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ABSTRACT

The development of efficient and durable electrocatalysts for water splitting to produce hydrogen is of
great significance to relieve the energy crisis. In this work, a self-supported FeMoPC amorphous catalyst
with a sandwich structure prepared by the electrochemical activation-dealloying two-step method is re-
ported. The catalyst exhibits a low overpotential of 96 mV at -10 mA cm~2, a Tafel slope of 51 mV dec~!,
and excellent stability for over 16 h in 0.5 M H,SO,4 solution for hydrogen evolution reaction (HER). The
good catalytic activity is attributed to the nanoislands with rich active sites and large reaction areas for
efficient HER obtained by an electrochemical cyclic voltammetry scan activation. Additionally, the for-
mation of a compact protective phosphate/oxide layer that has high concentration of Mo on the surface
during the subsequent dealloying enhances the durability of the catalyst. This work overcomes the issues
associated with poor durability of Fe-based catalyst in acidic electrolyte and broadens the application of
Fe-based amorphous alloys.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The energy and environment crises have urged the develop-
ment of hydrogen production technologies. Compared with other
technologies, the electrochemical water splitting is regarded as the
most promising approach to produce hydrogen as it has zero car-
bon emission and high purity of products [1-4]. The hydrogen evo-
lution reaction (HER), which is an important half-reaction involved
in water splitting, is kinetically not favored and requires catalysts
to accelerate the reaction rate [5,6]. Up to now, the commercial
HER catalysts are mainly noble metals, including Pt and Pd, and
their scarcity makes them high cost [7-11]. Thus, it is important
to develop earth-abundant materials based high-performance cat-
alysts.

Recent researches prove that transition metals (e.g., Fe, Co and
Ni) based carbides [12,13], nitrides [14-16], phosphides [17-23]and
sulfides [24,25] exhibit superior HER catalytic activity, as the in-
completely filled d orbitals of transition metals are benefit for
electron transportation [26-28]. Furthermore, compared with crys-
talline materials, amorphous counterparts have more advantages as
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catalysts. The long-range disordered atomic arrangement in amor-
phous materials leads to abundant active sites, as well as the good
corrosion resistance that makes the catalyst durable [29-34]. In
comparison to powdery catalysts, the amorphous ribbons prepared
by melt spinning are ductile and self-supported, which are more
suitable for industrial applications [35,36].

Among all the transition metal-based amorphous ribbons for
HER catalysts, Fe-based amorphous alloy are considered as the
promising candidates due to their diverse alloy composition, low
materials cost and excellent HER properties [37]. For example,
Fe40Co40P13C; amorphous ribbons have been found to exhibit su-
perior HER ability attributed to a combination of the metastable
state and the synergetic effect of elements [38]. Similarly, the ul-
trasonic vibration treated Fe;gSigB3 amorphous ribbons with en-
larged electrochemical active area and higher atomic energy, can
serve as an efficient HER catalyst [39]. However, as Fe-based cat-
alysts have relatively low corrosion resistance in acidic electrolyte,
their durability for HER catalysis is far from satisfactory. For exam-
ple, FegqP13C; amorphous ribbons show a very low overpotential in
acidic electrolyte, but exhibits a percentage of 80% drop in current
density after 2 h HER test [38]. Considering that water electrolysis
based on proton exchange membrane (PEM) technology operates
under strong acidic conditions [40], improving the durability of Fe-
based catalysts while maintaining their high catalytic activity is
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crucial for application as HER catalysts. The durability of Fe-based
catalysts can be improved by alloying with corrosion-resistant el-
ements, such as Mo. Besides, transition metals, including Fe, Co
and Ni, possess low hydrogen adsorption free energies (AGy) close
to the vertex of the volcano plot according to the Sabatier prin-
ciple, while Mo possesses strong AGy [41]. Alloying of Mo with
transition metals leads to a moderate metal—hydrogen bond en-
ergy (Em.y), Which can accelerate the hydrogen evolution reaction.
Many studies about the positive effect of Mo alloying on transition
metal based amorphous materials as HER catalyst have been re-
ported, such as np-NiMoO amorphous ribbons [42] and electrode-
posited CoMoPO amorphous film [43]. However, the effect of Mo
alloying in the HER performance of Fe-based amorphous catalysts
has not been investigated.

