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Abstract

The non-precious metal-based materials show excellent catalytic activity for overall water splitting. However, it is still a
challenge to meet the requirements of fabricating catalysts with cost-effective, high-performance, and large-scale produc-
tion. In this paper, we report an energy-efficient, low-cost, scaled-up redox-corroding, and boronizing engineering method
for transforming inexpensive nickel foam into highly active, flexible, and durable self-supported electrodes for overall water
splitting. This work adopts a desirable redox-corroding and one-pot NaBH, reduction reaction of nickel foam in aqueous
solutions containing trivalent cations (Fe*) under ambient temperature. This process results in well-distributed amorphous
iron—nickel borides and hydroxides active materials that are grown in situ on the surface of porous nickel foam. The NiFeB,/
NF//NiFe-OH/NF electrode pair shows low cell voltages of 1.63 V to achieve 10 mA cm~2in 1 M KOH. More importantly,
the NiFeB,/NF//NiFe-OH/NF electrode exhibits ultrahigh catalytic activities at high current densities, outperforming the
benchmark electrode pair of Pt-C/NF//RuO,/NF. This inexpensive and simple controllable strategy provides Ni foam-sub-
strate-derived electrodes with excellent catalytic activities and opens up new avenues for the rapid and simple fabrication of

highly efficient electrodes for overall water splitting with large-scale applications.
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Introduction

Hydrogen, due to its environmentally friendly and high
gravimetric energy density characteristics, offers enormous
potential to address increasing energy demands in the future
[1-3]. Large-scale electrocatalytic water splitting technology
is a key way to obtain high-purity hydrogen gas [4—6]. As an
unfavorable reaction due to its thermodynamic barrier, water
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splitting always works at much larger overpotentials relative
to the theoretical value [7]. The use of highly active catalysts
can effectively reduce the energy barrier in hydrogen/oxygen
evolution processes (HER/OER) and thus decrease the over-
potential. It is known that noble metal-based materials (e.g.,
Pt-based and Ir/Ru-based) are the most active benchmark
catalysts for water splitting. Unfortunately, their rarity and
poor stability make their widespread application impracti-
cal [8, 9]. Accordingly, great efforts have been devoted to
non-precious electrocatalysts using earth-enriched materi-
als, such as hydroxides/layered double hydroxides [10-12],
borides [13, 14], sulfides [15-17], carbides [18, 19], nitrides
[20, 21], selenides [22-24], and phosphides [25-29].
Despite significant progress in the improvement of cata-
lytic activity for HER/OER, notable challenges remained
in using these promising non-precious electrocatalysts for
large-scale and practical applications [30, 31]. On the one
hand, most of the current powdered electrocatalysts can only
be used when cast on the substrate with adhesives, which
inevitably obstructs the active sites, increases the contact
resistance, and hinders the translocation of the electrolyte to
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the active sites [32]. On the other hand, the material easily
peels away from the current collector during large-current
or long-term electrocatalysis for coated active materials,
owing to the poor adhesive force between the active mate-
rial and the current collector [33]. Thus, these electrocatalyst
powders can only work at low current densities and can-
not be adapted to industrial production in high current den-
sity states. As a result, to obtain more practical and highly
efficient electrodes for large-scale applications, electrodes
should be prepared using common materials and the strategy
should be as simple as possible [34].

Currently, self-supported electrodes with active material
directly growing on conductive substrates are more desirable
because they offer many intrinsic properties compared with
conventional powdery electrocatalysts [35, 36]. First, the
direct growth of electroactive species on substrates avoids
the post-coating procedure with an assistance binder and
extra conductive agent, which improves the efficiency of the
electrode preparation procedure and reduces the cost. Sec-
ond, the binding of electroactive species and their underlying
substrates offers thorough contact without an extra binder.
Direct contact assures rapid electron transfer and prevents
the catalyst from shedding over long-term usage. Typical
synthetic strategies for self-supported electrodes include
hydro/solvothermal, electrodeposition, and vapor deposi-
tion, which require additional energy inputs (heat or elec-
tricity) [37]. Therefore, the challenge of minimizing energy
consumption during the preparation process, simplifying
technological conditions, and fabricating highly active self-
supported electrodes, particularly at large catalytic current
densities, persists in large-scale applications.

