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y dealloyed nanoporous
Fe40Ni20Co20P15C5 metallic glass for efficient and
stable electrocatalytic hydrogen and oxygen
generation†

K. S. Aneeshkumar,ab Jo-chi Tseng,a Xiaodi Liu, a Jinsen Tian, *a

Dongfeng Diao a and Jun Shen*a

The anion exchange membrane (AEM) in fuel cells requires new, stable, and improved electrocatalysts for

large scale commercial production of hydrogen fuel for efficient energy conversion. Fe40Ni20Co20P15C5,

a novel metallic glass ribbon, was prepared by arc melting and melt spinning method. The metallic glass

was evaluated as an efficient electrocatalyst in water-splitting reactions, namely hydrogen evolution

reaction under acidic and alkaline conditions. In addition, oxygen evolution reaction in alkaline medium

was also evaluated. In 0.5 M H2SO4, the metallic glass ribbons, after electrochemical dealloying, needed

an overpotential of 128 mV for hydrogen evolution reaction, while in 1 M KOH they needed an

overpotential of 236 mV for hydrogen evolution. For the oxygen evolution reaction, the overpotential

was 278 mV. The electrochemical dealloying procedure significantly reduced the overpotential, and the

overpotential remained constant over 20 hours of test conditions under acidic and alkaline conditions.

The improved electrocatalytic activity was explained based on the metastable nature of metallic glass

and the synergistic effect of metal hydroxo species and phosphates. Based on the excellent properties

and free-standing nature of these metallic glass ribbons in electrolyte medium, we propose the current

metallic glass for commercial, industrial electrocatalytic applications.
1. Introduction

There is an increased demand in the present world to nd
a potential and highly efficient substitute for the traditional
fossil fuels that emit a lot of CO2.

1–3 Hydrogen fuel is a potential
candidate because of its substantial mass-energy density and
environmentally friendly nature, and it is a renewable fuel too.4

The generation of hydrogen (H2) through electrochemical water
splitting is highly efficient since water is freely abundant in the
earth and free of carbon.5 The two standardmethods to produce
hydrogen fuel are electrochemical and photochemical water
splitting. Here we focus on the electrochemical water splitting
as the conversion efficiency of the photochemical splitting
method is moderately very low.6 Water splitting involves
hydrogen evolution reaction (HER) at the cathode and oxygen
evolution reaction (OER) at the anode. The OER is a rate-
determining process in water splitting electrolyzer and fuel
cells, and Li-ion batteries.7 For the past three decades,
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researchers are exploring suitable catalytic materials by modi-
fying the defect sites and improving the nanostructure archi-
tecture toward HER in acidic medium (2H+ + 2e� / H2),
alkaline (2H2O + 2e� / H2 + 2OH�) medium, and OER in
alkaline medium (4H2O / 4H+ + O2 + 4e�).8 In water-splitting
reaction, the main hurdle is the extra potential when
compared with the equilibrium condition otherwise termed
overpotential for HER reaction and OER reaction. At equilib-
rium conditions, the hydrogen evolution reaction does not
require an additional potential for initiating the response. But
due to the practical resistance offered from the electrolyte and
electrode–electrolyte interface, or capacitive double layer, an
excess potential or overpotential is to be applied.9 For OER
reaction, a potential of 1.23 V is needed for initiating reaction
even in equilibrium condition in addition to the overpotential.10

Hence, electrochemical water splitting requires the develop-
ment of a suitable, stable bifunctional electrocatalyst, which
can reduce the overpotential needed for HER or OER.11