Furthermore, other than composition modulation, increasing
the relative surface area by constructing specific surface structure
is also an effective strategy to optimize the catalytic activities for
some bulk electrodes [44,45]. Cyclic voltammogram scan activa-
tion (CV-activation) and dealloying in acidic solutions are com-
mon methods for surface modification. The HER performance of
Pd4oNijpCuszgP,9 amorphous ribbons is significantly enhanced with
formation of localized Pd and Cu element groups on the surface
by CV-activation [9]. The nanoporous NiFePB amorphous ribbons
were obtained by dealloying, and exhibit good catalytic activity
and long-term stability [46]. The combination of CV-activation and
dealloying may have the synergetic effect on the surface morphol-
ogy, and thus affect the electrochemical performance of the cata-
lysts.

In this work, Mo element was introduced in FePC amorphous
alloys to produce FeMoPC amorphous ribbons as self-supported
HER catalysts, and the Fe/Mo ratio was adjusted to optimize the
catalytic activity and durability. A two-step surface treatment with
CV- activation followed by dealloying was adopted to improve
the electrochemical performance of the amorphous ribbons. The
Fe;6Mo4P13C; amorphous ribbons with nanoisland structures on
the surface exhibit a low overpotential of 96 mV at 10 mA cm~2,
a small Tafel slope of 51 mV dec™! and excellent long-term sta-
bility for over 16 h in 0.5 M H,SO4 electrolyte, which are com-
parable to that of some noble metal-based catalysts. This work
presents an effective approach to enhance activity and durability
of Fe-based catalysts through composition modulation and surface
treatment.

2. Experimental
2.1. Materials preparation

The Fegg.xMoxP13C; (x = 4, 10 at%) alloy ingots were prepared
by arc melting the high-purity (>99.90%) Fe, Mo, C first and then
induction melting FesP, FeMoC alloy under argon atmosphere. Rib-
bons with a thickness of 22 ym and a width of 1.5 mm were
prepared in a single roller melt-spinning system, which was vac-
uumed to 5x10~3 Pa first and then filled with high-purity argon
(99.999%). The ribbon keeps a relatively high tensile strength of
878 MPa, as shown in Fig. S1. The ribbons were then cut into 2 cm
long for the electrocatalytic measurements. The electrochemical CV
activation was performed by a continuous CV scan at a scan rate of
10 mV s~! from -0.19 to 0.16 V (vs. RHE) until CV scan curves were
stabilized, as shown in Fig. S2. Dealloying of ribbons before and af-
ter the CV-activation was carried out in 9.6 M HNO;3 solutions at
room temperature for 20 min, followed by washing with deion-
ied water. The as-spun, CV-activated only, dealloyed only, and CV-
activated plus dealloyed Fegg.yMoxP13C7 (x = 4, 10 at%) ribbons are
labeled as As-spun Mox, CV Mox, DE Mox and DE@CV Mox (X = 4,
10), respectively.
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2.2. Materials characterizations

The amorphous structures of samples were verified by X-ray
diffraction (XRD, D8-Discover) with Cu-Ko radiation. The atomic
structure of the As-spun Mo4 was characterized by transmission
electron microscopy (TEM, JEM-2100F). The atomic structure and
element mappings of the DE@CV Mo4 were characterized by TEM
(Tecnai G2 F30) equipped with energy dispersive x-ray analysis
(EDAX). The surface morphology and element information of sam-
ples were observed by scanning electron microscopy (SEM, FEI In-
spect F50) equipped with energy dispersive X-ray spectrometer
(EDS). The binding states of elements on the surfaces of samples
were evaluated by X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Nexsa) using the Al-Ko X-ray (hv = 1486.6 eV) source with
a pass energy of 150.0 eV, a step size of 1.0 eV, a dwell time of 50
ms and a spot size of 400 pm.

