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ABSTRACT: Scaling up the production of cost-effective electro-
catalysts for efficient water splitting at the industrial level is
critically important to achieve carbon neutrality in our society.
While noble-metal-based materials represent a high-performance
benchmark with superb activities for hydrogen and oxygen
evolution reactions, their high cost, poor scalability, and scarcity
are major impediments to achieve widespread commercialization.
Herein, a flexible freestanding Fe-based metallic glass (MG) with
an atomic composition of Fes,Niz,P;3C; was prepared by a large-
scale metallurgical technique that can be employed directly as a
bifunctional electrode for water splitting. The surface hydrox-
ylation process created unique structural and chemical heterogeneities in the presence of amorphous FeOOH and Ni,P as well as
nanocrystalline Ni,P that offered various active sites to optimize each rate-determining step for water oxidation. The achieved
overpotentials for the oxygen evolution reaction were 327 and 382 mV at high current densities of 100 and 500 mA cm ™ in alkaline
media, respectively, and a cell voltage of 1.59 V was obtained when using the MG as both the anode and the cathode for overall
water splitting at a current density of 10 mA cm™> Theoretical calculations unveiled that amorphous FeOOH makes a significant
contribution to water molecule adsorption and oxygen evolution processes, while the amorphous and nanocrystalline Ni,P stabilize
the free energy of hydrogen protons (AGy:) in the hydrogen evolution process. This MG alloy design concept is expected to
stimulate the discovery of many more high-performance catalytic materials that can be produced at an industrial scale with
customized properties in the near future.

Free energy (V)

o o 3 o

KEYWORDS: metallic glasses, heterogeneity, chemical complexity, water oxidation, metallurgy

Bl INTRODUCTION great demand for the large-scalable manufacturing of cost-
effective, free-standing, high-performance, and long-term stable
electrocatalysts to substitute for currently used high-cost
materials; however, achieving this goal is still extremely
challenging.

To address these requirements, MGs (also referred to as
amorphous alloys), with several unique characteristics of
multicomponents,lo_12 structural heterogeneities,”'_15
stable nature,'*™'® high atomic diffusion rate,”*™*! and so
forth, have demonstrated great potential for the discovery and
development of novel catalysts.”” Particularly, it was found that
Pd,Ni;(CuyoP,y MGs with their intrinsic chemical hetero-

Water electro-splitting has been widely identified as a
particularly promising and appealing technology for the
sustainable production of hydrogen, which opens up the
possibility to replace traditional fossil fuels with a carbon-
neutral alternative.'™> Two half-reactions, including the
hydrogen evolution reaction (HER) on cathodes and the
oxygen evolution reaction (OER) on anodes, are involved into
the overall water-splitting process.” Thus, exploring low-cost
and environmentally friendly bifunctional electrodes for both
efficient HER and OER is the currently remaining challenge.
To date, great research effort has been dedicated to developing
novel electrocatalysts by nanostructuring,” doping,® alloying,”

and compositing” to achieve enhanced water-splitting activity. Received: November 16, 2021 p—
However, these state-of-the-art laboratory-scale prepared Accepted:  February 7, 2022
electrocatalytic materials are still hampered seriously by their Published: February 17, 2022
limited activity and durability at large current densities, while

their complicated electrode preparation processes bring into

question their industrial scalability.” Accordingly, there is a

meta-
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Figure 1. Conceptional design and microscopy characterization. (a) Optical photographs of the as-spun FeNiPC MG. (b) Schematic illustration
and surface morphological evolution of the as-spun and acid-treated FeNiPC MG. (c,h) HRTEM images of the acid-treated FeNiPC MG showing
nanoscale heterogeneities (scale bar, 2 nm). (d,fi,k) HRTEM images of the A, B, C, and D regions from (ch). A, C and B, D regions showing
nanocrystalline and amorphous structures, respectively. (e,gj,1) Corresponding FFT patterns of the regions in (d,fik), respectively. The bright
spots in (e,g) indicate the presence of nanocrystals, whereas no speckles are detected in (fk). (m) HAADF-STEM image and elemental mapping
results of the acid-treated FeNiPC MG showing the nanoscale chemical heterogeneities. Ni and P elements are majorly distributed in the dark

region, whereas Fe and O are segregated in the bright region.