In this work, we present amorphous iron-nickel borides
and iron—nickel hydroxide nanostructures grown in situ
on surface-redox-corroding Ni foam. The self-supported
electrocatalyst has shown great superiority in terms of cost
control, manufacturing strategy, energy consumption, cata-
lytic activity, etc. Firstly, the NiFe-OH/NF self-supported
electrode is grown on the low-cost commercial Ni foam via
a redox-corroding aqueous solution of Fe**. Following this,
the NiFeB,/NF electrode could be well-obtained via a one-
pot NaBH, reduction reaction. It is evident that this syn-
thesis requires only a slice of Ni foam, a certain volume of
Fe3* solution, and NaBH,, which is inexpensive to produce.
Secondly, in the redox-corroding process, the inexpensive
Ni foam not only serves as a 3D conductive current collector
but also acts as a slow-releasing Ni source, which is induced
by redox-corroding of Fe** in solution [38]. Therefore, it can
be accomplished at room temperature without extra exter-
nal environment applied, such as high temperatures, high
pressures, electric fields, etc. At the same time, since the
reduction reaction of NaBH, is exothermic, the subsequent
boronization process can also be successfully completed
at room temperature without additional heat input. More
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importantly, the NiFeB ,/NF//NiFe-OH/NF as an asymmet-
ric electrode couple showed small cell voltages of 1.63 V
to achieve 10 mA cm™ in 1 M KOH, and the NiFeB /NF//
NiFe-OH/NF electrode exhibited ultrahigh catalytic activi-
ties at high current densities, outperforming the benchmark
electrode pair of Pt-C/NF//RuO,/NF. The superb HER/OER
activity would be attributed to the enhanced catalytic per-
formance and electroconductivity enabled by the synergis-
tic interaction of Ni and Fe elements in NiFeB, and NiFe-
OH nanostructures [39], the full utilization of catalytically
active materials, the accelerated electrolyte infiltration and
generated H,/O, diffusion empowered by the high porosity
within the surface-redox-corroding Ni foam support, and the
prominent inherent activity empowered by the amorphous
native of NiFeB,/NiFe-OH nanostructures. In conclusion,
the self-supported electrocatalyst shows several characteris-
tics of excellent commercial electrocatalysts: low cost, ease
of fabrication, zero energy consumption, and good catalytic
performance at high current densities, which is very impor-
tant for large-scale practical applications.

Results and discussion

The 3D NiFe-OH/NF and NiFeB,/NF self-supported elec-
trodes were fabricated by a controllable redox-corroding and
boronizing engineering strategy as well as in situ growth
mode. Low-cost Ni foam not only served as a conduc-
tive current collector but also acted as a slow-releasing Ni
source. Figure S1 displayed the evolution of self-supported
electrode colors after room-temperature redox-corroding and
boronizing engineering strategy. The significant change in
colors, from initial bright silvery grey to yellow and then
to silvery grey, demonstrated that the NiFe-based materials
were directly grown on the surface of the Ni foam.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) showed more detailed struc-
tural and micromorphological characteristics of the as-syn-
thesized NiFe-OH and NiFeBx on Ni foam. Loose porous
sponge-like NiFeB, were homogeneously deposited on Ni
foam through the redox-corroding and boronizing engineer-
ing routes (Fig. 1a). TEM image clearly represented that the
as-obtained NiFeB, samples were a sphere-like aggregated
morphology enwrapped with irregularly shaped nanosheets
(Fig. 1b). Furthermore, the selected area electron diffraction
(SAED) pattern of NiFeB, samples (inset of Fig. 1b) was
not distinct rings or dots, exhibiting an amorphous structure
[40]. This is in accordance with the XRD results (Fig. 2a).
The energy dispersive X-ray spectrum (EDS) elemental dis-
tributions (Fig. lc, d, e, and f) revealed the even distribu-
tion of Ni, Fe, and B species over the surface of NiFeB,/
NF, indicating the uniform growth of NiFeB,. In addition,
amorphous NiFe-OH nanostructures were grown vertically
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Fig.1 a SEM image (inset, magnified image) of NiFeBx/NF, b TEM image (inset, the SAED pattern of NiFeBx) of NiFeBx, and ¢ TEM images
of NiFeBx/NF and the corresponding elemental mapping images of Ni (d), Fe (e), and B (f)
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upon Ni foam with a smooth surface after redox-corrod-
ing and hydrolysis co-precipitation as shown in Figure S3.
Meanwhile, deep etch marks of microcracks or holes were
distinctly seen in the exposed areas of the Ni foam, while
barely observed in the original area (Figure S2). They were
derived from redox corroding of the added iron precursor
on a Ni foam substrate. The unique architecture of NiFeB,/
NF and NiFe-OH/NF electrodes is expected to add contact
area with the electrolyte and specific surface area, which
contributes to improving catalytic activity. To investigate
the structure of the as-synthesized self-supported electrode,
XRD was further researched.