Currently, the reported electrocatalyst for HER and OER are
based on precious noble metals like Pt, Ir, Ru, etc.12–14 The high
cost and scarcity of these noble elements seriously hinder the
extensive scale application of these catalysts in fuel cells. Thus
many researchers have attempted to develop an alternative
noble metal-free electrocatalyst for HER and OER such as
RSC Adv., 2021, 11, 7369–7380 | 7369
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transition metal oxides, carbides, sulphides, phosphides, and
their additives with carbon nanostructures.15–17 Also, several
attempts to enhance the efficiency of HER and OER activity of
less expensive crystalline catalysts by alloying, modied nano-
structures, and introducing lattice defects and strains; thus,
a variety of nanoscale catalysts have been developed.18,19 The
rst-row transition metals like Ni, Fe, Co have low crystal eld
activation energies and are more attractive for HER and OER
when compared to the expensive benchmark noble metal-based
Pt, Ir, IrO2, RuO2 electrocatalysts.19–21 However, these nanoscale
electrocatalysts are mainly powder form and are not free-
standing in the electrolyte solution. Therefore, they are pasted
on carbon supports with the help of polymer binders to act as
the working electrode, and the improper contact through
polymer binding lowers the conductivity and catalytic activity.
Hence, these nanoscale electrocatalysts are challenging to
industrialize.22 Amorphous alloys or metallic glasses (MG's)
have attracted researchers' signicant interest as a structural
material due to their superior mechanical properties, and
recently excellent catalytic activities of these alloys were also
reported.23–25 Metallic glasses (MG's) with good intrinsic elec-
trical conductivity are also suggested to be better electrocatalyst
due to their corrosive resistant properties, free-standing nature
in electrolyte solutions, metastable nature leading to high
catalytic activity and industrially feasible production.26,27 The
limitations of noble metal-based electrocatalysts led
researchers to try transition metals like Fe, Co, Ni-based
metallic glass as an alternative. Attempts to develop the
bifunctional electrocatalyst for HER and OER reactions are of
current interest to the research community intending to realize
better water-splitting electrocatalyst.

In the present work, the selected composition for metallic
glass electrocatalyst is Fe40Ni20Co20P15C5. Even though many
Fe–Co–Ni,28 Fe–Ni–P29 based metallic glasses were reported for
electrocatalytic HER and OER reactions, the electrochemically
dealloyed nanoporous amorphous surface structure for
improved catalytic activity is not reported so far. For designing
an electrocatalyst for water splitting reactions like HER and
OER, thermoneutral elements need to be considered, i.e.,
elements with absolute Gibb's free energy (DGfree � 0 eV) nearly
zero at the same time with high exchange current density. When
the free energy becomes high, the adsorption/desorption gets
unbalanced, or in other words, when the adsorption is high,
desorption will be low, and subsequently, HER reaction
becomes sluggish.30 From the volcano plot, we may identify that
Pt/Pd are close to the zero value of free energy and high
exchange current density.31 Also, the transition metal elements
like Fe, Co, and Ni are also closer next to Pt/Pd elements with
optimum thermoneutral value for free energy and promising
exchange current density. In the current metallic glass Fe40-
Ni20Co20P15C5, 40% is occupied by Fe since iron (Fe) is one of
the most abundant transition metal on the earth and cheaper.
Moreover, iron-phosphide (Fe–P) has an excellent activity for
electrocatalytic hydrogen evolution reaction.32 Density func-
tional theory (DFT) calculations show that the substitution of
Co by Fe in Co–P has enhanced the electrocatalytic hydrogen
adsorption free energy.33 Besides, Fe based MG's showed
7370 | RSC Adv., 2021, 11, 7369–7380
improved GFA and thermal stability.34 Amorphous Ni–P showed
excellent HER catalytic performance in an alkaline medium
with enhanced hydrophilicity.34 Even though chemically
prepared FeCoNiP showed promising OER activity with an
overpotential of 200 mV, there are many challenges associated
with them, such as lack of stability and low electrical conduc-
tivity.35 The introduction of carbon (C) is reported to improve
the stability of phosphide by preventing the oxidation of phos-
phorous (P) to high valance states in PdFePC MG ribbon cata-
lyst.36 Inspired by the recent ndings of electrocatalytically
active metal phosphides like Fe–P,37,38 Co–P,39,40 and Ni–P40 and
rst-row transition element based metallic glasses, this typical
composition Fe40Ni20Co20P15C5, is selected for the current
research work. From the earlier reports, it is noted that the
dealloying strategy leads to improved surface area through
microstructural and morphological modication.41 Electro-
chemical dealloying of metallic glasses and the subsequent
formation of a nanoporous structure with higher surface area is
a more efficient and promising technique for improving the
electrocatalyst performance in water splitting.42
2. Results and discussion

