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The challenges of meeting the rapidly increasing global
energy demand and developing carbon-neutral economy
require untiring efforts to exploit and store abundant but
diffuse renewable energy sources.'! Among many innovative
approaches, the efficient production of hydrogen serving as
fuel, through electricity-driven water splitting, seems promis-
ing and appealing.!! However, the overall efficiency of the
reaction is largely impeded by the kinetically sluggish oxygen
evolution reaction (OER), imposing serious overpotential
requirement.”! Although precious metal oxides, such as RuO,
and IrO,, are considered to be the most active OER
electrocatalysts, they are not suitable for large-scale applica-
tions because of their scarcity and high costs.”! In response,
non-noble transition-metal-based catalysts, especially nickel
(Ni), are becoming focus of growing research interests
because of their earth-abundant nature and theoretically
high catalytic activity.>® Currently, these non-noble transi-
tion-metal-based OER catalysts are usually prepared as thin
films from precursor solution containing metal cations by
electrodeposition, sputtering, dip-coating, and spin-coating
methods on two-dimensional (2D) planar substrates.>”
Although significant improvements have been achieved, the
activity and stability of the catalyst layer should be further
enhanced by optimizing the structural, mechanical, and
electrical contact between the catalyst and the substrates.
Compared to the conventional 2D planar architecture,
electrodes based on 3D porous materials might improve the
activity by increasing the electroactive surface area of the
catalysts.*”) Taking the advantages of a comparatively high
surface area, high electron conductivity, and low costs, Ni
foam is generally chosen to serve as template, support, as well
as current collector for battery and supercapacitor.'”! How-
ever, the Ni foam cannot be directly used as OER electrode
because of its intrinsic instability under the OER experimen-
tal condition. In response, constructing protective and con-
ductive interlayers, such as porous carbon, to bridge the
outermost oxygen evolution catalyst (OEC) layer and the
innermost 3D conductive Ni backbone could be a promising
strategy. Other than traditional templates such as mesoprous
silica and zeolites,'! zeolite imidazolate framework (ZIF-8)
possesses a high carbon content, high chemical and thermal
stability, large Brunauer—-Emmett-Teller (BET) surface area,
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and oxygen-free character, making it a novel and promising
template for porous carbon synthesis.!"?

To design an efficient OER catalyst with these factors in
mind, herein, we first develop a unique approach to fabricate
a 3D Ni foam/porous carbon/anodized Ni (NF/PC/AN)
electrode, wherein homogeneous coating of the 3D Ni
framework with porous carbon membrane plays a key role,
which is derived from ZIF-8 and subsequently employed as
difunctional interlayer to both protect the inner instable Ni
foam and support the outermost Ni OEC layer. It is also the
first report that the Ni-based OEC is in situ generated from
anodization of the innermost Ni foam skeleton and then
penetrated into the voids and finally covered the surface of
the porous carbon membrane. Interestingly, the performance
of this novel NF/PC/AN electrode is very good for OER,
which is considered to be the synergy of the high activity of
AN and the high conductivity and stability of the electrode.

Briefly, the facile and scalable fabrication process of the
3D NF/PC/AN electrode (see Scheme S1 in the Supporting
Information) is described as follows. The Ni foam is first
treated with an acid solution containing polyvinylpyrrolidone
(PVP) to remove the possible oxide layer and enhance the
affinity of the surface. Then, the Ni foam is immersed in
methanolic solution of zinc nitrate and 2-methylimidazole to
deposit a ZIF-8 membrane. Next, the as-prepared Ni foam/
ZIF-8 is converted to Ni foam/porous carbon under the
treatments of calcination in Ar atmosphere and etching the
possible Zn species with acid. Finally, anodization is carried
out at a constant potential to obtain a 3D NF/PC/AN
electrode which can be insitu applied to test the OER
activity.

