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Abstract: The electrolysis of water is an efficient and environmentally friendly technology for large-
scale hydrogen production. However, the oxygen evolution reaction (OER) involves a multi-electron—
proton coupling transfer step that limits the efficiency of water splitting. Therefore, there is an urgent
need to develop electrocatalysts with expected activity and stability to accelerate the kinetics of
the oxygen evolution reaction. In this paper, hierarchically porous Cu(OH),@(Fe, Co, Ni)MOF/CF
nanosheet (denoted as Cu(OH),@FCN MOF/CF) arrays were successfully prepared by the hydrother-
mally induced in situ growth of FCN MOF nanosheets using modified Cu(OH), nanowires as carriers;
herein, the tuned active species of metal ligands in the FCN MOF composition structure are used
as the main catalytic reaction size in the OER. The synergistic effect of a unique porous structure
and the active metal-ligand species in the MOF render the catalyst a large electrochemically active
surface area and more active species. Then, the active material is fully contacted with the electrolyte
to expose more electrochemically active sites, thus greatly improving the electrocatalytic activity and
durability of the OER. Specifically, the Cu(OH),@FCN MOF/CF delivers a minimum overpotential
of 290 mV and low Tafel slope of 96.15 mV-dec™! at 10 mA-cm~2 as well as ultra-long cycling
stability. The resulted OER performance is superior to most reported MOF-based electrocatalysts.
This novel structural design not only provides a new strategy for the facile preparation of low-cost
and high-efficiency OER electrocatalysts but also paves an avenue for the development of other
MOF-based composite electrocatalysts with excellent electrocatalytic performances.
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1. Introduction

Increasing global energy demand and ecological issues have forced us to develop green
and renewable energy conversion and storage technologies, such as water electrolysis, fuel
cells and metal-air batteries. Nevertheless, owing to the sluggish electrochemical processes
of oxygen evolution reaction (OER) and oxygen reduction reaction (ORR), their energy
utilization and power output are terribly restricted [1-4]. To carry out these reactions
efficiently, stable and highly active electrocatalysts are very essential. Hitherto, commercial
ruthenium/iridium oxides for OER are still the most desirable electrocatalysts, but their
practical applicability is obstructed due to their high cost, low durability and scarcity [4-10].
This is mainly attributed to the complex OER process at the anode, which is a four-electron
coupled process with the presence of multiple adsorption intermediates and slow kinetics,
resulting in high overpotential [9-12]. Therefore, it is very urgent to develop cost-effective,
high-active and robust durability catalysts for OER in future clean-energy utilization.

In the past few decades, tremendous efforts have been devoted to the development of
various nanomaterials including metal oxides, hydroxides and perovskites to replace noble
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metal-based ones [11-20]. Among them, metal-organic frameworks (MOFs), can provide
tunable porosity, large surface area and flexibility to be functionalized by various ligands
and plentiful tailoring active sites, which can play a significant role in maximizing reaction
electron transfer and facilitate reactant mass transfer, and hence, they are considered as
promising electrocatalytic materials [21-26]. Although MOF and MOEF-derived hybrids
possess a variety of electrocatalytic properties, MOF-based electrocatalysts for direct use in
OER are seldom reported, which is mainly due to their easy collapse of active nanostructure,
aggregation of metal centers, and loss of active centers during high-temperature treatment
processing, which leads to their reduced achievable current density and poor long-term
stability [17,25-27].