Fig. 1a and b shows the optical image of the as-prepared
metallic glass Fe40Ni20Co20P15C5 electrocatalyst ribbon with
approximately 2 mm wide and tens of centimeters long, and
Fig. 1b shows that the MG in the form of ribbons can be cut or
bent into different shapes for applications in electronic devices.
Fig. 1c shows the evolution of H2/O2 in HER/OER reactions at
the working MG electrode. The X-ray diffraction (XRD) spectra
for the as-prepared ribbon, 20 hours tested samples for acidic
HER, alkaline HER, alkaline OER, and crystalline Fe40Ni20-
Co20P15C5 is shown in Fig. 2a–e. From X-ray diffraction spectra,
it may be noted that a broad halo is seen around 2 theta (q) value
of 44 degrees for the as-prepared MG ribbon as in Fig. 2a–d. The
broad halo in the XRD spectrum is a characteristic feature of the
amorphous state. Fig. 2f shows the TEM image of the current
MG, and the inset shows the SAED diffraction pattern. The
SAED pattern is a typical electron diffraction pattern of an
amorphous structure with a diffused diffraction ring shape. The
temperature-dependent heat ow measurements using differ-
ential scanning calorimeter (DSC) at a heating rate of 5 K min�1

(Fig. S1†) clearly showed amorphous glassy features like an
endothermic heat ow peak around 620 K, and the glass tran-
sition temperature (Tg) is determined to be 620 K. The glass
transition region is succeeded by a wide supercooled liquid
region followed by a sharp exothermic peak of crystallization
(Tx) at around 648 K. The MG ribbon was vacuum annealed at
a temperature slightly above the glass transition temperature of
566 K for 60 minutes to convert the glassy metal to crystalline
sample. The crystalline phase of the sample is conrmed from
the XRD spectrum, as seen in Fig. 2e. The XRD spectrum of the
crystalline sample showed sharp peaks, and different crystalline
phases present in the sample were labeled. The electrocatalytic
performance of the crystalline sample will also be compared
with the MG electrocatalyst.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Optical image of the as-prepared MG ribbons, (b) ribbon sample twisted, cut, and wrapped around a tube, (c) evolution of H2/O2 gas
bubbles at the MG working electrode toward HER/OER reactions.
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Fig. 3a–c shows the compensated linear sweep voltammetry
(LSV) curves for HER in acid medium, HER in alkaline medium,
and OER in alkaline medium. Fig. 3d–f gives the corresponding
Tafel plot with log jJj on the x-axis and overpotential on the y-
axis. LSV polarization curves for HER is quantied by two terms,
Fig. 2 XRD spectrum (a) of the MG ribbon in the as-prepared form. (b–
composed mainly of crystalline phase FeCo, FeNi2P, Fe3P, Ni2P, and Co2

PDF#19-0617, PDF#03-0953, PDF#89-3030, respectively. (f) TEM image

© 2021 The Author(s). Published by the Royal Society of Chemistry
namely the overpotential and Tafel slope. The overpotential is
denoted by h10 and is dened as the excess voltage needed to
drive a current density of �10 mA cm�2 for HER and +10 mA
cm�2 for OER. The onset potential is the starting potential at
which current density is just above zero value. HER/OER activity
d) after 20 h chronoamperometric tests. (e) The crystallized ribbon is
P phases, which are confirmed from the PDF#65-4131, PDF#51-1367,
of the as-prepared MG sample; scale bars: 100 nm and 5 nm�1 (inset).

RSC Adv., 2021, 11, 7369–7380 | 7371
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Fig. 3 HER andOER performance of Fe40Co20Ni20P15C5 MG. (a–c) Linear polarization curves of pristine glassy, after 2000 CV, electrochemically
dealloyed and crystalline samples. (d–f) Tafel plots of their corresponding polarization curves.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 1
1:

29
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
parameters of the current MG electrocatalyst are summarized in
Table 1. For HER in acidic medium, as-prepared or pristine MG
ribbon has an overpotential 215 mV. Aer 2000 CV cycles, the
overpotential is improved to 163 mV. The improved electro-
catalytic activity aer 2000 CV cycles in 0.5 M H2SO4 is believed
to be due to the increased number of active sites. For conrm-
ing this argument, SEM image (Fig. 4a and b) is taken and
clearly showed the porous type structure developed. Since the
MG ribbon sample was found to be dealloyed and a porous
structure developed while measuring HER in an acid medium
7372 | RSC Adv., 2021, 11, 7369–7380
(0.5 M H2SO4), the ribbon sample is electrochemically dealloyed
in 1 M HCl for different durations by applying an optimized
voltage of 0.2 V for better activity.43 The electrochemical deal-
loying in 1 M HCl is optimized to 30 minutes, and the over-
potential is reduced to 128 mV. Fig. 4c and d shows the SEM
image of the electrochemically dealloyed MG ribbon and shows
the nanoporous type structure on the surface. To evaluate the
percentage of elements etched aer dealloying, EDX spectrum
is used and is shown in Fig. 4e. It may be seen that Fe, Co, Ni has
been etched from the surface, and an oxide layer is formed, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 HER performance of Fe40Ni20Co20P15C5; overpotential (h10), Tafel slope, charge transfer resistance (Rct)