geneity present an amazing self-stabilizing behavior that
enables them to retain a high efficiency of 100% even after
40,000 s testing in the electrocatalytic process.”> The
synergistic effect and the amorphous structure of an
Ir,sNiz3Ta,, MG nanofilm provide large amounts of active
sites that extremely promote the electrochemical activity.”* A
NiyZryTi;,Pt; MG ribbon with a honeycombed nanoporous/
glassy sandwich structure and a slight lattice distortion exhibits
a small overpotential and a low Tafel slope in the HER.>® An
AlgoNigCosMn;Y;Au; MG ribbon is able to self-construct a
protective Au-rich interface during the catalytic process that
greatly enhances the long-term stability.”® Moreover, our
recent reports found that the Fe,3SigB,; MG with a long-range
disordered structure presents enhanced catalytic activity
compared to the counterparts with more crystalline phases,
which owing to the amorphous structure could provide a high
density of unsaturated atomic coordination.”” While the MGs
present a rejuvenated catalytic behavior when annealed at the
full crystallization temperature region, the corresponding
catalytic performance is still lower than that of the initial
MG with the amorphous structure.”® It was also found that the
microalloying of P elements into Fe-based MG could lead to
an alteration of the atomic configuration and an optimization
of electronic delocalization that greatly enhances the catalytic

performance.”” Furthermore, due to the superiority of the
multicomponent nature, the MG catalysts are also widely
regarded as templates for dealloying to fabricate nanoporous
electrodes, such as the Pd—Ni—P,*® Pd—Cu—Nij,*' Pt—Ni—
Cu—P,"" and Au—Cu—Si’* MGs. Nevertheless, it is note-
worthy that most of the developed MG catalysts still require
alloying noble metals to achieve efficient electrochemical
reactions and generally perform well at the laboratory scale. In
this regard, further regulation of the MG structure and
composition will be a great demand to improve the
corresponding water-splitting performance.

In this work, inspired by both the characteristics of the
multicomponent amorphous structure and unique structural
and chemical heterogeneities, a flexible freestanding MG
ribbon (Figure la) with an atomic composition of
Fey(Ni3P;3C, was developed as a bifunctional electrode for
efficient water electro-splitting in alkaline media. We initially
employed a simple acid-etching process to achieve surface
hydroxylation of the ribbon. The surface structure was then
self-constructed to structural and chemical heterogeneities on a
nanoscale that played an essential role in the fabulous water-
splitting performance. Furthermore, density functional theory
(DFT) calculations revealed that those heterogeneities were
the origin of the superior activities of water splitting, that is, the
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self-constructed amorphous FeOOH was a favorable micro-
structure to optimize the rate-determining step (RDS) in the
water oxidation process and the amorphous/crystalline Ni,P
made a major contribution to the stabilization of the hydrogen
proton (H*) adsorption/desorption in HER, respectively.

B MATERIALS AND METHODS

Materials Preparation. MG ribbons, with nominal atomic
compositions of Feg,NiyoP13C, and FegyP,,C,, were prepared by
our previously reported melt-spinning technique.” Typically, master
alloy ingots (~20 g) were initially fabricated by mixing and melting
Fe;P, Fe;C, and Ni;P granules via an arc-melting technique under an
argon (Ar) atmosphere protection. The master ingots were then cut
into small pieces to be filled into a quartz crucible and re-melted in a
temperature range of 1200—1500 °C under an Ar atmosphere
protection. The melted alloy liquids were immediately ejected onto a
rotated copper (Cu) wheel surface (~30 m s™') to rapidly quench to
room temperature. Afterward, the prepared freestanding MG ribbons
with an approximate thickness of ~20 ym were further cut into 0.2 X
2 cm?® (Figure la) for the purpose of working electrodes throughout
in this work. With respect to the acid-etching process, the as-spun
Fey(Ni;oP13C; MG ribbons were immersed in a HNO; solution for 5
min. The treated and used MG ribbons were ultrasonicated four times
and preserved in an absolute ethanol solution for the subsequent
experiments/characterizations.

Materials Characterization. Characterization of the surface
morphology was carried out using scanning electron microscopy
(SEM) (JEOL JSM-820) equipped with energy-dispersive X-ray
spectroscopy (EDS). Analysis of the spatial structure was conducted
employing high-resolution transmission electron microscopy
(HRTEM, JEOL TEM 2100F) coupled with a selected area electron
diffraction (SAED) and the EDS. Structural characterization was also
measured by an X-ray diffraction (XRD, Rigaku) instrument (Cu Ka
radiation). Surface chemical valence was characterized by an X-ray
photoelectron spectrometry (XPS) (VG ESCALAB 220i-XL) with Al
Ka radiation as the excitation source. All these characterization
techniques were employed for the as-spun, acid treated, and used MG
ribbons throughout in this work. The specific atomic composition of
the as-spun Fe(Ni;P;;C; MG was identified by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, SPECTROBLUE).
The as-spun Feg;NiyP3C; MG was completely dissolved in aqua
regia prior to the ICP-OES measurement.