Recently, some promising strategies have been employed in the design of multifunc-
tional MOFs, including structural tuning and size/morphology control. The preparation
of self-supported and efficient OER catalysts can be fabricated by in situ loading of MOFs
electrocatalysts on the surface of a conductive 3D material backbone (e.g., copper foam (CF),
nickel foam (NF)), which not only improves the low conductivity of the MOFs themselves
but also provides a strong and tight contact between the electrocatalyst and the substrate,
avoiding the use of polymer binders to ensure high exposure of the active site [4,27-29].
Ye et al. synthesized ZIF-67 loaded on nanowires Cu(OH),, and the interfacial effect of
Cu(OH); nanowires grown on the CF backbone expanded the surface area compared
to Cu foam (CF) alone, which resulted in a more dispersed ZIF-67 favoring the contact
between catalyst and electrolyte, avoiding the buildup and significantly improving the
catalytic performance [30]. Xiong et al. reported an FeMOF/NiMOEF/NF composite with
ultrathin nanosheets that benefited from the synergistic effect of bimetallic centers, conduc-
tive substrates and unique fabrication, and hence, they exhibit impressive electrochemical
properties [31]. In addition, the composite electrocatalysts based on MOF could provide
more possibilities to induce synergistic effects, which also lead to the improvement of
catalytic performance. The presence of synergistic effects within the structure of MOF
loaded on conducting substrates was also considered as one of the main factors for de-
veloping the efficient success of MOF-based composite electrocatalysts. Therefore, the
synergistic effects were explored in more depth to further improve the electrocatalytic
performance of MOF materials in the OER. In addition to the MOF/substrate synergistic
effects, synergistic effects acting at molecular scales in the structural composition of MOF
can be further designed, such as intermolecular synergistic effects of two or more well-
functioning MOF and intramolecular synergistic effects between different metal ligands
of multimetal MOF structures [5]. Combining the above considerations, we aim to the in
situ growth of MOF induced by conductive substrates and modulation of the species of
different metal clusters within the MOFs structure by surfactant-assisted strategies in order
to obtain trimetallic MOF nanosheets/Cu(OH), nanowires heterostructure electrocatalysts
with efficient electrocatalytic oxygen evolution activity.

Herein, we report a simple one-step solvothermal method for the in situ growth of
Cu(OH),@FCN MOF/CF nanowire arrays for OER catalysts. The FCN MOF is in the form
of nanoflakes that firmly anchored on the surface of Cu(OH); nanowires. Compared with
direct growth on copper foam, the modified Cu(OH),@CF-induced in situ growth of FCN
MOF nanosheets increased the active substance surface area, exposed more active sites,
improved the low MOF conductivity defects and optimized the metal cluster species in
the MOF nanosheets to achieve excellent electrocatalytic oxygen evolution performances.
Therefore, the self-supported Cu(OH),@FCN MOF/CF nanosheets arrays demonstrate a
low overpotential with of 290 mV to reach a current density of 10 mA-cm~2 in 1.0 M KOH
solution, and it also exhibits remarkable long-term stability. As a result, the interesting
results would highlight their potential for MOF-based electrocatalysts in future energy
conversion and utilization aspects.
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2. Results and Discussion

The Cu(OH); nanowires were synthesized by a room temperature immersion method.
Cu(OH),; nanowires were in situ grown on CF with a rapid change in substrate color
from orange to blue. As shown in Scheme 1, the FCN MOF was in situ grown on the
modified Cu(OH),@CF nanowire surface by a one-step solvothermal method using H,BDC
as the organic linker and FeCl,-4H,0, CoCl;-6H;0 and NiCly-6H0 as the Fe, Co and
Ni sources, respectively. In this process, Fe** is spontaneously oxidized to Fe?* [32], and
each BDC ligand is coordinated to six metal ions. These MOg (M = M1 or M2) octahedra
are bridged by hydroxide roots along the c-axis and further coordinated by hydroxide
roots and carboxyl oxygen atoms on the a and b-axes (Figure S1) [28]. The coverage of the
in situ grown FCN MOF nanosheets on the backbone of the Cu(OH),@CF NWs is quite
uniform as judged from the uniform color of the product (Figure 1a). For comparison,
Cu(OH),@FC MOF/CF electrodes can be synthesized via simple solvothermal reaction
and in the presence of two metallic (Fe and Co) precursors, and the FCN MOF/CF was also
prepared without addition of the Cu(OH),@CF. The structures formed at different steps
were characterized by scanning electron microscopy. In Figure S3, the Cu(OH); has a typical
nanowire morphology, and the vertically grown nanowires are evenly distributed on the CF
surface. In addition, the FCNMOF nanosheets were grown uniformly on the Cu(OH),@CF
surface (Figure 1b), the participate in the hydrothermal reaction with CF as the substrate
and FCN MOF nanosheets are stacked on the surface (Figure S3). Compared with the
direct growth of CF, the unique three-dimensional structure of Cu(OH),@CF induces the
FCNMOF nanosheets to grow uniformly on the surface of Cu(OH), nanowires, avoiding
the accumulation and favoring the increased contact of the active material electrocatalyst
with the electrolyte solution. The morphology of FCN MOF nanosheets was firstly observed
by transmission electron microscopy (TEM), as shown in Figure 1c,d. In addition, EDS
elemental mapping technique was utilized to further confirm the presence of Ni, Co and Fe
elements on our prepared target sample, as shown in Figure 1d.

