts.

4. Conclusions

In conclusion, we propose a method that is simple, efficient, and
versatile, which could be used for the preparation of a series of
porous yet densely packed 3D MOF electrodes. Particularly, NiFe-
MOF with different Fe wt% (0%, 5%, 10%, 15%, 20%), and
different mass loadings (1, 3, 6, 10, 12 mg cm °) have been
prepared. The as-prepared electrodes have combined many
remarkable features and exhibited significantly enhanced catalytic
performances with high catalytic activity, favorable kinetics,
and strong durability toward OER. This work has a positive
significance in promoting MOF-based catalysts for practical
applications.
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