Electrochemical Measurements. Water electro-splitting activ-
ities were measured by a standard three-electrode electrochemical
station (CHI 660E) in the O,- and Nj-saturated 1.0 M KOH
solutions, whereas a graphite rod was used as the counter electrode, a
saturated calomel electrode (SCE) was employed as the reference,
and the self-supported MG ribbons were directly utilized as the
working electrode, respectively. With respect to the activity
comparison, 2 mg of commercial Pt/C or IrO, nanoparticles (20 wt
%, Sigma-Aldrich) were dispersed into a mixture solution that
contained 10 L of Nafion (S wt %, Sigma-Aldrich) and 390 uL of
water/ethanol solution (3:1, v/v) under 1 h of ultrasonication for the
ink preparation. A glassy carbon electrode with a diameter of 5 mm
and surface area of 0.196 cm” was then used for the ink loading (10
uL). A reversible hydrogen electrode (E vs RHE) based on the Nernst
equation was employed to calibrate the measured potentials (iR loss
correction applied). The linear sweep voltammetry with a scan rate of
5 mV s™! was applied to measure the polarization curves of the MG
ribbons. A chronoamperometry method was employed for the
stability testing at 20 mA cm™ in 1.0 M KOH solution. The
frequency range of the electrochemical impedance spectroscopy (EIS)
was between 0.1 to 10° Hz. The measurement of the double-layer
capacitance (Cg) and the calculation of the electrochemical surface
area (ECSA) were according to our previous work.>® The specific
capacitance (C,) value was assumed to be 0.04 mF cm™> owing to the
flat surface of the MG ribbons.*>**

DFT Simulations. DFT method was employed using the
Cambridge Sequential Total Energy Package (CASTEP) module in

Materials Studio to calculate the overall water-splitting behaviors of
our acid-treated MG ribbons. The generalized gradient approximation
method with the Perdew—Burke—Ernzerhof function (GGA-PBE)
was utilized to describe the exchange and corrections of the atomic
interactions. The ultrasoft pseudo-potential method was used to
illustrate the interactions between the valence electrons and ionic
cores. A plane-wave basis set with a cutoff energy of 400 eV was
assigned. The Brillouin zone was sampled by a Monkhorst—Pack grid.
The tolerances of energy, force, and displacement for the structure
optimization were 107 eV atom™,, 0.02 eV A7}, and 0.001 A,
respectively. The self-consistence field was set to 107 eV atom™. The
effect of van der Waals interaction was considered by the semi-
empirical DFT-D force-field approach.>® Three representative atom-
istic models, including crystalline Ni,P, amorphous Ni,P, and
amorphous FeOOH, were constructed based on our experimental
characterization to investigate their overall water-splitting behaviors.
The atoms in amorphous Ni,P and FeOOH were randomly assigned.
Structure relaxation was conducted at room temperature with periodic
boundary conditions under the canonical ensemble (NVT). The
geometry optimization of the amorphous models was then achieved
for the investigation of electrocatalytic behaviors in this work. A
vacuum gap of ~20 A was employed to create free surface for the
simulation of overall water-splitting behaviors for all the models. The
k points for Ni,P were set to be 3 X 3 X 1, and an I" point was used
for amorphous Ni,P and FeOOH to sample the Brillouin zone.
OER calculations in alkaline media were performed according to
previously reported procedures. The reaction free energy of
adsorbates in the OER process was obtained by a geometry
optimization of intermediates. Four electron-transfer steps were
considered for the OER activity, which were (1) the hydroxide ions
were dissociated into OH* and absorbed onto a catalyst surface; (2)
the reaction between OH* and hydroxide ions was occurred to form
O* and water molecules; (3) the reaction between O* and hydroxide
ions was occurred to produce OOH*; and (4) the OOH* reacted
with hydroxide ions to produce O,. The Gibbs free energies of the
hydrogen adsorption (AGy:) were calculated based on the equation:
AGy« = AEy« + AZPE — TAS, whereas the AEy+, AZPE, T, and AS
represent the binding energy, zero-point energy change, temperature,
and entropy change of the H adsorption system, respectively. The
entropy vibration of H adsorption at the adsorbed states was
negligible. Thus, AS was obtained from the following equation:

AS = Sys — 354

2
gas phase at the standard conditions. Besides, AZPE was calculated

from the equation: AZPE = ZPE . — %ZPEHZ. Therefore, the free

energy of the adsorbed state was calculated using the simplified
equation of AGy« = AE.+0.24 eV.>” The water adsorption energies
(AEy,0) at the surface of catalysts were calculated by the equation:
En0 = Equtrnyo — Equr — Emyor whereas the Eg ¢ and E ¢,y o are

= —%SHZ, whereas Sy is the entropy of H, in the

the total energies of the surface before and after water adsorption and
Ey,o is the energy of a free water molecule.