Soaking Hydrothermal
o ee—

> Cu(OH), nanowires FCN MOF nanosheet

Foam Copper

Cu(OH), nanowires Arrays Cu(OH),@FCN MOF/CF

Scheme 1. Schematic illustration of the synthesis procedure of Cu(OH),@FCN MOF/CF.

To confirm the stricture and surface chemical composition of the Cu(OH),@FCN
MOF/CEF, XRD and XPS techniques were employed to confirm this information. As shown
in Figure 2a, three strong peaks at 43.4°, 50.4° and 74.2° could be indexed to the Cu sub-
strate (JCPDS No. 04-0836), while other diffraction peaks at 16.7°, 23.8°, 34.0°, 35.8°, 38.2°,
39.8° and 53.2° correspond to the Cu(OH), (JCPDS No. 13-0420), which proved the success-
ful formation of Cu(OH); nanowires. In addition, in the XRD pattern of Cu(OH),@FCN
MOFEF/CE, two other characteristic diffraction peaks located at 8.9° and 17.5° can be ob-
served that match the XRD result of FCN MOF powder, indicating that they have the
same MOF structure. Upon further comparison of the XRD patterns of FCN MOF pow-
ders with the simulated powder XRD patterns of [(Co;_xFex)2(OH),(BDC)]-MOF [33],
it was found that the FCNMOF powders display a similar crystalline feature with that
of [(Co1_xFex)2(OH)2(BDC))]-MOF (Figure S4a). As can be observed in Figure S4b, the
powder X-ray diffraction patterns of all three MOFs well match each other, indicating
that they have the same MOF structure. Figure S5 shows the Fourier transform infrared
(FTIR) spectra of the three MOF samples. Common absorption peaks were observed at
around 1585, 1500 and 1365 cm !, which can be ascribed to the vibrations of the aromatic
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carboxylate groups [34]. The peaks identified at around 1585 and 1365 cm ! belong to the
asymmetric and symmetric stretching vibrations of the carboxylate group, respectively.
The peak located at around 3600 cm ™! is assigned to the O-H stretching vibrations. The
two peaks at around 520 and 560 cm ™! are assigned to M-Oyjxer Vibrations [35], while the
peak around 830 cm ™! is attributed to the M(u, —OH)M group in all three MOFs [36].

