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Abstract—The electrocatalytic activity of newly developed Fe-based bulk metallic glasses was evaluated by polariza-
tion and impedance measurements in deaerated 1 M KOH solution at room temperature. The electrocatalytic activity
as well as the glass-forming ability of the Fe,;C,Si,;B;sPs,Mo,; alloy was improved by the partial substitution of Fe
with 13.5 at% Co. In hydrogen evolution reaction, the metallic glasses exhibited higher activity than the activity of
G14 (Fey,B,,Si,,Co,,) metallic glass, which has been reported to be comparable to the activity of Pt electrode. The activity
was further improved after a chemical pretreatment in 1 M HF solution for 1 min due to the formation of cobalt-rich

layer with a large effective surface area.
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INTRODUCTION

As a clean fuel potentially replacing crude oil, hydrogen is of
interest. To produce hydrogen cost-effectively by electrolysis, the
development of an electrode having a low overpotential in hydro-
gen evolution reaction (HER) is one of the key issues. In this regard,
Fe-based metallic glasses merit attention.

Fe-based metallic glasses have a large flexibility in their chemi-
cal composition when compared to crystalline alloys and exhibit
high reactivity for their metastable states and unique atomic struc-
tures having a short-range order. Since the first report of Fe-based
metallic glass as a catalytic material in 1981 [1], a number of investi-
gations have been focused on the synthesis of Fe-based metallic
glasses for catalytic applications, such as ammonia synthesis [2],
acetylene hydrogenation [3], CO hydrogenation [4-6] and hydro-
genation [7]. On the other hand, the metallic glasses also showed
good electrocatalytic activities, and the activities were further im-
proved by the pretreatment in an acid solution such as HF, HCl or
HNO, [8-10]. The improved electrocatalytic properties were attrib-
uted to changes in the surface compositions and/or surface area by
the pretreatment. An Fe-based metallic glass, known as G14, with
an atomic composition of Feg,B,,Si,,Co,, has been reported to have
electrocatalytic activity comparable to Pt electrode [7,11] in HER.
The Tafel slopes of G14 and Pt electrodes are —95 mV/dec and —120
mV/dec in room temperature, respectively. However, extensive appli-
cations as catalytic materials of the previous Fe-based metallic glasses
have been limited partially due to the lack of glass-forming ability
and high production cost.

In this study, novel Fe-based bulk metallic glasses (BMG) with
atomic compositions of Fe,;C;Si;,BgsPs;Mo,s (BMG1) and Fes,
C,Si,,BqsP5,Mo, sCo,; s (BMG2) have been developed and studied
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for hydrogen production applications. The BMGs have excellent
glass-forming ability and can be produced cost effectively in large
quantities. The electrocatalytic activity of the BMGs in HER was
evaluated by polarization and impedance measurements in | M KOH
solution at 25 °C. The electrocatalytic properties of the BMGs were
compared with those of G14.

EXPERIMENTAL

The master ingots were prepared by arc melting in an argon atmo-
sphere using cast iron, industrial ferroalloys and commercial grade
elements. The chemical compositions including the oxygen con-
tents of raw materials are shown in Table 1. To achieve chemical
homogeneity, the ingots were remelted at least four times and then
were suction-cast into a copper mold under argon atmosphere to
fabricate the cylindrical rods with the dimension of ¢ (2-8)xL50
mm. In contrast, G14 has not enough glass-forming ability to be
fabricated as a glassy rod, and only glassy ribbons with the thick-
ness of ~40 wm and the width of ~10 mm can be prepared using a
single roll melt spinning equipment. The crystallinity of the samples
was identified using x-ray diffraction (XRD, Philip X’Pert diffrac-
tometer) with Cu radiation (Cu-K¢;, A=0.1541 nm). The differen-
tial scanning calorimeter (DSC, Pyris Diamond DSC) was used to
investigate the thermal properties and crystallization behaviors of
glassy alloys. The electrocatalytic activity of the glassy alloys for
HER was studied by a quasi-steady-state polarization technique using
a potentiostat with EG&G powersuit software (EG&G Princeton
Applied Research PARSTAT 2273, Oak, TN). The potential was
swept with a scanning rate of 2 mV/s over the range of —1.5~—0.8 V/
SCE (Saturated calomel electrode) to assess the Tafel behavior in
1 M KOH solution at 25 °C under deaerated condition by purging
pure N, prior to and during experiment. The cyclic voltammetry
was carried out at a sweep rate of 50 mV/s between —1.4 to 0.5 V.
The electrochemical impedance was measured from 50 mHz to 50
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Table 1. Chemical compositions (wt%) of industrial raw materials
Materials C Si B P Cr Mn Ti Al Ni Ca (0] N S
Fe-C 428 0.46 0.20 0.20 0.03 0.09 0.04
Fe-P 0.02 0.01 26.28 0.69 0.35 0.01 0.01
Fe-B 0.17 0.65 19.75 0.04 0.21 0.05 0.02 0.01
Fe-Cr 1.43 0.33 0.02 55.49 0.24 0.01