B RESULTS AND DISCUSSION

Structural Characterization. Figure 1b shows the
schematic illustration and the evolution of the surface structure
during the nitric acid etching process, in which the as-spun
FeNiPC MG ribbon was employed as a precursor. It is
noteworthy that the original surface of the as-spun MG was
ultra-smooth and at an acid-treatment time of 5 min, the
surface morphology was evolved to a microplate-like
morphology. The amorphous structure of the as-spun MG
was confirmed by the HRTEM image and the corresponding
SAED pattern (Figure S1). Figure S2 shows a STEM image
with elemental mapping results and EDS analysis of the as-
spun MG. It is clear that the four components of Fe, Ni, P, and
C were homogeneously distributed in the amorphous matrix,
while the observed atomic composition was very close to the
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Figure 2. Spectral analysis. (a) XRD patterns of the as-spun and acid-treated FeNiPC MGs. (b) Full XPS spectrum of the acid-treated FeNiPC
MG. High-resolution XPS profiles of (c) Fe 2p, (d) Ni 2p, (e) p 2p, and (f) O 1s for the as-spun and acid-treated FeNiPC MGs.

theoretical value of the Fes(NiyoP;C,;. To further accurately
identify the specific composition, we also carried out the ICP-
OES measurement of the Fes(Ni;oP;3C, MG (Table S1). Note
that the quantification of the C element using an ICP-OES
technique is not achievable. Nevertheless, the measured atomic
ratio of Fe/Ni/P was 54:34:12, which was also approaching
their theoretical atomic ratio of 54:32:14. The EDS result of
the MG surface acquired from the SEM image was also similar
to the theoretical design (Figure S3). To emphasize the
chemical synergistic function of the quaternary FeNiPC MG,
we also prepared a ternary MG ribbon with the chemical
composition of FegP;,C, for a performance comparison. The
corresponding characterization results of its amorphous
structure, smooth surface morphology, and atomic composi-
tions in the matrix and on the surface are shown in Figures
S$4-87.

Figure lc—m presents the microstructural evolution of the
FeNiPC MG at an acid-treated time of S min. Figure 1ch
exhibits typical HRTEM images at the topmost layer of the
acid-treated FeNiPC MG, indicating that the structure was
majorly amorphous. Nevertheless, it is worthwhile that the
regions at A and C in Figure 1ch represented clear local
atomic orderings. The corresponding magnified areas (Figure
1d,i) indicate that such an ordered atomic arrangement was
assigned to nanocrystals with an average size of ~2 nm and an
average lattice space fringe of ~0.205 nm, which was in
agreement with the (021) plane of a crystalline Ni,P phase.*
Fast Fourier transform (FFT) patterns of the corresponding
areas in Figure le,j presented obvious bright spots on the
diffuse ring, further corroborating the presence of the
nanocrystals. In contrast, the magnified regions at B and D
and their corresponding FFT patterns exhibited an apparent
disordered atomic structure and amorphous diffraction halo,
indicating that these areas were mainly in the amorphous
structure (Figure 1f,gk)l). Figures Im and S8 show HAADF-
STEM images and the elemental mapping results of the acid-
treated FeNiPC MG. It was found that the elements of Ni and
P were majorly distributed in the dark region, while the
elements of Fe and O were mainly concentrated in the bright
region. To further quantitively identify the atomic percentages
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on those dark and bright regions, EDS analysis is employed, as
shown in Figure S9. The atomic ratio of Ni/P at the dark
region was 24/11 and this value was very close to the above-
mentioned Ni,P phase, further verifying the presence of Ni,P
in the dark region. Moreover, considering the area B in Figure
1f is in an amorphous structure, it suggested that the dark
region of the acid-treated FeNiPC MG contained both the
crystalline and amorphous Ni,P phases. With respect to the
atomic ratio at the bright region, it was found that the Fe/O
ratio was 19/55 with extremely weak signals of Ni and P.
Accordingly, combining the structural analysis at region D in
Figure 1k, the bright region of the acid-treated FeNiPC MG
would mainly include the amorphous FeOOH (acid-treated
process in a water-based environment) and tiny amounts of
Fe/Ni oxides. Therefore, the findings of the structural
characterizations revealed that the topmost layer of the acid-
treated FeNiPC MG presented structural and chemical
heterogeneities under the nanoscale and the major active
sites contributing to the water-splitting activity would be
crystalline Ni,P, amorphous Ni,P, and amorphous FeOOH,
respectively (details in the following DFT simulations).