Electron Image 1 CKal_2 NiKa1 FeKal CoKal

Figure 1. Morphology and composition analysis: (a) Digital photos of the stage reaction products,
(b) SEM image of Cu(OH),@FCN MOEF/CE, (c) TEM image of FCN MOF nanosheets with an inset of
the FFT pattern of the FCN MOF nanosheets, (d) SEM image and SEM elemental mapping of FCN
MOF nanosheets.
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Figure 2. Structure and chemical states characterizations. (a) PXRD pattern of Cu(OH),@FCN
MOFEF/CEF, high-resolution XPS spectra of (b) Fe 2p, (¢) Co 2p and (d) Ni 2p for the Cu(OH),@FCN
MOF/CF catalyst.
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XPS measurements further investigate the chemical environment and surface elec-
tronic states for Cu(OH),@FCNMOEF/CEFE. As presented in Figure 56, the survey XPS of
Cu(OH),@FCNMOEF/CF and Cu(OH),@CF NWs shows a series of signals of C 1s, O 1s,
Co 2p, Fe 2p and Ni 2p. In Figure S7, the deconvolution of oxygen, the Ols spectrum was
split into three peaks at 531.1 eV, which can be assigned to the C=O bond, while the other
two peaks at 532.3 and 530 eV belonged to C-O and M-O [37,38]. The C 1s XPS spectrum
shows that the three subpeaks at 284.3, 285.6 and 288.4 eV, which can be assigned to C-C,
C-O and C=0, respectively (Figure S8) [38]. As shown in Figure S9, the Cu 2p XPS spectrum
presents two main regions including Cu 2pq,, and Cu 2p3,,. In the Cu 2p; /, region, there
are two peaks located at 954.1 and 952.4 eV corresponding to the Cu?* and Cu” species,
respectively. Similarly, the Cu 2p;3,, region shows the surface compositions of Cu?* at
934.4 eV and Cu at 932.6 eV. However, the binding energies of Cu?** and Cu® were very
close in the Cu 2p3/; region, which could not be distinguished by XPS [39]. In addition,
according to the XRD results of Cu(OH),@FCN MOF/CEF, the existence of Cu is confirmed,
which is attributed to the copper foam. The other two peaks at 962.5 and 942.3 eV can
be indexed to the satellite peaks. The XPS spectra of Fe 2p signals for Cu(OH),@FCN
MOFEF/CEF are shown in Figure 2b. The 2p3,, peaks at around 710.7 and 713.1 eV, along with
the 2p; /» peaks at around 724.0 and 726.0 eV, should be indexed to the Fe** species [13].
Moreover, it was found from Figure 2c that the Co 2p spectrum of the sample displayed
four main peaks of Co 2p3/, (781.2 V), Co2pq /5 (797.2 eV) and two shake up satellite peaks
(786.0 and 802.5 eV), implying the presence of Co?* [40-42]. The high-resolution spectrum
of Ni 2p can be reasonably deconvoluted into four peaks, as shown in Figure 2d. Two
obvious peaks of Ni 2p at 856 and 873.7 eV were ascribed to Ni?* 2p3,, and Ni?* 2py 5,
respectively, and two satellite peaks were located at 861.5 and 879.7 eV [43]. The above XPS
results fully evidence the formation of Cu(OH),@FCN MOEF/CF.

The OER performance of the prepared catalysts was evaluated using a standard three-
electrode configuration in a 1.0 M KOH electrolyte, in which a directly prepared sample
(1 x 1 cm?), Pt electrode and Hg/HgO electrode act as the working electrode, the counter
electrode and the reference electrode, respectively. It was seen from the linear sweep
voltammetry (LSV) in Figure 3a that the Cu(OH),@FCN MOF/CF catalyst exhibits the
lowest onset potential and the highest current density in comparison with CF, Cu(OH),@CF,
RuO,@CF, Cu(OH),@FCMOF/CF and Cu(OH),@FMOEF/CF. As displayed in Figure 3c,
Cu(OH),@FCN MOF/CF exhibits a low overpotential of 290 mV at a current density
of 10 mA-cm~2, which is optimal compared with CF (440 mV), Cu(OH),@CF (418 mV),
Cu(OH),@FCMOEF/CF (327 mV), Cu(OH),@FMOEF/CF (382 mV) and RuO,@CF (348 mV),
respectively. In the LSV curve of Cu(OH),@FCN MOEF/CE, there is a clear oxidation peak at
1.37 V vs. RHE, which should be attributed to the conversion of Ni** to Ni®* during the OER
process, forming Ni** as an intermediate oxidation reduction of the active substance [44].
Since the OER activity of bare Cu(OH),@CF is negligible, these imply that FCN MOF
is the main factor that can promote the OER process. To further illustrate the interface
effect of Cu(OH),@CF nanowire arrays with FCN MOF, in Figure 510, the Cu(OH),@FCN
MOFE/CF displays enhanced OER activity compared to FCNMOF nanosheets loaded on CF.
Moreover, Cu(OH),@FC MOEF/CF displays relative low catalytic overpotential among the
six electrodes with better catalytic activity than Cu(OH),@F MOF/CE, which indicates that
the oxygen evolution reaction is well promoted by modulating the types of metal clusters
in the composition of FCN MOF nanosheets and the synergistic effect among the three
metals active species.