The morphology of ZIF-8 supported on a Ni foam
skeleton is characterized by scanning electron microscopy
(SEM). As shown in Figure 1a,b, the surface of the obtained
Ni foam/ZIF-8 is quite different from that of a bare Ni foam
(Figure S1), revealing the success of depositing a ZIF-8
membrane on a Ni foam. The ZIF-8 membrane is composed
of well intergrown polyhedral crystals with sizes of about
0.2 um. And no obvious defects such as cracks are observed,
indicating the continuous formation of the membrane on the
homogeneous support of Ni foam. From the cross-sectional
view (Figure 1c), the thickness of the ZIF-8 membrane is
measured to be about 4.5 um. The carbonization of the ZIF-8
membrane is carried out by calcinating the Ni foam/ZIF-8 at
800°C for 5 h at a heating rate of 3°Cmin ™" in Ar atmosphere.
Although the carbonization temperature is close to the
boiling point of Zn and thus may vaporize the carbon-
reduced Zn, the obtained sample is also immersed in
hydrochloric acid solution (Im) for 30 minutes to etch the
possible Zn species which will poison the OER according to
the previous report.’®! As can be seen in Figure 1d,e, the
morphology of the Ni foam/porous carbon membrane is
greatly changed in contrast to Ni foam/ZIF-8, wherein the
surface of the carbon membrane has a ladderlike morphology.
And the thickness of the carbon membrane is reduced to
around 3.5 pm because of the shrink of the ZIF-8 membrane
during the carbonization process (Figure 1f). Notably, from
the SEM image of the cross-sectional view, there can be seen
many macropores which may result from the evaporation of
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Figure 1. SEM images of a—c) Ni foam/ZIF-8, d—f) Ni foam/porous
carbon, and ¢, f) the according cross-sectional view; g) TEM image of
ZIF-8 derived porous carbon membrane obtained by completely etch-
ing Ni foam with acid, and h) nitrogen adsorption-desorption isotherm
for the obtained porous carbon membrane (inset: pore size distribu-
tion; STP=standard temperature and pressure).

carbon-reduced Zn or the subsequent etching of Zn species
with acid. Elemental analysis determines that the content of
carbon is 0.163 mgcm 2

To provide details for the carbon membrane, the Ni foam
is completely etched. The X-ray diffraction pattern (XRD)
profile displays two prominent peaks with 26 values of 25°
and 44° that can be indexed to carbon (002) and (101)
diffractions, respectively (Figure S2). No other diffraction
peaks are observed, confirming no impurities. Transmission
electron microscopy (TEM) reveals that the dense carbon
membrane is still well preserved, indicative of its robust
character (Figure 1g). The porous feature of the carbon
membrane is further confirmed by N, adsorption—desorption
measurements (Figure 1h). The I'V-type adsorption—desorp-
tion curves show a steep increase at a low relative pressure,
suggesting the micropore characteristic, and the hysteresis in
the P/P, range of 0.4-1.0, indicating the presence of meso-
pores. The BET surface area and total pore volume are found
to be 960 m?g ! and 0.62 cm®g !, respectively. From the pore
size distribution (Figure 1h inset), two kinds of pores are
observed: micropores (<2 nm) and mesopores (3-4.5 nm).

The pore-rich structure of the MOF-derived carbon
membrane exactly provides voids to penetrate the Ni-based
OEC in situ generated from a Ni foam by anodization. The
anodization is operated by applying a constant potential of
1V (vs. Ag/AgCl) in 0.1m KOH for 2 h. To highlight the
advantages of this strategy for electrode design, the Ni foam
without covered porous carbon membrane is also treated by
the anodization process under identical conditions (Note: the
same heat treatment is applied to the Ni foam before use). By
comparing the two current density traces of anodization
(Figure S3), it is found that the current density of Ni foam/
porous carbon shows the gradual rising trend and stabilizes
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after 2 h at a value of 18.8 mA cm™. In contrast, the current
density of the Ni foam has been declining and reached a final
value of 6.8 mA cm ™2 After that, the 3D NF/PC/AN electrode
and Ni foam electrode are obtained and used for further
characterization. Figure 2a shows the low magnified SEM
image of the 3D NF/PC/AN electrode, where the ladderlike
morphology of the porous carbon membrane disappears. The
high magnified SEM image in Figure 2b reveals that the
surface of the electrode is full of small particles, which will
further increase the active sites for OER. Figure 2 c shows the
cross-sectional view of the 3D NF/PC/AN electrode. The