Sample Overpotential, h (mV) Tafel slope mV dec�1 Charge transfer resistance, Rct (U)

Acidic HER pristine 215 95 34.5
HER aer 2000 CV cycles 163 83 31.3
HER-ECD 128 67 3.5

Alkaline HER pristine 355 95 83.1
HER aer 2000 CV cycles 312 113 61.5
HER-ECD 236 110 28.7

Alkaline OER pristine 333 41 36.3
OER aer 2000 CV 327 44 15.3
OER-ECD 278 40 8.4

Fig. 4 (a and b) SEM image of electrochemically dealloyed MG ribbon in 0.5 M H2SO4 (c and d) MG ribbon electrochemically dealloyed in 1 M
HCl. (e) EDX point-shoot spectrum for the porous structure after dealloying in 1 M HCl. Inset shows XRD spectra for electrochemically dealloyed
in 1 M HCl; scale bars: (a) 40 mm, (b) 10 mm, (c) 5 mm, and (d) 1 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7369–7380 | 7373
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an amorphous structure is retained as conrmed from XRD
spectra (inset of Fig. 4e). The remaining average atomic
percentage is Fe20Co10Ni10P15C5O40. The overpotential for the
current material (h10 ¼ 129 mV) is comparable to that reported
for Ni40Fe40P20 MG (h10 ¼ 193 mV) for HER in an acidic
medium.29 To study the detailed structural morphology at the
surface of the electrochemically dealloyed sample, TEM image
at the interface with high resolution is measured (Fig. 5a and b).
The high-resolution TEM images down to 5 nm nanometer scale
(Fig. 5b) show the dealloyed part on the MG surface is amor-
phous without any evidence of crystalline particles. The HAADF-
STEM image-based mapping of the constituent elements in the
as-prepared MG ribbon is shown in Fig. 6a–e. To better under-
stand the leaching of elements from the MG surface, the STEM
image-based mapping of electrochemically dealloyed sample is
measured and is shown in Fig. 6f–j. The mapping of elements
for the as-prepared MG sample shows the uniformly homoge-
nous distribution of all constituent elements in the MG. On the
other hand, the electrochemically dealloyed sample showed
a lower concentration of Fe, Co, and Ni and higher P in the
dealloyed layer. The elemental mapping for C is not shown here
since C present in the column can overlap and show error in
result.

The onset potential for the as-prepared ribbon is 163 mV at
a current density of 1.37 mA cm�2, and that for the dealloyed
ribbon sample onset value is 115 mV. The overpotential for
MG's and reported high-performance catalysts toward HER in
the acid medium are given in Table S1.† The overpotential for
standard Pt/C electrocatalyst is also measured for comparison
and has an overpotential, h10 of 42 mV. Further innate features
of the electrocatalyst for HER and OER are given by the Tafel
slope, and the Tafel slope is an indicator to the reaction path-
ways. Tafel slope is obtained as the slope of the linear t to the
Tafel equation(h ¼ a + b log j). The Tafel slope (Fig. 3d) for the
as dealloyed MG ribbon toward HER in acidic medium is eval-
uated to be 67 mV dec�1, and it indicates that the HER reaction
proceeds via Volmer–Heyrovsky mechanism (Volmer step: H+ +
Fig. 5 TEM image of electrochemically dealloyed MG ribbon in 1 M HC

7374 | RSC Adv., 2021, 11, 7369–7380
e� / Hads; Tafel slope: 120 mV dec�1 and Heyrovsky step: H+ +
Hads + e� / H2(g); Tafel slope: 40 mV dec�1) with desorption as
the rate-limiting step.36,44 The Tafel slope for Pt catalyst is
measured to be 24.5 mV dec�1. Tafel slope for the current MG
and reported electrocatalysts toward HER in the acid medium
from other similar reports are given in Table S1.† Tan et al.,29