X-ray photoelectron spectroscopy (XPS) was utilized to
deep analyze the surface chemistry of the samples [41]. The
XPS spectrums of the as-obtained NiFeB,/NF and NiFe-
OH/NF were compared in detail (Fig. 2b, c, and d). For
NiFe-OH/NF, two main peaks of Ni located at 855.8 and
874.1 eV are assigned to Ni 2ps;, and Ni 2p,,, respectively.
In addition, the binding energy of Ni centered at 861.8 and
879.8 eV, corresponding to two satellite peaks (Fig. 2b). In
the Fe 2p spectrum of NiFe-OH (Fig. 2c), the Fe 2p;,, and
Fe 2p,,, peaks were located at binding energies of 711.8 and
724.8 eV, respectively, indicating the presence of Fe3* [42].
After one-pot NaBH, reduction, boron not only formed the
amorphous NiFeB, but also transferred certain electrons to
transition metal atoms Ni and Fe, which led to the peak of
Ni and Fe shifting to lower binding energy, providing active
sites of transition metal with enriched d population, leading
to excellent activity of amorphous metal borides. The B 1 s
spectrum of NiFeBx was deconvoluted into two main spe-
cies located at 187.8 and 191.7 eV, respectively (Fig. 2d).
The former peak was ascribed to the interaction of boron
with metals (Ni, Fe), while the latter was due to oxidized
borate species, caused by prevalence surface oxidation of
metal borides in the synthesis [43].

In addition to Ni foam, several other transition metal ele-
ment substrates ( such as Cu foam) can also be used effec-
tively. Accordingly, this modulation results in the forma-
tion of CuFeBx and CuFe-OH on the surface of Cu foam
(Figure S4). These results demonstrate the extensibility
of redox-corroding and boronizing engineering strategies.
Additionally, this redox-corroding and boronizing engi-
neering strategy is easily scaled up. A large-area electrode
(20X 25 cm) comprising uniform distribution active materi-
als has been prepared (Figure S1).

The surface hydrophilicity/hydrophobicity properties
of the bare Ni foam and the as-obtained NiFe-OH/NF and
NiFeB,/NF were also studied. As depicted in Figure S5,
it can be demonstrated that the NiFe-OH/NF and NiFeB,/
NF electrodes show good hydrophilicity, which contributes
to better contact between electrolytes and active material.
The flexibility of the NiFe-OH/NF and NiFeB ,/NF was fur-
ther investigated by undergoing deformation and then their
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corresponding performances were measured (Figure S6-8).
No change in catalytic activity indicated that these electrode
has good mechanical flexibility.

We also studied the effects of soaking time on the result-
ing self-supported electrodes. Raman spectra results (Fig-
ure S9) show that well-resolved peaks appeared at 455
and 557 cm™!, which might be attributed to vibrations of
Ni?*-OH and Ni’*-O bonds in Ni>*(OH), [44, 45]. The
Raman peaks were also enhanced with increasing time,
indicating that the metal hydroxides can generate gradually
on Ni foam as the soaking time increases [46]. However,
with the instillation of NaBH, the Raman peaks weakened
with increasing time (Figure S10). This indicated that under
the reduction of NaBH,, the hydroxide of Ni and Fe were
substantially changed to amorphous NiFeB,.