The amorphous structure of the as-spun and acid-treated
FeNiPC MG was further confirmed by XRD in Figure 2a. It is
noteworthy that a broad diffuse diffraction peak was obtained
for the acid-treated FeNiPC MG without the observation of
the crystalline phase of Ni,P, which was owing to the fact that
the size of the nanocrystals was on the ~2 nm scale that was
not sensitive to the XRD detection.”® Figure 2b—f show XPS
results of the as-spun and acid-treated FeNiPC MG. The
binding energies of Fe 2p, Ni 2p, P 2p, and O 1s with strong
intensities were observed in the full range XPS spectrum of the
FeNiPC MG surface (Figure 2b). Because the binding energy
of C 1s located at 284.8 eV is employed normally to calibrate
samples, the analysis of the specific chemical compositions and
C 1s by the XPS method was not included in this work. Figure
2c presents the high-resolution XPS spectra of Fe 2p for the as-
spun and acid-treated FeNiPC MG. Three major peaks at the
binding energies of 707.0, 709.5, and 713.0 eV, which
correspond to metallic Fe (Fe®), Fe?*, and Fe’*, respectively,
were clearly detected on the as-spun FeNiPC MG. In
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Figure 3. Water oxidation performance in 1.0 M KOH solution. (a) OER polarization curves of the ribbon samples at a scan rate of S mV s~

with

iR loss correction. (b) Achieved overpotentials of the ribbon samples at different current densities. (c) Tafel slopes. (d) Comparison of OER
activity with recently reported transition-metal-based electrocatalysts in 1.0 M KOH solution. (e) OER stability performance of the acid-treated
FeNiPC MG over 20 h at a current density of 20 mA cm™>. (f) EIS measurements of the MGs. (g) Cyclic voltammetry curves measured at various
scan rates in the range of 5—100 mV s~". (h) Capacitive currents plotted against a scan rate at 0.15 V versus RHE for the IrO,, as-spun, and acid-

treated MGs.

comparison, only two peaks at the binding energies of 710.0
and 712.4 eV were observed on the acid-treated FeNiPC MG.
Such results suggest that the Fe” on the as-spun FeNiPC MG
was gradually evolved into Fe?* and Fe®* during the acid-
treated process that finally led to the formation of Fe oxides
and FeOOH, respectively.”> The Ni 2p XPS spectra of the as-
spun and acid-treated MGs exhibited peaks at 852.3 and 854.0
eV that could be assigned to the compounds of Ni—P and Ni—
O, respectively’” (Figure 2d). is noted that the
concentration of Ni—P (integral area) for the acid treated
MG was obviously higher than that for the as-spun MG, which
is owing to the chemical heterogeneities on the acid-treated
ribbon surface (Figures lc—m and S8, and S9). The P 2p XPS
spectra consisted of three major peaks at 128.8, 129.8, and
132.9 eV, which were ascribed as P*7, Ni—P, and PO,*",
respectively.”**” Such results further evidenced the formation
of the Ni,P phase (Figure 2e). The O 1s XPS spectra showed
two peaks that could be assigned as metal oxides and metal
hydroxides with the binding energies of 529.0 and 530.5 eV,
respectively (Figure 2f). Interestingly, it is noteworthy that the
Fe 2p and O 1s spectra exhibited a positive shift, while the Ni
2p and P 2p presented a negative shift compared to those of
the as-spun ribbon, suggesting that the Fe sites would be the
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hydroxyl acceptors®® and most of the Ni sites would be
coordinated with the P sites to form the NiP phase, which is in
good agreement with the HRTEM characterizations in Figures
lc—m and SS Moreover, due to the high atomic diffusion rate
of the MG,” the acid-treated process would enhance the
atomic re-arrangement that led to the structural and chemical
heterogeneities on the surface. It may give rise to an increased
concentration of Ni—P and FeOOH species and a robust
electron hybridization phenomenon for the improvement of
the following electrocatalytic performance.”
Electrocatalytic Activity. The prepared flexible free-
standing MG ribbons were employed directly as the working
electrodes for the investigation of water oxidation activity in
the 1.0 M KOH solution. Figure 3a shows the OER
polarization curves of the MG ribbons at a scan rate of S
mV s~ with iR loss corrections. The overpotential of the as-
spun FeNiPC MG at a current density of 10 mA cm™> was 352
mV, which was much lower than that of the as-spun FePC MG,
suggesting the synergistic function of Fe and Ni elements to an
enhanced OER activity. When the acid-treated process applied,
it was found that the overpotential of the FeNiPC MG with the
nanoscale heterogeneities presented a sharp decrease to 289
mV, and this value was much lower than that of the
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with the adsorption of OH*, O*, and OOH* onto the amorphous FeOOH. (f) Gibbs free energy (AGy:) profiles on various catalytic sites at the

surfaces.