reported the bifunctional electrocatalyst Ni40Fe40P20 for both
HER and OER in water splitting. They reported a working
overpotential of 193 mV, exchange current density 0.024 mV
cm�2, Tafel slope 65 mV dec�1 for HER in acidic medium, an
overpotential of 270 mV for HER in alkaline medium, and OER
overpotential 288 mV. Zhang et al.,28 reported Fe40Co40P13C7 to
be an active catalyst for HER in an acidic medium and reported
the overpotential to be 118 mV at a current density of 10 mA
cm�2. Hu et al.,45 reported Ni40Fe40P20 for OER electrocatalyst
and obtained an overpotential 219 mV with a Tafel slope 32 mV
dec�1. Zhu et al.,46 reported the electrocatalytic hydrogen
evolution catalyst of Ni61Zr36Mo3 metallic glass with better
catalytic efficiency (over potential�71mV at a current density of
�20 mA cm�2, Tafel slope �57 mV dec�1) for HER in alkaline
medium and the high catalytic activity is achieved by creating
oxygen vacancies through chemical dealloying in HF acid. Xu
et al.,43 reported a nanoporous phosphide bifunctional electro-
catalyst for water splitting developed by dealloying NiFeP
metallic glass ribbon and reported overpotentials of 245 mV
and 120 mV at the current density of 10 mA cm�2 for OER and
HER in 1 M KOH, respectively. The inherent activities of the
electrocatalysts were further determined by exchange current
density (jo) and are obtained by extrapolating the linear t of the
Tafel plot toward the current density axis. The exchange current
density (jo) for as-prepared ribbon is 0.005 mA cm�2, and aer
2000 CV cycles, jo is improved to 0.1 mA cm�2. For electro-
chemically dealloyed MG catalyst, an exchange current density
of 0.1 mA cm�2 is observed. The standard Pt catalyst has an
exchange current density of 0.15 mA cm�2. The largeness of the
exchange current density value indicates high current towards
electrocatalysis.47 For the HER reaction in alkaline medium, 1M
l; scale bars: (a) 20 nm and (b) 5 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a–e) HAADF-STEM image and elemental mapping of Fe40Ni20Co20P15C5. (f–j) MG ribbon electrochemically dealloyed in 1 M HCl; (b and
g) Fe, (c and h) Co, (d and i) Ni, and (e and j) P.
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KOH, the pristine ribbons sample need an overpotential, h10
equal to 355 mV to increase the current density by 10 mA cm�2.
Aer 2000 CV cycles, the overpotential is lowered to 312mV. It is
worthy to note that dealloying electrochemically in 1 M HCl for
30 minutes lowered the overpotential value to from 355 mV
235 mV for HER in alkaline medium. A reduction of 120 mV is
a result of porous structure developed and a subsequent
increase in active sites during the electrochemical dealloying
procedure. The crystalline form of the Fe40Ni20Co20P15C5

sample showed an overpotential value 330 mV higher than
pristine ribbon overpotential toward HER in alkaline medium.
HER activity of standard Pt/C electrocatalyst is measured in
alkaline medium and its overpotential, h10 is 44 mV. From the
Tafel plots (Fig. 3e) for HER toward alkaline medium, the
pristine MG ribbon has a Tafel slope 95 mV dec�1 while the
electrochemically dealloyed sample shows a Tafel slope of
113 mV dec�1 and is comparable to Tafel slope for standard Pt
catalyst which is 120 mV with Volmer or Heyrovsky step as the
rate determining step (Volmer step: H2O + e� / Hads + OH�;
Tafel slope: 120 mV dec�1, Heyrovsky step H2O + e� + Hads /