Combined with the above characterization consequence,
it would successfully infer a rational growth mechanism of
NiFeB, and NiFe-OH on Ni foam. A redox reaction between
Ni foam and Fe** reacts and a large amount of Fe** and
Ni2* are synchronously generated near the surface of Ni
foam (Eq. 1); multi-metal NiFeB, borides are successfully
fabricated via a facile one-pot NaBH, reduction method
[47] (Egs. 2 and 3); (IIT) NiFe-OH nanostructure growth
directly on Ni foam can be finally realized by the coprecipi-
tation of Ni**, Fe>*, and Fe** (Eq. 4).

Fe**(aq) + Ni(s) — Fe**(aq) + Ni**(aq) 1))
2Ni**(aq) + 4BH*"(aq) + 9H,0(l) — Ni,B(s) + 12.5H, (g) + 3 B(OH), 2)

2Fe’* (aq) + 4BH*" (aq) + 9H,O(l) — Fe,B(s) + 12.5H, () + 3 B(OH), 3)

Fe’*(aq) + Ni**(aq) + Fe**(aq) + OH™ — NiFe — OH(s)
“
The advantages of Ni—Fe-based self-supported electrodes
(well conductivity, 3D porous structure, presence of large
exposed active sites, etc.) make them promising robust elec-
trocatalysts. A typical three-electrode apparatus was used to
evaluate and compare the HER performance of the Ni—Fe-
based self-supported electrode in a 1 M KOH solution [48].
Figure 3a shows the linear sweep voltammetry (LSV) curves
of all as-prepared electrodes. Figure s11 shows the LSV
curves of the samples with different redox-corroding times
in the FeCl; solution. Among the soaking durations, 1, 3,
5, and 7 h, 7 h was found to impart better activity. Notably,
bare Ni foam exhibited poor HER activity, while the HER
performance of the as-obtained series of NiFeB,/NF and
NiFe-OH/NF acquire much smaller overpotentials and larger
current densities. Conversely, bare Ni foam exhibited poor
HER activity. These results demonstrated that the coupling
of Ni and Fe could observably improve the electrocatalytic
HER performance. Among these catalysts, the NiFeB,/NF
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self-supported electrode showed the highest catalytic activ-
ity. The overpotential of the NiFeB,/NF self-supported elec-
trode was 191 mV to render a current density of 10 mA cm™>
for HER, which was obviously lower than that of the NiFe-
OH/NF (220 mV) and pure Ni foam (296 mV). This result
confirmed that the incorporation of the B component could
significantly increase the catalytic HER reactivity of NiFe-
based materials. Furthermore, the corresponding Tafel slopes
of the NiFeB,/NF are also smaller than those of the NiFe—OH/
NF electrode and bare Ni foam, demonstrating a more rapid
reaction kinetics of the NiFeB,/NF (Figure S13). In addition,
a small Tafel slope is preferred for large-scale applications,
and a significant increase in HER rate will be obtained as the
overpotential increases [49]. The electrochemical stability of
the NiFeB,/NF electrode was measured by continuous cyclic
voltammetry (CV) scanning of 2000 cycles (Fig. 3b). The
decay of the polarization curve after 2000 cycles is negligible,
thus demonstrating the excellent durability of the NiFeB /NF
electrode. The durability is further verified with a long-term

current-dependent time relation test. The current density of
the NiFeB,/NF electrode remained unchanged over a 20-h
test, confirming its excellent stability.

