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An in situ generated 3D porous nanostructure on
2D nanosheets to boost the oxygen evolution
reaction for water-splittingt
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Efficient oxygen evolution reaction (OER) electrocatalysts can accelerate the reaction kinetics of water-
splitting for large-scale hydrogen generation. In this work, 2D nanosheets decorated with a 3D porous
nanostructure, including Fe, Co and Ni elements, are developed via anodic cyclic voltammetry scanning
(ACVs) in the presence of sodium sulfide (FeCoNi-NS-ACVs). The formed 2D nanosheets provide metal
ions during ACVs to generate a 3D porous structure and also construct a hierarchical morphology to favor
the transport of the electrolyte and release of produced gas bubbles. What's more, the developed
FeCoNi-NS-ACVs possesses superhydrophilic and excellent electroconductivity properties. Benefiting
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from the above merits, FeCoNi-NS-ACVs exhibits excellent electrocatalytic performances for the OER
with low overpotentials of 170 mV and 198 mV to drive 50 mA cm™ and 100 mA cm™2, respectively, with
a small Tafel slope of 64 mV dec™* and remarkable durability over 50 h. Moreover, the FeCoNi-NS-ACVs
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Introduction

With the ever-increasing environmental contamination caused
by the usage of fossil fuels, it is of significance to exploit sus-
tainable and green energies." * Among them, hydrogen energy
is identified as an ideal energy storage medium to alleviate the
environmental pollution and energy crisis, owing to its high
energy density and eco-friendly features.” > Compared with the
traditional synthetic technologies, electrocatalytic overall
water-splitting is the most eco-friendly and desired avenue to
produce hydrogen energy without the generation of polluted
gases.'*"® However, the electrocatalytic efficiency is limited by
the sluggish reaction kinetics on the electrodes, especially the
oxygen evolution reaction (OER)."* ™ At present, Ru-based
nanomaterials are the most efficient electrocatalysts to over-
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also exhibits outstanding electrocatalytic activity and stability toward overall water-splitting.

come the energy barriers.”®*" Nevertheless, the high cost com-

bined with scarcity prevented their further large-scale
implementation.*>>* Thus, tremendous efforts have been
devoted to exploring efficient and non-precious metal-derived
catalysts with specific nanostructures for the OER.>*>*

Among the investigated nanostructures, 2D nanosheets, as
a kind of fascinating nanostructure, possess abundant exposed
active sites, an ultrathin morphology and rapid charge mobility
and can be utilized as an ideal platform to construct
electrocatalysts.>*>> A 3D porous structure also favors the
improvement of the electrocatalytic performance owing to the
abundant exposed active sites during the electrocatalytic
process.>* > Moreover, abundant channels benefit the transport
of the electrolyte and release of generated gases and then acceler-
ate the reaction kinetics.***” Therefore, the designed electrocata-
lyst containing both 2D and 3D morphologies would be a prom-
ising avenue to promote the catalytic activity. Apart from the
nanostructure, the coupling effects between different metal ions
are also a valuable strategy to enhance the electrocatalytic per-
formance. For instance, Zhang’s group synthesized a tannin-
NiFe (TANF) complex film on carbon fiber paper by a facile depo-
sition method used for catalyzing the OER efficiently with ultra-
high mass activity (9.17 x 103 Ag ‘@300 mV) and rapid OER
kinetics. All the TA-metal complexes exhibited the best OER per-
formance compared with TA-Ni and TA-Co. According to their
study, it is clear that the performance of the obtained TANF can
be further optimized by adjusting the ratio of metals.®® It is

This journal is © The Royal Society of Chemistry 2022
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proved that the coupling effect between different metals is a
reasonable strategy to prepare high efficiency catalysts.

In this work, we designed trimetallic 2D nanosheets
coupled with a 3D nanostructure through corrosion engineer-
ing and following ACVs in the presence of sodium sulfide on
iron foam (Scheme 1). The constructed specific nanostructure
is in favor of exposing active sites, providing abundant chan-
nels and facilitating mass transport. Moreover, the designed
FeCoNi-NS-ACVs has a superhydrophilic surface and a low
electrochemical resistance which play a key role in boosting
the electrocatalytic performance. As a result, the developed
electrocatalysts exhibit remarkable electrocatalytic perform-
ance and stability toward the OER in alkaline media.