F ‘

Figure 2. SEM images of the 3D NF/PC/AN electrode obtained by
anodization with a) low, b) high magnification, and c) the according
cross-sectional view; the element mapping images of d) Ni, e) C, and
f) O in the selected area.

thickness of the active layer is measured to be 4 um, which is
a little thicker than a porous carbon membrane, assuming that
the Ni-based OEC derived from the Ni foam successfully
penetrates through the voids and finally covers the surface of
the porous carbon membrane. The element mapping images
(Figure 2d—f) further demonstrate the homogeneous distri-
bution of Ni, C, and O in the active layer, confirming the
above assumption. On the contrary, SEM images of the Ni
foam electrode (Figure S4) reveal that the resulting dense
film has a smooth surface with many cracks that form upon
drying and its thickness is even up to 8 um. From the above
observations, we conclude that the porous carbon membrane
interlayer on the Ni foam cannot only enhance the mechan-
ical strength of the electrode, preserving the well intact active
layer, but also makes possible that the in situ generated Ni-
based OEC adheres to the Ni foam substrate, holding the
active layer tightly.

Cyclic voltammetry (CV) is directly performed on the
in situ obtained 3D NF/PC/AN electrode and the Ni foam
electrode to test their OER activities (Figure 3). For the 3D
NE/PC/AN electrode, the weak anodic and cathodic waves
near 470 and 445 mV (vs. Ag/AgCl) are observed, corre-
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Figure 3. CV scans for a) 3D NF/PC/AN electrode and b) Ni foam
electrode in 0.1m KOH at a sweeping rate of 5 mVs ™.

sponding to the Ni(OH),/NiOOH redox reaction.”®"* How-
ever, only the Ni foam electrode has a cathodic wave at
455 mV and displays no apparent anodic wave. Both 3D NF/
PC/AN electrode and Ni foam electrode reveal the onset
potential near 560 mV. When the OER current density
reaches 5mAcm 2 the applied potentials need to be
673 mV (=407 mV) for the 3D NF/PC/AN electrode and
830 mV (=564 mV) for the Ni foam electrode. Likewise,
when the potential is applied at 800 mV implying 7 =534 mV,
the OER current densities of the 3D NF/PC/AN electrode
and Ni foam electrode are 10.9 and 4.4 mA cm™2, respectively.
The performance of AN is even comparable to that of
previous noble-metal-based catalysts."] As

expected, in addition to the above-men-
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latter belongs to NiO.'"" In addition, in the O 1s region
(Figure 4b), the 3D NF/PC/AN electrode shows one peak at
531.7 eV, while the Ni foam electrode displays not only
a predominant peak at 531 eV, but also a very weak peak at
about 529.2 eV. These are also consistent with previous
studies on Ni(OH),, NiOOH, and NiO.”! In the Raman
spectra (Figure 4c), peaks of the 3D NF/PC/AN electrode
appear at 479 and 559 cm™', which match well with y-
NiOOH.[>!l The Ni foam electrode shows a broad peak
range from 400 to 600 cm™', which may be attributed to the
mixture of NiO and Ni(OH),.">'” From the above results, we
propose that the Ni foam electrode after anodization is easily
dehydrated during the characterization process, which is
consistent with its surface morphology (Figure S4). But the
3D NF/PC/AN electrode possesses a better stability, revealing
the adhesive and protective effects of the porous carbon
membrane again, and facilitates the formation and stabiliza-
tion of y-NiOOH which is proved to be a more efficient
catalyst for the OER.PY Moreover, it should be noted that
ZIF-8 containing N-based ligands is regarded to benefit the
formation of N-doped carbon which plays a great role in
improving the performances of battery, supercapacitor, and
oxygen reduction reaction.” Here, the porous carbon
membrane in the 3D NF/PC/AN electrode is N-doped,
which is confirmed by a XPS spectrum (Figure S5). Whether
the N-doped porous carbon would give the promotion to the
3D NF/PC/AN electrode for OER requires further work.
The stability tests of the two electrodes are also carried
out with continuous CV scans in 0.1m KOH at a sweeping rate
of 5mVs™. As shown in Figure S6, the 3D NF/PC/AN
electrode exhibits a better activity retaining ability than that
of the Ni foam electrode after 800 cycles. And the activity
degradation of the 3D NF/PC/AN electrode may be ascribed
to the increased thickness of the active layer which is still