*Commercial pure elements (Al, Si, Mo, C0)>95%

kHz with an alternating voltage of 10 mV.
RESULTS AND DISCUSSIONS

As shown in Fig. 1(a), a halo pattern typical for amorphous phase
was obtained from the XRD result of the rod (3 @) indicating that
BMGQG?2 can be prepared as a fully amorphous rod with the diame-
ter of up to 3 mm through a suction casting method. Since the critical
cooling rate for amorphization upon solidification decreases with
the increase of maximum diameter of fully amorphous rod, it can
be inferred that the glass-forming ability tends to be increased by
the partial replacement of Co for Fe in BMG1. The amorphous
rods of BMG1 and BMQG2 crystallize at around 830 K when the
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Fig. 1. The thermal results for BMG1 and BMG2: (a) XRD, (b)
DSC.

heating rate is 40 K/min (Fig. 1(b)).

After pretreatment of the amorphous rods using the 1 M HF so-
lution for 1 min at 25 °C, the phases FeO, Fe,(PO,),(OH), and a small
amount of unknown phase(s) were formed on the surface of BMGl,
while the phases FeO, (Co, Fe), CoO and some unknown phases
were formed on the surface of BMG2 (Fig. 2).

For the characterization of the electrochemical behavior for the
as-cast amorphous BMG1 and BMQG2 electrodes, the cyclic volta-
mmograms were run between the potential range of the hydrogen
and oxygen evolution reactions in 1 M KOH at a sweep rate of 50
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Fig. 2. The results of XRD for BMG1 and BMG2 after pretreat-
ment using 1 M HF solution for 1 min.
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Fig. 3. The results of Cyclic voltammograms for BMG1 and BMG2.
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mV/s (Fig. 3). The voltammogram for BMGI electrode exhibits two
anodic oxidation peaks (A, and A,) and two corresponding cathodic
reduction peaks (A; and A,). The potentials for the peaks A, and A,
associate with the formations of ferrous hydroxide (Fe/Fe(OH),)
and magnetite (Fe*'/Fe,0,), respectively [12,13]. Since the peak
potential for the formation of Co(OH), is known to be very close to
that for Fe(OH),, simultaneous formation of Co(OH), and Fe(OH),
can be considered during the oxidation event around B1 [12,14].
Moreover, the potential of peak B, for BMG2 electrodes increases
with a cobalt addition. At the potential of B2, the transition of magne-
tite is proposed, and the corresponding cathodic reduction for BMG2
occurs at potential of B3 and B4.

Two different types of amorphous electrodes, i.e., as-cast elec-
trode and pretreated electrode, in the 1 M HF solution were inves-
tigated for HER. The quasi-potentiostatic curves for the electrodes
in the 1 M KOH solution were recorded in the range of -0.8~—1.5V
vs. SCE with a scanning rate of 2 mV/s. The performance of the
amorphous electrodes with respect to HER is primarily character-
ized by the hydrogen overpotential. A linear relationship between the
hydrogen overpotential 77 and the cathode current density i exists
[15]:

n=a+tblog(i)
where a is constant, b is the Tafel slope, and the exchange current
density i,=10"**. The Tafel slope is mainly affected by the reaction
mechanism. In the case of identical Tafel slope, the exchange cur-

rent density is mainly affected by the effective surface area.
The typical Tafel plots for two types (i.e., as-cast and pretreated
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Fig. 4. Tafel plots of BMG1, BMG2 and G14 at as-cast state.