Experimental section
Synthesis of FeCoNi-NS

First, the Fe foam (2.0 cm x 1.0 cm x 0.1 ¢cm) was pretreated in
anhydrous ethanol, acetone, and anhydrous ethanol for
30 min under ultrasonic treatment to clean surface impurities.
Ni(NO;),-6H,0 (0.14 g), Co(NOj3),-6H,0 (0.022 g) and ter-
ephthalic acid (0.033 g) were dissolved in 15 mL of DMF under
magnetic stirring to obtain a homogeneous solution A. Then
1 mL of deionized water with NaCl (0.035 g) provided solution
B. Next, the above two solutions were mixed and transferred to
a 100 mL Teflon-lined stainless-steel autoclave reactor with Fe
foam. Then it was put into an oven for 3 h at 150 °C and
FeCoNi-nanosheets (FeCoNi-NS) were obtained. After that, the
FeCoNi-NS were washed with absolute ethanol and deionized
water several times to remove unreacted reactants. Finally, the
FeCoNi-NS were dried at 60 °C for 12 h. For comparison,
FeNi-NS were prepared without Co(NO;),-6H,0, FeCo-NS were
prepared without Ni(NO;),-6H,0, FeCoNi-S were prepared
without terephthalic acid, and Fe-S were prepared without
Co(NO3),-6H,0, Ni(NO;),-6H,0 and terephthalic acid. Other
samples prepared with different amounts (0, 70 mg, and
140 mg) of NaCl were named 0- NaCl, 70- NaCl, and 140- NaCl,
respectively.

Synthesis of FeCoNi-NS-ACVs

The FeCoNi-NS-ACVs was used as the working electrode with a
Pt foil used as the counter electrode and a saturated calomel
electrode (SCE) used as the reference electrode. Then, seven
cyclic voltammetry (CV) cycles from 0 to 1.3 Vvs. SCE in 1 M
KOH containing 1.5 g of Na,S proceeded with a scanning rate
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Scheme 1 Schematic illustration of the synthetic route of FeCoNi-
NS-ACVs.
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of 10 mV s~'. For comparison, other samples with different
amounts (0, 1.0, and 1.8 g) of Na,S were named 0- Na,S, 1.0-
Na,S, and 1.8- Na,S, respectively. The resulting electrode was
denoted as FeCoNi-NS-ACVs which can serve as a working elec-
trode directly for subsequent electrochemical measurements.

The HER electrode synthesis of F-FeCoP

Co(NO3),-6H,0 and NH,F were placed in the bottom of the
bottle with iron foam added, and placed in the air dryer to
react at 120° for 12 h. After that, the reactor was cooled natu-
rally at room temperature, and the precatalyst was washed with
absolute ethanol and deionized water several times to remove
unreacted reactants. Next, sodium hypophosphite and the pre-
catalyst were, respectively, placed upstream and downstream
under an argon atmosphere to obtain F-FeCoP (350 °C, 2 h).

Physical characterization

The morphologies of all the obtained samples were detected
using a scanning electron microscope (SEM) (Hitachi S-4800)
and a transmission electron microscope (TEM) (FEI Tecni G20,
200 kV) configured with an energy-dispersive X-ray spectro-
scope (EDX) for the analysis of the composition and distri-
bution of elements in the samples. The crystal structure infor-
mation of the samples was provided by X-ray diffraction (XRD)
(Rigaku D/max-2500pc device with Cu Ka radiation (4 =
1.54 A)). The Raman spectra of samples were obtained using a
LabRAM HR Evolution with an excitation wavelength of
514 nm. The FT-IR spectra (KBr pellets) of samples were
obtained using a Thermo Scientific Nicolet-iS10 FT-IR spectro-
meter. The information on the valence states of the samples
was collected by X-ray photoelectron spectroscopy (XPS)
carried out using a Thermo Fisher Scientific II spectrometer
with an Al Ka source (1486.6 eV). The contents of Ni, Fe, Co
and S were measured by inductively coupled plasma emission
spectroscopy (ICP) using an Agilent 720 instrument. The
contact angle was measured using an OCA15EC tester
(DataPhysics, Germany).