The kinetic properties of the catalyst were further revealed by the Tafel slope, which is
closely related to the rate of the electrocatalytic reaction; as shown in Figure 3b, the Tafel
slope of the Cu(OH),@FCNMOFEF/CF electrode was the smallest at 96.1 mV-dec™!, which
was lower than that of Cu(OH),@FCMOF/CF(98.40 mV-dec™!), Cu(OH),@FMOF/CF
(120.77 mV-dec™ 1), Cu(OH),@CF (159.79 mV-dec 1), RuO,@CF (100.71 mV-dec 1) and
blank CF (231.57 mV-dec™!) electrodes. The improved kinetics may be attributed to the
in situ growth of porous nanosheets FCN MOF on Cu(OH),@CF nanowire arrays, which
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Figure 3. OER electrocatalytic performance. (a) LSV curves and (b) Corresponding Tafel plots of
Cu(OH),@FCN MOF/CF, Cu(OH),@FC MOF/CF, Cu(OH),@F MOEFE/CF, Cu(OH),@CF, CF and
RuO,@CEF. (c) Overpotential and Tafel plots of Cu(OH),@FCN MOF/CF, Cu(OH),@FC CMOEF/CE,
Cu(OH),@F MOEF/CF, Cu(OH),@CF, CF and RuO,@CF. (d) Nyquist plots of Cu(OH),@FCN MOEF/CF,
Cu(OH),@FC MOEF/CEF, Cu(OH),@F MOEF/CEF, Cu(OH),@CF, CF and RuO,@CF. (e) Double-layer
capacitance plots. (f) Current density curves over time at 10 mA-cm 2 (inset is the polarization
curves before and after 40 h OER).

To obtain a deeper insight into the partial underlying reason for the exceptional OER
catalytic activity of Cu(OH),@FCNMOEF/CEF, electrochemical impedance spectroscopy
(EIS) and the electrochemical double-layer capacitances (Cq;) were further studied. The
charge transfer resistance (Rct) is a key parameter to reveal the kinetic behavior of the
catalyst and can be obtained by fitting the Nyquist plot [45]. As shown in Figure 3d,
Cu(OH),@FCN MOF/CF demonstrates the smallest semicircle diameter with an Rct value
of only 1.2 (), which is much smaller than the other reference catalysts. This implies
that the Cu(OH),@FCNMOEF/CF nanostructure has a quick electron transfer rate, which
is consistent with the trend observed in the overpotential and Tafel slope (Figure 3c).
The double layer capacitance (Cgq;) evaluation from cyclic voltammogram (CV) curves
versus different scan rates (Figure S11a) is shown in Figure 3e; the double-layer capac-
itance (Cq;) of Cu(OH),@FCNMOF/CF is 315.01 mF-cm~2, which is higher than those
of Cu(OH),@CF (78.24 mF-cm~2), RuO,@CF (209.71 mF-cm~2), Cu(OH),@FMOF/CF
(171.25 mF-cm~2) and Cu(OH),@FCMOF /CF (265.06 mF-cm~2). These results apparently
show that the porous nanostructure has more active sites, the Cu(OH),@CF nanowires
expand the specific surface area to avoid the direct accumulation of active material and
further accelerate the transport of electrolyte ions. In addition, the trimetallic FCN MOF
nanosheets array provide a large number of active centers, resulting in a much better
OER performance of the Cu(OH),@FCNMOEF/CF electrode. In view of the possible errors
in the experimental process, the results of this work were summarized by conducting
repeatable experiments and referring to the IUPAC recommendations for valid numbers
(Table S1). In addition, the turnover frequency (TOF) was determined to compare the intrin-
sic activity of the electrodes. The calculated TOF (Figure S12) for Cu(OH),@FCNMOEF/CEF,
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Cu(OH),@FCMOF/CF, Cu(OH),@FMOEF/CF and Cu(OH)@CF are 0.579, 0.1897, 0.139 and
0.1 571, respectively. These results indicate that Cu(OH),@FCN MOF/CF exhibited higher
intrinsic activity [46].