Table 2. Kinetic results of the glassy alloys for HER in 1 M KOH

in 1 M HF) of amorphous electrodes BMG1 and BMG2 are shown
in Fig. 4 and Fig. 5, respectively. The kinetic data extrapolated from
the plots are listed in Table 2. The results of Tafel slope and overpo-
tential when i=250 mV/em’® for as-cast BMG1 and BMG2 elec-
trodes exhibit high electrocatalytic activity comparable to G14 alloy
that has been known as a good electrocatalytic material for HER,
comparable to Pt electrode. The electrocatalytic activity for BMG2
is significantly improved by the pretreatment in the 1 M HF solu-
tion, exceeding the electrocatalytic activity of BMG1 as well as G14.
It is well known that the electronic density of state for d-electronic
transition metals can be increased by a partial substitution of iron
with cobalt since the negative heat of mixing of Fe-Co [16], which
results in an increase of the availability of metal valence electrons
for chemisorptive bond formation, that is, weakening metal-elec-
tron donor (M-H) bonds, while strengthening metal-electron accep-
tor (M-OH) bonds [17,18], which means an improvement of elec-
trocatalytic activity for HER. A notable improvement of electro-
catalytic activity of BMQG2 after pretreatment can be attributed to
the formation of a cobalt-rich layer with a large effective surface
area [8], since boron and phosphorous are selectively leached from
the alloy surface [4,19].

The electrochemical impedance spectroscopy (EIS) is applied to
further investigate the electrode/electrolyte interface and the corre-
sponding process that occurs at the electrode surface. The imped-
ance data for HER at 7 of =50 mV in 1 M KOH solution at 25 °C
are shown in Fig. 6. The data can be fitted to the corresponding lines
using nonlinear-least-square fit analysis software. Also, the equiva-
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Fig. 5. Tafel plots of BMIG1, BMG2 and G14 after pretreatment
using 1 M HF solution for 1 min.

Alloy Condition Thso (MV) —b (mV/dec) i (mA/cm?) R, (Qcm?) C, (F/em?®)

BMGI1 As-cast 476 115 1.4x107? 632 3.2x10°°
1 M HF 455 98 5.7x107°

BMG2 As-cast 462 110 1.6x107? 204 9.0x107
1 M HF 306 69 9.2x107°

Gl4 As-cast 559 121 6.0x107
1 M HF 553 128 1.1x107

*1),50 18 the overpotential when the current density is 250 mA/cm?
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Fig. 6. Nyquist plots for BMG1 and BMG2 at 7=—50 mV vs. SCE.

Fig. 7. Equivalent circuit for the fitting of impedance results.

lent circuit and the parameters obtained from the nonlinear-least-
square fit analysis results are shown in Fig. 7 and Table 2, respectively.
As can be expected from the polarization experiment results, the
double layer capacitance C, of BMG?2 is larger than that of BMGl,
while the charge transfer resistance R, is smaller than that of BMGI.
The increasing tendency in C, and R, for BMGI1 and BMG2 agrees
with that of current density, indicating the enhanced HER kinetics
of BMG2 [20,21].

A fairly good linear relationship between logR,,™" vs. overpoten-
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Fig. 8. The relationship of charge transfer resistance (R, ") vs. over-
potential (7).

tial can be obtained as shown in Fig. 8. The exchange current densi-
ties were derived from the intercepts of these lines at zero overpo-
tential according to the equation [21,22]

. _RT
"7 ZFR,,

where R is the gas constant, F is the Faraday constant, T is the ab-
solute temperature and z is the number of electron transferred. The
exchange current densities of 3.0x107 and 7.4x107> mA/cm’ for
BMG1 and BMG2, respectively, can be calculated and are in good
agreement with those attained from the cathodic polarization curves.

CONCLUSIONS

The new Fe-based bulk metallic glasses of BMG1 and BMG2
are fabricated using industrial raw materials and their electrochem-
ical and electrocatalytic behaviors are characterized for hydrogen
evolution in 1 M KOH solution. The results show that BMG2 ex-
hibits high electrocatalytic activities that are further significantly im-
proved by chemical pretreatment in 1 M HF solution, exceeding
electrocatalytic activities of BMGI1 and G14. With a cobalt addi-
tion, the tendency of the increase in the double layer capacitance
C, and the charge transfer resistance R , for BMG1 and BMQG2 is
consistent with that of current density, indicating enhancement of
the HER kinetics.
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