Electrochemical characterization

Electrochemical characterization was performed using an
electrochemical station (Gamry Reference 3000) with a typical
three-electrode setup in 1.0 M KOH. The electrochemical
measurements were performed with a saturated calomel elec-
trode (SCE) and Pt foil which were used as the reference elec-
trode and counter electrode, respectively. All final potentials
were given by eqn (1):

E(RHE) = E(SCE) + E°(SCE) + 0.059 pH (E°(SCE) = 0.243 V)
(1)

and the overpotential by eqn (2):
E°(RHE) = E(RHE) — 1.229 V. (2)

Linear sweep voltammetry (LSV) curves for the OER were
obtained with a scanning rate of 10 mV s~'. The CV curves of
the prepared catalyst in the potential range of 0.2 to 0.3 V (vs.
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SCE) and in the scan range of 40 to 140 mV s~ were plotted.
The frequency of electric impedance spectroscopy (EIS)
measurements ranged from 105 to 0.1 Hz with an amplitude
of 5 mV. Multiple-step chronopotentiometry and chronopoten-
tiometry measurements for 52 h were used to measure the
long-term stability of the sample.

Results and discussion

The morphologies of the synthesized electrocatalysts were
investigated by both SEM and TEM measurements. As shown
in Fig. S1 in the ESL T the iron foam exhibits a smooth surface
without specifically decorated nanomaterials and 2D
nanosheets formed after solvothermal reaction (Fig. 1(a), S2 in
the ESI}). We calculated the thickness of the nanosheet
according to the SEM image which is about 15.87 nm (Fig. S3
in the ESI}). Interestingly, the 2D nanosheet morphology was
maintained well except for the evolved 3D porous structure
after ACVs in the presence of sodium sulfide in 1 M KOH. The
specific morphology composed of 2D and 3D nanostructures
is beneficial for the transport of the electrolyte, exposing abun-
dant active sites and multiple channels during the electro-
catalytic process, and then improving the catalytic perform-
ance effectively. However, it is not easy to characterize the
specific composition of the 3D porous species due to the inti-
mate contact with the 2D nanosheet (Fig. 1(b), S4 in the ESIT).
We believe that the porous species are composed of metal
sulfide and metal hydroxide which are generated during ACVs
and the metal ions are derived from the 2D nanosheets. That
is, the released metal ions from the coordination structure
then react with sodium sulfide and hydroxide ions to generate
a metal sulfide and a metal hydroxide. The ICP-MS results

Fig. 1 (a) SEM morphologies of FeCoNi-NS. (b) SEM image, (c and d)
TEM images, (e) HRTEM image, (f and g) HAADF-STEM image and the
corresponding element mappings of Fe, Co, Ni, S, C, and O in FeCoNi-
NS-ACVs.
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(Table S1 in the ESIt) confirmed that the metal ions dissolved
in the electrolyte during the ACVs. However, there is almost no
3D structure formed on the surface of both FeNi-NS-ACVs and
FeCo-NS-ACVs (Fig. S5 in the ESIf). The XRD pattern demon-
strated that the obtained FeCoNi-NS-ACVs is composed of the
metal sulfide and metal hydroxide (Fig. S6 in the ESIf). The
obtained FeCoNi-NS-ACVs was composed of the metal sulfide
and hydroxide. Moreover, the MOF of MIL-53 still existed after
ACVs demonstrating its robust nature which plays a pivotal
role in exposing abundant active sites and provides rich chan-
nels. In order to avoid the diffraction peaks of the iron mesh
covering the real active materials, we scraped the electrocata-
lysts off the iron mesh to conduct the XRD measurements.
Then, no peaks were detected in the obtained XRD pattern.
The obtained FeCoNi-S, without terephthalic acid addition
during the solvothermal process, presents the typical random
structure, demonstrating that the ligand plays a significant
role in regulating the morphologies (Fig. S7 in the ESI}). The
nanosheet can be also clearly observed from the TEM image
(Fig. 1(c) and (d)), and the high-resolution TEM image presents
the interplanar spacings of 0.213 nm, 0.207 nm and 0.231 nm
corresponding to the (121) facet of CoOOH, (131) facet of
FeOOH, and (002) facet of Ni(OH),, respectively (Fig. 1(e)).
Moreover, the elemental mappings demonstrated the presence
of Ni, Co, Fe, S, O and C elements in the prepared FeCoNi-
NS-ACVs (Fig. 1(g)). The N, adsorption-desorption curves of
catalysts reveal that the catalysts possess a mesoporous struc-
ture (Fig. S8 in the ESI}). It was observed that the BET surface
area of FeCoNi-NS-ACVs (6.25 m> g~ ) is larger than that of
the 2D nanosheets (5.36 m”* g~'), implying that the 3D porous
species can improve the surface area of materials. Based on
the pore size distribution, the pores on FeCoNi-NS-ACVs
mainly center at 14.16 nm which is similar to that of FeCoNi-
NS (13.61 nm). The results confirmed the mesoporous struc-
ture of catalysts which is in favour of exposing more catalytic
sites and promoting the mass transfer rate.