Meanwhile, the stability of the Cu(OH),@FCN MOF/CF electrode was evaluated; the
Cu(OH),@FCN MOEF/CF electrode was conducted at a current density of 10 mA-cm 2
for 40 h by the chronocurrent method. As shown in Figure 3f, Cu(OH),@FCN MOEF/CF
exhibited robust durability in alkaline electrolyte with negligible performance loss after
continuous 40 h operation. This indicates that the Cu(OH),@FCN MOF/CF electrode has
excellent electrochemical and mechanical stability. In addition, the structure stability of the
catalyst can be further confirmed via performing the structure and morphology analysis
for the cycled sample after OER, as shown in Figure S13. Herein, the excellent stability
of Cu(OH),@FCN MOEF/CF is partly attributed to the in situ growth of FCN MOF on the
surface of Cu(OH),@CF nanowires. The binder-free and in situ growth strategy not only
improves the strong mechanical bonding and close contact between MOF and Cu(OH),@CF
but also makes interaction between the uniformly dispersed and well-mixed Fe, Co and
Ni ions in the FCN MOF produce a strong synergistic effect, which greatly enhances
the intrinsic activity toward OER. In addition, Cu(OH),@FCN MOEF/CF has better OER
catalytic performance compared with previously reported OER catalysts (Table S2) [47-55].

Based on the above analysis and discussion, the excellent OER performance of
Cu(OH),@FCN MOE/CF electrocatalysts was mainly attributed to the following factors.
(i) First, there is the direct use of the trimetallic MOF as the active material; the modulation
of the metal ligand species in the MOF framework leads to achieving an intramolecular syn-
ergy effect, and the preservation of the high porosity, large surface area and abundant active
centers of the MOF material facilitate the improved catalytic activity. (ii) Surfactant-assisted
modification of Cu(OH); nanowires anchored on the surface of FCN MOF nanosheets
can effectively modulate the electronic structure of the catalyst, ensuring more exposure
of active sites and significantly increasing the electrochemical active surface area, thus
improving the electrochemical activity and stability. (iii) The Cu(OH), nanowires array
grown on highly conductive 3D porous CF substrates ensure sufficient contact between
the catalyst and electrolyte solution to promote electrolyte penetration, overcoming the
drawback of the low conductivity of MOF toward electrocatalytic oxygen evolution and
accelerating the mass and electron transfer.

3. Materials and Methods
3.1. Synthesis of Cu(OH),@CF NWs

The preparation of Cu(OH), @ CF NWs can be realized via a facile chemical oxidation
process. Namely, 2.8055 g of KOH and 0.594 g of (NH4),S,0g were mixed into a homoge-
neous solution, and then, a piece of CF (1 x 4 cm) was placed into the above solution for
about 20 min of aging. After that, the resultant Cu(OH),@CF displays with a light blue
color, after which it was washed in ethanol solution several times and dried in an oven for
further use.