In regard to OER, catalytic activities of the NiFeB,/NF,
NiFe-OH/NF, bare Ni foam, and RuO,/NF are also assessed
in the identical electrolyte to HER. Figure 3¢ and Fig-
ure S12 show the linear sweep voltammetry (LSV) curves
of all as-prepared electrodes and the samples with different
redox-corroding times in the FeCl; solution, respectively.
In contrast to HER, the NiFe-OH/NF electrode possesses
the optimal OER performance, with an overpotential of
160 mV to achieve a current density of 10 mA cm™2, sig-
nificantly lower than bare Ni foam (450 mV), NiFeB,/
NF (242 mV), and RuO,/NF (298 mV). The correspond-
ing Tafel plots in Figure S14 show that the NiFe-OH/NF
catalyst owned the lowest Tafel value, further indicating
its remarkable OER performance. Furthermore, both the
current-dependent time relation and LSV curves after 2000
cycles showed no obvious decay (Fig. 3d), indicating the
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excellent long-term OER durability of the NiFe-OH/NF
electrode.

To better elucidate the origins of improved activity for
NiFeB,/NF and NiFe-OH/NF, electrochemical impedance
spectroscopy (EIS) was performed to evaluate the electron
transport ability [50]. The EIS spectra (Fig. 3e) reveal the
reduced Rct values of the NiFeB,/NF and NiFe-OH/NF elec-
trodes compared to Ni foam. This trend expresses that Fe
incorporation can also efficiently reduce the impedance dur-
ing the charge transfer, causing a faster charge transfer rate
of the NiFeB,/NF and NiFe-OH/NF in the strong alkaline
solution. The electrochemical active surface area (ECSA)
was also calculated to measure the active area of the catalyst
[51], for instance, the electrochemical double-layer capaci-
tance (Cy). The value of the NiFeB /NF (3.89 mF cm™2)
is similar to the NiFe-OH/NF catalyst (3.80 mF cm™2), yet
much higher than the bare Ni foam (1.64 mF cm™?) electrode
(Fig. 3f). The large ECSA of NiFeB,/NF and NiFe-OH/NF
can be derived from the active site NiFe-based nanostruc-
ture uniformly decorated on the surface of Ni foam and the
increased number of active sites by Fe incorporation. These
properties further explain the prominent electrocatalytic per-
formance of NiFeB,/NF and NiFe-OH/NF.

Encouraged by the excellent activity of both HER and
OER, the overall alkaline water-splitting electrolyzer was
fabricated using NiFe-OH /NF and NiFeB,/NF as the anode
and cathode electrode, respectively ( NiFeB,/NF (—)IINiFe-
OH/NF (+)). A current density of 10 mA cm™2 can be
achieved at a small cell voltage of 1.63 V (Fig. 4a), which
is similar to that of NiFeB,/NFIINiFeB,/NF (1.628 V) and
superior to those for NiFe-OH /NFIINiFe-OH/NF (1.728 V)
and NFIINF (1.838 V) (Figure S15). Long-term current-
dependent time relation tests for NiFeBx/NFIINiFe-OH/NF
achieved a constant 20 mA cm™2 in 1.0 M KOH, demon-
strating that this electrode couple could well maintain full
water splitting over 25 h (Fig. 4b). Furthermore, during
the overall alkaline water splitting process, when the cur-
rent density reaches 200 mA cm™2, it can be clearly seen
(Fig. 4a) that the NiFeB,/NF//NiFe-OH/NF electrodes are

able to achieve higher current densities than the Pt-C/NF//
RuO,/NF electrodes at the same voltage. And most com-
mercial overall water-splitting processes are accomplished
under high current density conditions. This indicates that
the NiFeB,/NF//NiFe-OH/NF electrode is able to exhibit
higher catalytic activity than the commercial electrocatalysts
at high current densities, which provides the potential for its
practical application.

The morphological and structural stability after electro-
chemical durability tests of the NiFeB,/NF and NiFe-OH/
NF electrodes were further explored. Figure S16 shows the
largely unchanged XRD pattern of the NiFeB,/NF and NiFe-
OH/NF electrode before and after electrochemical durability
tests, indicating the stable amorphous structures of NiFeB,
and NiFe-OH. Furthermore, it is worth noting that the mor-
phology of NiFeB,/NF and NiFe-OH/NF nanostructures are
well-preserved with negligible changes (Figures S17 and
S18). The excellent morphology durability is attributed to
the support of Ni foam with a 3D porous structure, restrain-
ing the shedding of active material and accelerating ion
transport during HER/OER processes. These results suggest
that the NiFeB ,/NF and NiFe-OH/NF electrodes have excel-
lent stability during the HER/OER process. The mechanical
flexibility of the NiFe-OH/NF and NiFeB,/NF was further
investigated by undergoing deformation and then their cor-
responding performances were measured (Figure S6-8). No
change in catalytic activity indicated that this electrode has
good mechanical flexibility.