H2(g) + OH�; Tafel slope: 40 mV dec�1).48 For the standard Pt/C,
the measured Tafel slope is 86 mV dec�1 toward HER in the
alkaline medium. For HER in an alkaline medium, the
exchange current density of the crystalline sample is 0.0027 mA
cm�2, while the electrochemically dealloyed sample showed an
improved exchange current density value of 0.042mA cm�2. The
overpotential and Tafel slope values towards HER in the alka-
line medium for the reported catalysts are given in Table S2.†
Linear polarization curves for OER are given in Fig. 3c. The as-
prepared pristine ribbon sample showed an overpotential
333 mV for OER. It is noted that the electrochemically dealloyed
MG electrocatalyst showed a low and a better overpotential of
277 mV which is even better than the benchmark IrO2 electro-
catalyst which has an overpotential of 320 mV.49 The over-
potential (h10) measured for IrO2 toward OER in the current
work is 380 mV. The Tafel slope of the as-prepared ribbon MG is
41 mV dec�1 (Fig. 3f), while the electrochemically dealloyed
sample shows a Tafel slope of 40 mV dec�1. It indicates that the
OER step: MOH + OH� / MO + H2O + e�,50–52 (M ¼ Ni, Fe, or
© 2021 The Author(s). Published by the Royal Society of Chemistry
Co; Tafel slope: 40 mV dec�1) is the rate-determining step. It is
noted that the IrO2 sample in the present work has a Tafel slope
90 mV dec�1, whose rate determining step will be the OER
step: M + OH� / MOH + e� (Tafel slope: 120 mV dec�1). The
overpotentials and Tafel slopes for the similar reported OER
electrocatalysts reported are given in Table S3.† The cyclic vol-
tammograms (CVs) in the non-faradaic region at different scan
rates (200 mV s�1–10 mV s�1) for HER acidic, HER alkaline and
OER alkaline medium (Fig. S2a–c†) is analyzed for double layer
capacitance (Cdl). The slope of linear t to the plot of current
density differences (Dj/2, Dj ¼ Ja � Jc) vs. scan rate (Fig. S2d–f†)
gives the Cdl value. The double layer capacitance for the elec-
trochemically dealloyed MG electrocatalyst towards HER acidic,
HER alkaline, and OER alkaline is 8.63 mF cm�2, 33 mF cm�2

and 550 mF cm�2, respectively. The electrochemical double layer
capacitance (Cdl) thus determined implies that the current MG
electrocatalyst affords a large electrochemically active surface
area (ECSA) compared to amorphous nanosheets.53 The differ-
ence in double layer capacitance (Cdl) in different electrolyte
arises due to different cell potential applied while measuring CV
for HER in acidic and alkaline medium.

The stability of the electrocatalyst toward HER and OER is
a critical area of attention. To evaluate the stability of the MG
ribbon electrocatalyst, a chronoamperometric test is performed
at constant overpotential for 20 hours, and the chro-
noamperometric spectrum is shown in Fig. 7a–c. LSV curves
before and aer chronoamperometric tests in HER acidic, HER
alkaline, and OER alkaline is given in Fig. 7d–f. Linear polari-
zation curves are measured before and aer the chro-
noamperometric test to check whether the catalytic efficiency
has been affected aer 20 h HER and OER tests.

The chronoamperometric test data shows that the MG elec-
trocatalyst maintained a constant current density of 10 mA
cm�2 for 20 h. This shows the superior stability of the current
MG catalyst in the both acidic and alkaline medium for HER
and OER experiments. The LSV curves show unchanged over-
potential values before and aer chronoamperometric tests
indicating excellent electrocatalytic stability for a long period.
In the case of HER in the alkaline medium, the present MG
RSC Adv., 2021, 11, 7369–7380 | 7375
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Fig. 7 Chronoamperometric durability tests for 20 h (a) HER@ 0.5MH2SO4 at overpotential 214mV, (b) HER@ 1M KOH at overpotential 319mV,
(c) OER @ 1 M KOH at overpotential 330 mV. (d–f) LSV curves before and after chronoamperometric tests.
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decreased overpotential value from 360 mV to 320 mV aer the
chronoamperometry test. Thus the superior durability of the
current electrocatalyst is conrmed from the unchanged cata-
lytic parameters aer 20 hours chronoamperometric test and
aer 2000 CV cycles. Therefore, it is to be ascertained that the
structure, mechanical stability, and catalytic performance were
unaffected even for 20 hours prolonged HER and OER chro-
noamperometric tests.

Fig. 8a–c shows the electrochemical impedance spectra (EIS)
for the MG electrocatalyst toward HER acidic, HER alkaline, and
OER alkaline. The impedance Cole–Cole plot exhibited different
depressed semicircles corresponding to impedance relaxation
from the as-prepared ribbon sample, aer 2000 CV tested
samples, and electrochemically dealloyed (ECD) catalysts. In an
EIS spectrum, the relaxation arises due to mass transfer relax-
ation, which is seen as a semicircle in the intermediate
frequency region, and charge transfer relaxation, which is seen
as a semicircle in the high frequency region separated by
different time constants.54 The Cole–Cole plot for the current
material shows a depressed semicircle corresponding to the
charge transfer relaxation. The charge transfer resistance (Rct) is
given by the high frequency intercept of the Cole–Cole plot and
the real impedance (Z0) axis.55 Rct value is deduced by tting the
impedance Cole–Cole plot using a series resistance, Rs with
7376 | RSC Adv., 2021, 11, 7369–7380
a parallel combination of Rct and a theoretical constant phase
element (CPE), i.e., RctkCPE.56 The CPE is associated with
the surface heterogeneities, and its impedance is given by