3.2. Surface Modification of Cu(OH),@CF

The as-prepared Cu(OH),@CF NWs was modified with polyvinylpyrrolidone (PVP,
Mw = 24,000) by immersing it in the DMF solution of PVP for 3 h.

3.3. Synthesis of Cu(OH),@FCN MOF/CF

Solution A: Dissolve 0.1185 g CoCl,-6H,0, 0.099 g FeCl,-4H,0, and 0.1185 g NiCl,-6H,O
in 35 mL DME, 2.5 mL water, and 2.5 mL ethanol by ultrasound; then, add 0.249 g tereph-
thalic acid and stir for 10 min. Solution B: Prepare 20 mL DMF, 20 mL water and 20 mL
ethanol. Take 20 mL each of the above two solutions in a 100 mL Teflon-lined stainless
steel autoclave and place a piece of modified (1 cm x 4 cm) Cu(OH),@CF into the solution.
After sealing, move the autoclave into an electric oven and maintain at 120 °C for 15 h.
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Finally, rinse the resultant sample with ethanol and deionized water several times, and put
it dry in an oven at 70 °C.

3.4. Synthesis of Powder FCN MOF

Solution A: Dissolve 0.1185 g CoCl,-6H,0, 0.099 g FeCl,-4H,0, and 0.1185 g NiCl,-6H,O
in 35 mL DMEF, 2.5 mL water, and 2.5 mL ethanol by ultrasound, add 0.249 g terephthalic
acid and stir for 10 min. Solution B: Prepare 20 mL DMF, 20 mL water, and 20 mL ethanol.
Take 20 mL each of the above two solutions in a 100 mL hydrothermal kettle, and heat it
with water at 120 °C for 15 h. Finally, rinse it with ethanol and deionized water several
times, and let it dry in an oven at 70 °C.

3.5. Characterization

The phase structure of the obtained materials was identified via X-ray powder diffrac-
tometer (XRD, Bruker D8 Advance, Bremen, Germany) equipped with Cu Ka radiation.
We utilize field emission scanning electron microscopy (FE-SEM, Hitachi SU8010, Japan) to
observe and obtain the morphology information for our target samples. Further composi-
tion and structure information for our samples were achieved via transmission electron
microscopy (TEM, FEI Talos F200X, Buxton, ME, USA) techniques. In addition, an advanced
X-ray photoelectron spectroscopy (XPS, PHI5000 VersaProbe III, Tokyo, Japan) technique
can further confirm the surface composition and chemical state for the prepared materials.

3.6. Electrochemical Measurements

All electrochemical measurements were connected to an electrochemical workstation
(CHI660E) using a standard three-electrode system with prepared Cu(OH),@FCNMOF/CF
as the working electrode, a platinum sheet (10 mm x 10 mm) as the counter electrode,
and a commercial Hg/HgO as the reference electrode. All tests were carried out at room
temperature (around 25 °C). Linear sweep voltammetry (LSV) measurements were per-
formed in 40 mL KOH (1 M) solution with a scan rate of 1 mV/s. Cyclic voltammetry (CV)
measurements were performed in 40 mL KOH solution with a scan rate of 50 mV-s~1. EIS
was measured by AC impedance spectroscopy in the frequency range of 0.01-100000 Hz.
The electrochemical active surface area (ECSA) was expressed by double layer capacitance
(Cdl) in the potential range of 0.15-0.25 V, which was obtained from CV curves at scan
rates of 10, 20, 30, 40 and 50 mV-s~1. All potentials reported in our work were calibrated
relative to the reversible hydrogen electrode (RHE) using the following Nernst equation.
E(RHE) = E(Hg/HgO) + 0.059 x pH + 0.098. The overpotential () was calculated using
the equation, n(mV) = E(RHE) — 1.23 V. At a current density of 10 mA-cm 2, ampero-
metric curve (i-t) measurements were performed to evaluate the long-term stability of
the samples. All electrochemical tests were performed in the same cell configuration to
ensure consistency.