XPS measurements verified the presence of C, S, O, Fe, Co,
and Ni elements in the as-designed FeCoNi-NS-ACVs (Fig. S9
in the ESIf). For high-resolution Fe 2p (Fig. 2(a)), the peaks
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Fig. 2 XPS survey spectra of Fe 2p (a), Ni 2p (b), Co 2p (c) and S 2p (d)
of the designed FeCoNi-NS-ACVs. (e) Raman spectra of FeCoNi-NS and
FeCoNi-NS-ACVs. (f) Contact angle measurement of FeCoNi-NS-ACVs.
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located at 723.2 €V, 711.5 eV and 726.6 eV, 713.9 eV are
ascribed to Fe** and Fe®, respectively.’*™*' As illustrated in
Fig. 2b, Ni** and Ni*" are discovered in the as-prepared
FeCoNi-NS-ACVs, where the peaks are located at 875.1 eV,
857.1 eV and 873.2 eV, 855.6 eV, respectively.>**> Also, the
peaks at 784.4 eV, 774.7 eV and 781.0 eV are ascribed to the
characteristic species of Co,” and Co** (Fig. 2(c)).*"** We
studied the XPS of FeCo-NS-ACVs and FeNi-NS-ACVs to study
the electronic interactions. In Fe 2p, FeCoNi-NS-ACVs shifts to
high binding energy after the introduction of the third
element demonstrating the electronic interactions and then
plays a pivotal role in promoting the electrocatalytic perform-
ance (Fig. $10 in the ESI}).** The high-resolution S 2p data
show three types of peaks, and the peak at 168.4 eV corres-
ponds to S-O and those at 163.8 eV and 162.1 eV correspond
to the M-S bonds (Fig. 2(d)), demonstrating the successful syn-
thesis of metal sulfide during ACVs.**™*® The researchers
found that the OER properties of transition metal divalent
cations follow the order Fe** < Co,” < Ni**.*’ 1t is widely recog-
nized that small amounts of iron can effectively increase the
catalytic activity of Ni- and Co-based catalysts.**>° Therefore,
in this experiment, we added a small amount of NaCl to par-
tially corrode the IF mesh and release the iron ion. The Ni
species was used as the major active site to optimize electron
distribution and transfer, and other elements (Fe and Co) were
used to regulate the intrinsic activity of the catalyst.’’ In
addition, the XPS spectra of Fe 2p were shifted by the incorpor-
ation of cobalt. In a word, the addition of the third element
will act as an electronic regulator for any two existing
elements, causing the redistribution of electrons, and finally,
the sample exhibiting the tri-metal has the best OER activity.
Raman measurements were conducted to investigate the nano-
structure evolution after ACVs. As shown in Fig. 2(e), two new
peaks at 483.3 ecm " and 686.5 cm™' were generated after
ACVs, which are associated with metal hydroxide and generally
considered as the active species during the OER.**°>7¢
Moreover, the surface properties of the as-developed electroca-
talyst also play a pivotal role in the electrocatalytic process. As
shown in Fig. 2(f) and Movie S1,f the prepared FeCoNi-
NS-ACVs exhibits superhydrophilic properties and then it can
come in contact with the electrolyte intimately to accelerate
the reaction kinetics which is better than that of IF and
FeCoNi-NS (Fig. S11 in the ESI and Movie S2 in the ESIf).