tioned adhesive and protective effects, the a)
porous carbon membrane interlayer also

behaves like interconnected “highways” for a)
electron transport between the active sur-
face and conductive substrate, leading to
a better OER activity of the 3D NF/PC/AN
electrode. Compared with the previous
reported 2D planar electrode, the 3D NF/
PC/AN electrode exerts a superior perfor-
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of the XPS spectra (Figure 4a), the 3D NF/
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Figure 4. XPS spectra of a) Ni 2p, b) O Ts, and c) Raman spectra for the 3D NF/PC/AN
electrode and the Ni foam electrode.
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lower than that of the Ni foam electrode before and after
cycling (Figure S7), manifesting the protective role of the
porous carbon membrane for the Ni foam substrate to
suppress excess anodization. Furthermore, inspired by CoPi,
CoBi, and NiBi as active catalysts for the OER,** the 3D
NF/PC/AN electrode and Ni foam electrode are also obtained
by anodization at 1 V (vs. Ag/AgCl) in 0.5M NaPi for 2 h. And
the 3D NF/PC/AN electrode also reveals higher OER activity
than Ni foam electrode (Figure S8), highlighting the strategy
for electrode design.

In summary, we have first successfully prepared a novel
3D NF/PC/AN electrode which combines a 3D Ni foam,
serving as the conductive substrate and the source of the
in situ generated OEC, with a MOF-derived porous carbon
membrane that provides voids to accommodate the OEC,
endowing the whole electrode with efficient OER activity and
high stability. The significant improvement is attributed to its
tailored properties, which are vital to catalytic reactions,
including a high activity of AN, an interconnected conductive
network, and an enhanced stability of the electrode. We
anticipate that the successful design of the OER electrode
described here would lead to improved strategies and
broaden the scope for future investigations on many other
areas, such as lithium-ion batteries, lithium-air batteries, and
supercapacitors.

Experimental Section

Preparation of the Ni foam/ZIF-8: The Ni foam (1 cm x 3 cm) was
pretreated with 20 mL of HCl solution (1m) containing PVP (0.5 g) to
clean its surface and enhance the affinity of the surface. After
30 minutes, the Ni foam was washed with water and methanol to
remove excess PVP. Then, the Ni foam was immersed in methanol
solution (100 mL) containing Zn(NOs3), (50 mm) and 2-methylimida-
zole (50 mm) without disturbance for about 10 h. The sample was
washed with methanol and freeze-dried to obtain Ni foam/ZIF-8.

Preparation of Ni foam/porous carbon: The obtained Ni foam/
ZIF-8 was calcinated at 800°C for 5 h at a heating rate of 3°Cmin ' in
Ar atmosphere. After that, the sample was immersed in HCI solution
(Im) to etch the possible Zn species for 30 minutes. Followed by
washing with water and freeze-drying, the Ni foam/porous carbon was
obtained.

Preparation of the 3D NF/PC/AN electrode and test OER
activity: The electrochemical experiments were measured with
a three electrode system at room temperature, wherein Ni foam/
porous carbon, Pt plate and Ag/AgCl were used as working electrode,
counter electrode, and reference electrode, respectively. The working
and counter electrodes were separated by a porous glass frit. To
obtain 3D NF/PC/AN electrode, anodization was performed in 0.1m
KOH (pH 13) at 1V (vs. Ag/AgCl) for 2 h. Then CV was directly
performed from OV to 1V (vs. Ag/AgCl) at a scanning rate of
5mVs™ to test OER activity. The anodization and cyclic voltammo-
grams (0-1.5 V vs. Ag/AgCl) were also performed in 0.5M phosphate
buffer solution (pH7) while the other conditions remained
unchanged. The current density was normalized to the geometrical
area and the measured potentials versus Ag/AgCl were converted to
a reversible hydrogen electrode (RHE) scale according to the Nernst
equation (Egpg = Exgaga +0.059 pH +0.197).
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