4. Conclusions

In summary, Cu(OH); nanowire arrays were integrated on a conductive CF substrate
by a simple room temperature immersion method. The hierarchically porous nanoarrays
electrocatalysts were synthesized by the in situ growth of trimetallic MOF nanosheets
via a one-pot hydrothermal method using modified Cu(OH),@CF as a substrate. The
unique hierarchical nanowires array architecture presents a larger active surface area,
more active sites, adjustable electronic structure, and accelerated electron transfer rate
compared with the FCN MOF that directly grows on the copper foam surface. In addition,
the synergistic effect among the three metal clusters of FCN MOF and porous structure
plays an important role in improving the electrocatalytic performance of the catalysts.
Compared with the other synthesized comparative catalysts, Cu(OH),@FCNMOF/CF
exhibited minimum overpotential of 290 mV at a current density of 10 mA-cm~2, low
Tafel slope of 96.15 mV-dec ™!, and ultra-durability of 40 h. This study would facilitate
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the development of efficient catalysts with fast kinetics and further promote the practical
application of MOFs-based composite catalysts in energy-conversion fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12060625/s1, Figure S1: The two differently coordinated
metal sites (a) M1 and (b) M2 metal ions are both octahedrally coordinated to six O atoms in
MOF; (a) M1 metal ion is attached to four u3-OH and two carboxylate oxygen atoms; (b) The M2
metal ion is linked to two u3-OH and four carboxylate oxygen atoms; (c) Each BDC organic ligand
is coordinated to six metal ions. These MOy (M = M1 or M2) octahedra are bridged along the
c-axis by hydrogen-oxygen and further coordinated by hydrogen-oxygen and carboxylate oxygen
atoms on the a- and b-axes to form the 3D MOEF. Color codes: dark blue and yellow = metal,
red = oxygen, silver-white = carbon; Figure S2: SEM image of Cu(OH),@CF; Figure S3: SEM
image of FCN MOF/CF; Figure S4: (a) Powder XRD patterns of Cu(OH),@FCN MOEF/CF and
Powder FCNMOF,; (b) Powder XRD patterns of FCN-MOF, FC-MOF, F-MOF; Figure S5: FT-IR
spectra of FCN-MOF, FC-MOF, and F-MOF; Figure S6:The survey XPS spectrum of our synthesized
Cu(OH),@FCN MOEF/CF and Cu(OH),@CF samples; Figure S7: High-resolution XPS spectra of
O1ls of Cu(OH),@FCN MOF/CEF,; Figure S8: High-resolution XPS spectra of Cls of Cu(OH),@FCN
MOEF/CF; Figure S9: High-resolution XPS spectra of Cu 2p of Cu(OH),@FCN MOF/CF; Figure S10:
LSV curves of Cu(OH),@FCN MOEF/CF and Powder FCN MOF@CEF,; Figure S11: (a) CV curves of
Cu(OH),@FCN MOF/CF at increasing scan rates (mV/ S—1); (b) ECSA values of Cu(OH),@MOF/CF
catalysts with different metal species; Figure S12: (a) Reduction peak acquired for the determination of
surface active MOF species; (b)Turnover frequencies (TOF) of Cu(OH),@FCN MOEF/CF, Cu(OH),@FC
MOFEF/CF, Cu(OH),@F MOF/CF and Cu(OH),@CF; Figure S13: (a) Powder XRD patterns before
and after OER test; (b) SEM image of Cu(OH),@FCN MOEF/CF after OER test; Table S1: Catalyst
experimental error results; Table S2: Performance Comparison of Cu(OH),@FCN MOEF/CEF catalysts
and previously reported OER catalysts.
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