The electrocatalytic OER performances of the as-prepared
FeCoNi-NS-ACVs and reference samples are conducted in 1 M
KOH via a typical three-electrode setup. As shown in Fig. 3(a
and b), the polarization potentials required to attain 50 mA
em ™ and 100 mA cm > of FeCoNi-NS-ACVs are 170 mV and
198 myV, respectively, which are superior to those of the RuO,
benchmark catalyst and some of the reported values (Fig. 3(c)
and Tables S2 and S3 in the ESIf). The bimetallic FeNi-
NS-ACVs and FeCo-NS-ACVs exhibit poor catalytic activities
with higher overpotentials relative to the trimetallic FeCoNi-
NS-ACVs, demonstrating that the coupling effects of the intro-
duced metal species play a crucial role in promoting the cata-
lytic performance. In addition, the prepared FeCoNi-S pos-
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Fig. 3 Electrochemical measurements: (a) OER polarization curves, (b)
overpotential comparison at 50 mA cm~2 and 100 mA cm™2, (c) com-
parison of the overpotentials (Ej10) and Tafel slopes with the references,
(d) Nyquist plots, and (e and f) stability tests of the obtained catalysts in
1 M KOH.

sesses larger overpotentials (250 mV@50 mA cm > and

273 mV@100 mA cm™?) relative to FeCoNi-NS-ACVs in the
studied potential range. The Tafel plots (Fig. S12 in the ESI})
verified that FeCoNi-NS-ACVs possesses a smaller value (64 mV
dec™) than FeCoNi-S (78 mV dec™"), indicating the faster kine-
tics of the electrode containing nanosheets. Therefore, the
constructed 2D nanosheet plays a pivotal role in boosting the
catalytic process, owing to the specific nanostructure benefit-
ing the transport of the electrolyte and release of generated
gas bubbles.

In addition, it is identified that the electrochemical surface
area is an important factor reflecting the intrinsic activity of
catalysts which is estimated from the Cy, value. The double-
layered capacitance (Cq;) of the catalyst was measured by cyclic
voltammetry with different scan rates (Fig. S131). FeCoNi-
NS-ACVs possesses a high Cq value (26.7 mF cm™>), which is
favorable to boosting the OER activity. The electrochemical
impedance spectroscopy (EIS) results of the synthesized
samples are shown in Fig. 3(d) and Table S4 in the ESLf It is
well-known that the conductivity of the catalytic electrode
directly influences the electrocatalytic activity. The conductivity
of the catalytic electrode is the best among the prepared elec-
trocatalysts. Evidently, the as-prepared FeCoNi-NS-ACVs dis-
plays the smallest Nyquist semicircle diameter, demonstrating
the lowest resistance of charge transfer during the electro-
catalytic OER process. It is widely recognized that small
amounts of iron can effectively increase the catalytic activity of
Ni- and Co-based catalysts.**™>°
species via a corrosive process play a significant role in pro-
moting the catalytic activity. Moreover, the coupling effects,
such as electronic interactions, between different elements
also accelerate the reaction kinetics effectively. As a key factor,
the electrochemical conductivity would affect the electron/
charge transfer during the electrocatalytic process. As revealed
by the obtained results, the designed tri-metallic electrocata-
lysts exhibit the lowest electrochemical resistance, thus
improving the catalytic performance effectively. Therefore, the
excellent OER performance is due to the coupling effects

Therefore, the generated iron

Nanoscale, 2022, 14, 4566-4572 | 4569
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between different elements and the specific nanostructure.
Except for the remarkable catalytic activity, the developed
FeCoNi-NS-ACVs also possesses excellent long-term stability.
As depicted in Fig. 3(e) and (f),f the current densities
increased with the increase of applied potentials, and then the
current densities were maintained well during the reverse
process, indicating its outstanding stability.