ZCPE ¼ 1
QoðiuÞn where Qo is a pseudo-capacitance arising from

the double layer for the adsorbed hydrogen or adsorbed oxygen
(Hads or Oads), u is the angular frequency (u¼ 2pf, f is the linear
frequency), i ¼ ffiffiffiffiffiffi�1p

, and ‘n’ is an empirical constant between
0 and 1. CPE is a pure capacitor when n¼ 1 and is a pure resistor
when n ¼ 0.57 It may be noted that the faster kinetics toward
HER and OER is given by the low value of charge transfer
resistance as well as the diameter of the semicircle in the
impedance Cole–Cole plot. The charge transfer resistance of the
as-prepared MG ribbon toward HER acidic reaction is 34.5 U.
Aer electrochemical dealloying, the Rct value is reduced to 3.5
U, indicating the faster HER kinetics as conrmed from linear
polarization data. For the HER alkaline reaction, the as-
prepared ribbon has a charge transfer resistance of 83 U while
the electrochemically dealloyed sample has a reduced value of
28.7 U. For the OER reaction, the pristine sample has an Rct

value of 36.3 U, while the electrochemically dealloyed sample
has an Rct value of 8.4 U. The reduced value of charge transfer
resistance emphasizes the increased catalytic activity in deal-
loyed samples and aer 2000 CV cycle tested samples.58
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a–c) Impedance Cole–Cole plots for the Fe40Co20Ni20P15C5

MG during HER in acidic medium and alkaline medium, and OER in
alkaline medium.
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The chemical states of the constituent elements present in
the as-prepared MG catalyst and, aer 20 hours, chro-
noamperometric tests were examined by high-resolution X-ray
photoelectron spectroscopy (XPS). The deconvoluted Fe XPS
spectra for as-prepared, 20 h tested samples are shown for the
Fig. 9a–d. The deconvoluted Fe 2p XPS spectra for the as-
prepared sample shows two main peaks at 710.4 eV and
723.5 eV, two satellite peaks at 713.3 eV and 716.5 eV corre-
sponding to Fe 2P3/2. For Fe

2P1/2, two main peaks were observed
at 719.6 eV and 723.5 eV, two satellite peaks at 727.4 eV, and
732.8 eV with Fe metal peak at 706.8 eV. The peak from
elemental Fe is not present aer the 20 h chronoamperometry
test toward OER (Fig. 9b). Also, satellite peaks corresponding to
Fe 2P3/2 at 716.5 eV and 727.4 eV in the as-prepared sample XPS
spectrum are absent for OER 20 h tested MG sample. It may also
be noted that the main peaks corresponding to Fe 2P1/2 at
710.4 eV and 723.5 eV in the as-prepared sample shi to higher
binding energies 711.4 eV and 724.9 eV aer 20 hours OER
chronoamperometric tested samples. These new peak positions
may be assigned to iron hydroxo species.59 The XPS spectrum
for Co 2p for the as-prepared ribbon (Fig. 9e) showed a Cometal
peak corresponding at binding energy position 777.9 eV. Co 2P3/
2 main peak is observed at peak position 780.9 eV and two
satellite peaks at 785.9 eV and 792.4 eV. Co 2P1/2 showed two
main peaks at 796.9 eV and 802 eV for the as-prepared tested
© 2021 The Author(s). Published by the Royal Society of Chemistry
samples. Aer 20 h OER chronoamperometric test, XPS spectra
for Co 2p (Fig. 9f) shows the following notable features like the
disappearance of the metal peak corresponding to Co, the
disappearance of Co 2P3/2 satellite peak originally found at
792.4 eV, and a satellite peak of Co 2P1/2 at 807.4 eV in the as-
prepared MG electrocatalyst.