To better understand the mutual effect between nickel and
iron in NiFeB, for HER performance, DFT calculations were
performed to focus on the changes in HER Gibbs free energy
and electronic structure [52, 53]. NiFeB, is amorphous, and
the amorphous structure is very complex. In order to explore
the effect of iron introduction on the activity of hydrogen
evolution, we took Ni,B as a model in this experiment.

Firstly, the free energies of adsorbed H (AGy) at the
Ni site are presented in Fig. Sa. Obviously, the Gibbs free
energy of all the H adsorption sites in the Ni site of Fe-
doped Ni,B is close to zero compared to the pristine Ni site.

Fig.4 a Polarization curves of a b
the electrodes in 1 m KOH for ——NiFeBx/NF Il NiFe-OH/NF 80
overall water splitting. b Long- 500 pt-c/NF I RuO,/NF
term stability test performed
under static overpotential for - 400F Ng 40f
25h g 300k 5

< <

€ 200} E of
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100}
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@ Springer

Time (h)



lonics (2024) 30:971-978

977

Fig.5 a H* adsorption energy. a b 0 -
and b density of states (DOS) of 0.0 H'+e 1/2H, : —Ni,B
Ni,B, Fe-Ni,B, and 2Fe-Ni,B : ! . ——Fe-Ni.B
systems ': ~ 2
. : L 100 ——2Fe-Ni,B
2 02 : N 2
= - 3 I
o : i 3
< . R )
04} % _2FeNiB :‘ o
. FeNiB | (=]
Ni,B
Progress of reaction -1.0 -0.5 0.0 0.5 1.0
E-E_(eV)

Furthermore, the Gibbs free energy of the H adsorption in
the Ni site is closer to zero with the further introduction of
iron atoms. Therefore, the presence of Fe elements promotes
the activity of active sites Ni as expected.

As we know that chemical properties are intensively deter-
mined by their electronic structure, a calculation of the density
of states (DOS) could provide us insight into the different
HER activity [54]. As can be seen from Fig. 5b, a large num-
ber of electronic states occur near the Fermi level, suggesting
that more charge carriers can be introduced by Fe atom doping
compared to that of the pristine Ni,B, thereby increasing elec-
trical conductivity, which heavily accelerates the efficiency
of NiFeB, HER catalysts. Through theoretical calculations,
we found that the doping of Fe can effectively improve the
activity of the catalyst, which has a certain reference value.

Conclusion

In summary, a simple room-temperature redox-corroding and
boronizing engineering method was proposed for the in situ
growth of NiFeB, and NiFe-OH on Ni foam (NiFeB,/NF
and NiFe-OH/NF). Through rational control of the prepara-
tion environment such as reaction time, it can be partially
etched and converted to the Ni—Fe-based catalysts with
regulated physical forms and chemical compositions at
the same time. This low-cost and facile controllable strat-
egy affords Ni foam-substrate-derived electrodes owning
remarkable catalytic activities and were used as asymmet-
ric electrodes for overall water splitting. The NiFeB,/NF//
NiFe-OH /NF electrode pair showed ultralow cell voltages
of 1.63 V@10 mA cm~2 in 1 M KOH. More importantly, the
NiFeB,/NF//NiFe-OH/NF electrode exhibited ultrahigh cata-
lytic activities at high current densities, outperforming the
benchmark electrode pair of Pt-C/NF//RuO,/NF. This inex-
pensive and simple controllable preparation strategy at room
temperature provides Ni foam-substrate-derived electrodes
with excellent catalytic activities and opens up new avenues
for the rapid and simple synthesis of efficient electrocatalysts
for overall water splitting with large-scale production.
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