As has been mentioned, the obtained FeCoNi-NS-ACVs exhi-
bits long term stability toward the OER for over 50 h. Then, we
investigated its properties after the stability test by SEM and XPS
measurements. As shown in Fig. 4(a) and (b) and S14 in the ESL,}
the obtained FeCoNi-NS-ACVs maintained the 3D porous struc-
ture well after the stability test, indicating its robust nano-
structure. For XPS (Fig. 4(c)—(f), S15 in the ESIf), the XPS pattern
of FeCoNi-NS-ACVs shows no obvious losses after the OER test
which provides evidence that it has no structural changes,
proving that it is extremely stable. Thus, all the tests have con-
firmed the great potential of FeCoNi-NS-ACVs as a practical elec-
trocatalyst for the OER. As a key factor, we investigated the mass
content of NaCl in regulating the electrocatalytic activity for the
OER (Fig. S16 in the ESIT). The presence of NaCl plays a vital role
in regulating the electrocatalytic performance owing to the CI™
ions, which can corrode the iron foam during the solvothermal
process and the leached iron ion forms the electrocatalyst. The
results show that the electrocatalyst with 35 mg NaCl exhibits the
lowest overpotential and Tafel slope. Moreover, we also studied
the effects of Na,S on tuning the electrocatalytic performance
(Fig. S17 in the ESI}). Obviously, the content of Na,S also regu-
lated the electrocatalytic activity and the optimal value is 1.5 g
with a small overpotential and Tafel slope.

Thanks to the excellent electrocatalytic activity toward the
OER, a full water-splitting setup is built with the prepared
FeCoNi-NS-ACVs and F-FeCoP as the anode and cathode,
respectively. As illustrated in Fig. 5(a), low voltages of 1.37 V
and 1.58 V are needed to reach 10 mA cm ™2 and 100 mA cm™2,
respectively, superior to many other available catalysts
(Fig. 5(e) and Table S5 in the ESI{). Owing to the small voltage,
the overall water-splitting configuration is easily powered by
sustainable and intermittent solar energy and sumless
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Fig. 4 SEM image (a) and (b), XPS survey spectra of Fe (c), Ni (d), Co (e)
and S (f) of FeCoNi-NS-ACVs after a long-time stability test.
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bubbles generated on the electrodes (Fig. 5(b) and Movie S3 in
the ESI). Moreover, the designed FeCoNi-NS-ACVs also exhi-
bits excellent stability for overall water-splitting, which is con-
firmed via multi-step measurements (Fig. 5(c) and (d)). As dis-
cussed above, the developed trimetallic nanosheet derived
nanomaterial shows remarkable electrocatalytic performance
which can be attributed to the following factors: the specific
nanostructure constructed by 2D and 3D morphologies can
expose abundant active sites and benefit the transport of the
electrolyte; the coupling effects of the introduced metal
species also play a significant role in improving the catalytic
activity; the superhydrophilic and low electrochemical resis-
tance properties are key factors during the electrocatalytic
process; the iron foam substrate with a porous nanostructure
provides rich channels for the release of generated bubbles.

Conclusions

In summary, we have developed a 3D nanostructure supported
on trimetallic 2D nanosheet nanomaterials via corrosion
engineering and following ACVs for the OER in alkaline
media. The coupling effects between the introduced metal
species and the 2D nanosheets play pivotal roles in boosting
the electrocatalytic activity. Moreover, the iron foam substrate
possessed a porous structure with multiple channels and thus
enabled the transport of the electrolyte and timely release of
generated bubbles to expose the active sites. Thus, the
designed FeCoNi-NS-ACVs presents remarkable electrocatalytic
performance and excellent stability toward the OER and
overall water-splitting. This work provides a facile and scalable
strategy to develop non-precious metal-based nanomaterials
for energy-related applications.
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