Aer the 20 h OER test, the main peak of Co 2P3/2 showed
multiple splitting feature with a new peak formed at 782.2 eV.
The multiple splitting features signify the oxide formation in
the surface, enhancing the OER activity.60,61 Fig. 9j–l shows the
XPS spectra for Ni 2p aer 20 h chronoamperometric tests for
OER alkaline, HER alkaline, and HER acidic reactions. In Ni 2p
XPS spectra, the shiing of main peaks (Ni 2P3/2 and Ni 2P1/2) to
slightly higher binding energies and the satellite peaks become
sharper. The new shied main peaks for Ni 2P3/2 at 855.6 eV,
and 873.2 eV may be assigned to nickel hydroxo species.62,63

Fig. 9m–p shows the O 1s spectra of as-prepared and chro-
noamperometric tested MG samples. For the as-prepared MG
sample, O 1s showed a main peak at 529.4 eV corresponding to
surface oxides present. Another major peak at 531.2 eV corre-
sponds to oxygen from OH� ions. It is similar to H2PO4

� species
observed at 531.7 eV as in phosphorous doped NiFe2O4.64

Another peak at 533 eV arises from phosphate species (PO3
�). In

the 20 h tested samples toward OER and HER, the peak at
529.4 eV, corresponding to surface oxides, is seen as a minor
peak while the hydroxyl ion peak at 531.2 eV becomes the
dominant contribution (Fig. 9n–p). Thus it is understood that
there is a reassembly of the metallic glass Fe40Ni20Co20P15C5

surface during electrocatalysis for HER and OER. Further
checking the P 2p spectrum (Fig. S3a–d†), it is observed that
a peak corresponding to phosphate species is present at posi-
tion 133.2 eV in addition to phosphide components P 2P3/2 at
129.2 eV and a shoulder P 2P1/2 at 130.1 eV. Aer 20 h HER test,
the phosphate peak becomes dominant and other phosphide
components signicantly reduces. Aer 20 h chronoampero-
metric tests for HER and OER in alkaline medium the phos-
phide peaks are absent while the phosphate peaks remains as
a dominant contribution. Here it is to be noted that the
enhanced HER/OER activity arises due to transfer of electrons
frommetal atoms to P atoms and the P atoms are stabilized by C
atoms.65 Electronic structure modication due to P on FeCoNi is
not true. It was observed in nickel phosphates (Ni2P), electron
transfer is from nickel to phosphorous, and in nickel borides
(Ni2B), electron transfer is from boron to nickel, conrming
electronic structure modication is not sufficient to explain the
enhanced OER activity in phosphorus-containing catalysts.66

Moreover, it was found that the geometric changes induced by B
and P on the lattice structure of Ni, notably, the Ni–Ni bond
distances, as well as the Ni–P and Ni–B bond distances and is
found to be the crucial factors for enhanced OER activity in Ni2B
and Ni2P electrocatalysts. Similarly, in the current metallic glass
electrocatalyst Fe40Ni20Co20P15C5 phosphorous is believed to
play an important role in enhancing the electrocatalytic activity,
and the synergistic effect from the nickel–iron cobalt oxo/
hydroxo species and phosphate species contribute towards the
improved catalytic adsorption/desorption in HER and OER.
RSC Adv., 2021, 11, 7369–7380 | 7377
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Fig. 9 XPS spectra for as prepared and chronoamperometric tested MG samples. (a–d) Fe 2p, (e–h) Co 2p, (i–l) Ni 2p, and (m–p) O 1s.
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3. Conclusions

In summary, a new class of Fe40Ni20Co20P15C5 metallic glass
ribbons is prepared through the conventional industrial melt
spinning technique. The amorphous ribbon can directly act as
electrodes for electrochemical water splitting without using any
polymer binders. The free-standing nature of these glassy
ribbons in electrolyte solutions and its improved catalytic
properties with stability and less cost of production than stan-
dard noble metal-based electrocatalysts are the desirable
features of the current electrocatalyst. The amorphous MG
electrocatalyst gives an OER activity very close to the standard
catalyst. Facile electrochemical dealloying improved the elec-
trocatalytic HER and OER activity signicantly. The improved
and stable values of electrocatalytic activity of the multicom-
ponent Fe40Ni20Co20P15C5 arises from the metastable state, the
synergistic effect of metal hydroxo species, and phosphate
species. Hence the current metallic glass is an attractive
candidate in electrochemical water splitting, and this glassy
alloy has potential for industrial applications. This research
suggests an efficient approach to identifying new electro-
catalysts and designing low-cost, high-performance electro-
catalysts for electrochemical water splitting based on metallic
glasses.
7378 | RSC Adv., 2021, 11, 7369–7380
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