commercial IrO, particles (320 mV). More importantly, it is
noteworthy that such acid-treated MGs only require the
overpotentials of 327, 382, and 434 mV to drive the industrial-
level current densities of 100, 500, and 1000 mA~2
respectively, demonstrating their promoted water oxidation
performance than those of the as-spun MGs and other reports
(Figure 3b).*'™* The fast oxygen gas evolution on the acid-
treated FeNiPC MG anode at a current density of S00 mA
cm™? is shown in Movie S1. Furthermore, the corresponding
Tafel slope value of the acid-treated FeNiPC MG was achieved
to ~33.2 mV dec™" (Figure 3c), which was also remarkably
lower than those of the as-spun MGs and the IrO,
electrocatalysts (49.5, 54.8, and 56.6 mV dec™ for as-spun
FeNiPC, as-spun FePC, and IrO,, respectively). Such results
demonstrate that faster kinetics were achieved for the acid-
treated FeNiPC MG, resulting in a higher water oxidation
activity. Figure 3d and Table S2 show the OER performance
comparison with the recently reported state-of-the-art electro-
catalysts, such as the MG or high-entropy alloy ribbons
produced by the metallurgical method, and Fe- and Ni-based
electrocatalysts prepared by wet chemistry methods, further
elucidating the superior water oxidation activity of our acid-

1029

treated FeNiPC MG. Figure 3e shows the OER stability of the
acid-treated FeNiPC MG that was recorded by a chronoam-
perometry method at the current density of 20 mA cm™. It
manifests that our FeNiPC MG ribbons can survive over 20 h
without an obvious overpotential amplification during the
OER measurement. In addition, the corresponding structural
characterizations of the used FeNiPC MG were also carried
out to further highlight their strong stability, such as the SEM
images and EDS result for the surface structure in Figure S10,
the XRD pattern for the structural analysis in Figure S11, and
the high-resolution XPS spectra for the analysis of the surface
chemical states in Figure S12, respectively. Note that the XRD
result of the used FeNiPC MG exhibited a broad diffuse
diffraction peak, indicating that the structure of the used
ribbons mainly retained in the amorphous state. The tiny trace
of nanocrystals was ascribed to the formation of a-FeOOH™*
and Ni,P.*> Moreover, it was found that the Ni—P
concentration of the used MG sample was sharply decreased
(Figure S12c), while the binding energy of M—O and M—OH
exhibited a positive shift (Figure S12d), compared to those of
the acid-treated sample (Figure 2e,f). This result suggested the
formation of Ni oxides, which was inevitable during oxygen
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production activity. Furthermore, the P°~ with a binding
energy of 128.8 eV was also invisible after the OER testing,
indicating the P>~ site was transformed into the PO,*~ (Figure
S12c). Figure 3f shows EIS measurements of the samples in
the 1.0 M KOH solution. A smaller semicircle diameter was
obtained for the acid-treated FeNiPC MGs compared to those
of the as-spun FeNiPC and FePC MGs, indicating their
stronger electron-transfer ability.*® The Cy are carried out by a
cyclic voltammetry method in Figures 3g and S13. It was found
that the Cy value of the acid-treated FeNiPC MG was 5.9 mF
cm™?, which was slightly higher than those of the as-spun
FeNiPC and FePC MGs as well as the IrO, electrocatalysts
(4.9, 4.7, and 2.6 mF cm™). Moreover, the calculated ECSA
values of the samples also presented the same trend with the
obtained Cg values (Figure S14). To highlight the intrinsic
activity of the electrocatalysts, the OER polarization curves
were further normalized by ECSA values of the prepared
samples and IrO, at a scan rate of S mV s~ (Figure S15). The
achieved overpotential of the acid-treated FeNiPC MG was
much lower than those of the as-spun MGs and IrO,,
indicating that the surface hydroxylation process of the MG led
to an improved number of active sites that finally enhance the
reaction kinetics.

With respect to the HER performance, our prepared acid-
treated FeNiPC MG also exhibited excellent activities
compared to those of the as-spun MGs and the benchmark
Pt/C nanoparticles (Figure S16). As shown in Figure S16a, the
overpotential of the acid-treated FeNiPC MG was 113 mV at a
current density of 10 mA cm™?, outperforming those of the as-
spun MGs (143 and 262 mV for the as-spun FeNiPC and as-
spun FePC ribbons). While the HER activity of the acid-
treated FeNiPC MGs cannot surpass that of the benchmark
Pt/C nanoparticles (33 mV), their much lower materials cost
still presented great potential in actual applications. Moreover,
the resulting HER Tafel slope of the acid-treated FeNiPC MG
achieved was 40.6 mV dec™' (Figure S16b), which was also
significantly promoted than those of the as-spun MGs and
close to the value of Pt/C nanoparticles (59.7, 98.5, and 31.2
mV dec™ for the as-spun FeNiPC, as-spun FePC, and Pt/C
particles, respectively). It manifests that their faster HER
kinetics were according to the Volmer—Heyrovsky mecha-
nisms. Movie S1 presents the overall water-splitting perform-
ance when using the acid-treated FeNiPC MGs as both the
anode and cathode. The achieved cell voltage is 1.59 V driving
the current density of 10 mA cm™2, which is comparable to
those of the state-of-the-art electrocatalysts (Figure S17).
Furthermore, the acid-treated FeNiPC MG also presented a
great HER stability over 20 h at a current density of 20 mA
cm™? in the alkaline condition, although a slight overpotential
amplification of only ~10 mV was observed (Figure S16c).

DFT Simulations. To reveal the origin of the excellent
water-splitting activities, DFT calculations were conducted to
achieve an atomic-scale understanding of our acid-treated
FeNiPC MG. Particularly, according to the nanoscale
heterogeneities unveiled from our above characterizations,
three representative atomic models, including crystalline Ni,P,
amorphous Ni,P, and amorphous FeOOH, were built to
investigate their water-splitting performance. It is well accepted
that the very beginning step of the water-splitting reaction is
the adsorption of H,O in alkaline media.*’ Accordingly, the
AEy,o of various active sites exposed at the surface are
calculated in Figure 4a. It was found that the amorphous
FeOOH exhibited the highest AEy,q value of —1.29 eV and its

preferable adsorption site was the Fe atom (Figure S17c¢). In
comparison, the AEy,o, values of the crystalline and
amorphous Ni,P were —0.68 and —0.38 eV, respectively, in
which the Ni atoms were the active adsorption sites (Figure
S17a,b). The Figure 4a inset presents electron density
differences after the H,O adsorbed onto the three models.
Typically, the interaction between the amorphous FeOOH and
H,O presented the strongest charge transferability, followed by
that between the crystalline Ni,P and H,O, and the interaction
between the amorphous Ni,P and H,O exhibited the weakest
charge transferability. Moreover, it is noteworthy that the
calculated equilibrium distances were 2.18, 2.50, and 2.03 A for
the active sites of crystalline Ni,P, amorphous Ni,P, and
amorphous FeOOH, respectively. The sequence of such
interatomic distances was also consistent with the H,O
adsorption ability, demonstrating the shorter equilibrium
distance it possessed the stronger H,O adsorption ability. To
further reveal the effect of binding strengths, the d-band center
and partial density of states (PDOS) between the H,O and the
three models are calculated in Figure 4b,c. As shown in Figure
4b, the d-band center of the amorphous FeOOH was much
closer to the Fermi level (Eg) compared to that of the
crystalline and amorphous Ni,P. Moreover, the electronic
interaction between the d-orbital of Fe and the p-orbital of O
for the amorphous FeOOH was much stronger than that
between the d-orbital of Ni and the p-orbital of O for both the
crystalline and amorphous Ni,P (Figure 4c). Such results
indicate that the amorphous FeOOH played a primary
contribution to the H,O adsorption step.

With regard to the OER activity, relaxed configurations of
the three models and their corresponding intermediate
structures with the adsorptions of OH*, O*, and OOH* are
shown in the Figures S18—20 and 4e inset. Figure 4d shows
the free energy profiles of the OER process of the three models
at zero and equilibrium potentials (U= 0.0 Vand U =123 V)
(detailed results in Table S3). It was found that the RDS of the
OER process for the amorphous FeOOH was the transition
from OH* to O*, whereas the RDS for both crystalline and
amorphous Ni,P was the transition from O* to OOH¥*. The
results show that the free energy (AG,) was ~1.52 eV with a
relevant theoretical overpotential (17) value of 0.29 V for the
amorphous FeOOH. In comparison, the free energies (AG;)
for the crystalline and amorphous Ni,P were achieved at 2.68
and 2.94 eV with the 5 values of 1.45 and 1.71 V, respectively
(detailed results in Table S4). The lower overpotential
required for the amorphous FeOOH revealed that it was the
dominant atomic configuration that led to the outstanding
OER performance. Furthermore, when the overpotential
increased to 1.52 V, all the elementary reaction steps of the
amorphous FeOOH were achieved as downhills (Figure 4e).
Moreover, it was observed that the moderate binding energies
of OH*, O*, and OOH¥* at the active sites of the amorphous
FeOOH were beneficial to low overpotentials, although the
interaction between OH* and the active sites was slightly
stronger than that of O* and OOH®. However, it is
worthwhile that the calculated value of AGpy+ was positive,
which was able to mitigate the uphill formation of the
subsequent O*. Conversely, the negative values of AGgy+ for
the crystalline and amorphous Ni,P as well as the negative
value of AGy+ for amorphous Ni,P resulted in very strong
interactions for OH* and O* intermediates, which caused the
uphill formation of the subsequent OOH* intermediate.** To
gain insights into the physical mechanisms, local electron
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density differences between the O atom in OH*, O*, and
OOH?*, and the active sites in the three models are further
analyzed in Figures S21—S23. It was found that an intensive
electron transfer was occurred from Ni atoms to the O atom in
the O* intermediate, while it was extremely weak in the
OOH* intermediate, for both the crystalline and amorphous
Ni,P. On the other hand, the intensity of electron transfer from
the Fe atom to the O atom for the amorphous FeOOH
showed a trend of OOH* > O* > OH*. Because the RDSs of
the crystalline and amorphous Ni,P were determined by AG; =
AGoop+ — AGg+ and the RDS of amorphous FeOOH was
determined by AG, = AGgo+ — AGgy+ the negative OER
performance of the crystalline and amorphous Ni,P was
primarily attributed to the weak electron-transfer ability of the
catalytic sites toward OOH®. Nevertheless, the gradual
increase of the interaction intensity between the catalytic
sites and intermediates was favorable for the OER activity with
the ongoing reaction steps in the alkaline solution. Hence, the
DEFT results demonstrated that the amorphous FeOOH would
be the most beneficial configuration for the OER activity in
this work, which is in great accordance with other reports.*’
It is well accepted that the Gibbs free energies of the AGy:
is normally considered as a key descriptor of the HER
performance under alkaline conditions. Typically, the HER
activity is promoted when the value of AGy+ approaches zero
because the HER process includes the reversible adsorption
and desorption of H*, which requires a moderate energy for
the interaction between the catalytic sites and H*.*”°° In this
regard, to unveil the HER mechanisms, the values of AGyx
were probed after the H* adsorbed onto various local
coordination environments of the three atomistic models
(Figures S24—526). The Fe atom in the amorphous FeOOH
and the Ni—Ni bridge, Ni—P bridge, and Ni—Ni—Ni hollow
sites in the crystalline and amorphous Ni,P were accounted as
the active sites for the H* adsorption throughout the HER
activity. Figure 4f shows the details of the AGy:« profiles on
various catalytic sites. It was found that six catalytic sites
performed excellent AGy- values less than +0.20 eV, in which
three of them presented outstanding AGy:« values less than
+0.10 eV, suggesting a significant contribution of the structural
heterogeneities in our MG ribbon to the HER activity.

B CONCLUSIONS

In summary, a self-supported flexible MG ribbon with an
atomic composition of FeoNizP13C, was successfully
developed by a large-scalable melt-spinning technique. After
a simple surface hydroxylation process, the MG ribbon evolved
into unique structural and chemical heterogeneities that
exhibited outstanding industrial-level water oxidation perform-
ance in the 1.0 M KOH solution, that is, the achieved
overpotentials at current densities of 100, 500, and 1000 mA
cm™* were 327, 382, and 434 mV, respectively, while
maintaining a reliable performance for 20 h with a negligible
structural deterioration. Combined with the experimental
characterizations and DFT calculations, the fabulous water-
splitting performance of the acid-treated MG ribbon was
majorly owing to the structural heterogeneity that possessed
various active sites including amorphous FeOOH, amorphous
Ni,P, and crystalline Ni,P, which enable regulating the
electronic structure and optimizing each RDS during oxygen
evolution activity. Our findings are anticipated to provide a
new strategy for the development of cost-effective, flexible, and
freestanding MG that can be directly employed as bifunctional

electrodes in the water electro-splitting application. Further-
more, it uncovers a new paradigm to build the relationship
between the heterogeneities in MG and electrocatalytic
performance that can help to better understand the
mechanisms behind other potential electrode materials.
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