2.3. Electrochemical measurements

The electrochemical measurements were conducted in 0.5 M
H,SO4 solution using an electrochemical workstation (Gamry In-
terface 1000) with a three-electrode system. The carbon rod and
Ag/AgCl serve as counter electrode and reference electrode, respec-
tively. Ribbons were used as working electrode with the working
area of 0.3 cm? (1.5 mm*10 mm*2). Commercial Pt/C nanopow-
ders (Pt 20% Johnson Matthey) were used as a control electrode.
The preparation method of Pt/C electrode was as follows: Firstly, 4
mg catalyst with ethanol/water (1000 uL, 3:1) and 15 uL Nafion
(5 wt%, DuPont) solution were mixed under ultrasonication for
1 h. Then 5 uL droplets were loaded on a polished glass car-
bon electrode (3 mm in diameter) and dried at room temperature.
The Ag/AgCl was calibrated by referring to the reversible hydrogen
electrode (RHE, Phychemi) according to the following steps: Firstly,
the RHE was immersed in 0.5 M H,SO,4 solution for 2 h before
use. Then, the open circuit voltage measurement was performed in
0.5 M H,S04 solution using the electrochemical workstation with a
two-electrode system. The RHE and Ag/AgCl serve as the reference
electrode and working electrode, respectively. Finally, the poten-
tial value was recorded when the open circuit potential reached a
steady state. The relative potential of Ag/AgCl vs. RHE measured in
0.5 M H,S04 solution is -208 mV. All potentials were converted to
the reversible hydrogen potential according to the Nernst equation.
Linear scan voltammetry (LSV) was conducted at a potential sweep
rate of 5 mV s~1. The Tafel slopes of the catalysts were determined
by the linear region of LSV polarization curves. The electrochemi-
cal impedance spectroscopy (EIS) was measured at open-circuit po-
tential with scanning frequencies from 100 kHz to 0.01 Hz and AC
voltage amplitude being 10 mV. All measured potentials were com-
pensated by iR with the solution resistance obtained from the EIS
measurements. The double-layer capacitance (Cy) was estimated
by CV at sweep rates of 10, 20, 30, 40 and 50 mV s~!. When the
capacitive current densities (Aj = Jjanodic - Jeathodic) and the scan
rates were linearly fitted, the slope was twice the double-layer ca-
pacitance (Cq;). The electrochemical active surface area (ECSA) was
calculated by Cy/Cs, where Cs is the specific capacitance and the
value is 0.035 mF cm~2 [47]. To evaluate the stability of the cat-
alysts, the chronopotentiometry (CP) tests were recorded at a cur-
rent density of 10 mA cm~2.

3. Results and discussion

The preparation process of DE@CV Mo4 is shown in Scheme 1.
Ductile ribbons (As-spun Mo4) were prepared by rapid quenching,
followed by CV-activation and then dealloying. Nanoisland struc-
tures were formed on the surface after CV-activation, then the
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Scheme 1. Illustration of the preparation process of the DE@CV Mo4.
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Fig. 1. (a) XRD patterns of the As-spun Mo4, DE Mo4, CV Mo4, DE@CV Mo4 and As-spun Mo10, (b) HRTEM image of the As-spun Mo4.

dealloying treatment reduces the size of nanoislands while en-
hances the thickness of the nanoisland layers on both surfaces. A
sandwich-like structure with nanoisland layer on the surfaces was
then formed. Details about the structure of the samples will be dis-
cussed in later parts.

The amorphous structures of the prepared samples were con-
firmed by XRD. As shown in Fig. 1a, the XRD patterns only ex-
hibit a broad diffraction peak (about 44°), indicating all of the rib-
bons are composed of an amorphous phase only. To further ver-
ify the amorphous nature of the ribbons, the high-resolution TEM
(HRTEM) analysis of the As-spun Mo4 was carried out as a rep-
resentative, as shown in Fig. 1b. No long-range ordered atomic ar-
rangements, such as lattice fringes, are observed in the HRTEM im-
age, and no diffraction dots appears in the SAED pattern, as shown
in the inset. These results confirm the amorphous structure of the
ribbons down to nanoscale.

To evaluate the concentration of Mo on the HER catalytic ac-
tivity, the electrochemical measurements of the As-spun Mo4 and
Mo10 were carried out in 0.5 M H,SO4 using a standard three-
electrode system. The iR-corrected LSV curves are shown in Fig. 2a
and Fig. S3a. The overpotential (1) needed for As-spun Mo4 to
reach a current density of 10 mA cm~2 is 165 mV, which is much
lower than 286 mV for the As-spun Mo10, indicating that the ex-
cessive addition of Mo reduces intrinsic catalytic activity of Fe-
based amorphous alloys. This can be explained by the strong hy-
drogen binding energy of Mo [5].

Based on the above-mentioned results, the As-spun Mo4 was
treated by CV-activation, dealloying and CV-dealloying to enhance

its catalytic performance. Fig. 2a shows the LSV curves of Mo4 rib-
bons in the different treated states. At the current density of 10 mA
cm~2, the DE@CV Mo4 exhibits the low overpotential (719 = 96
mV), which is close to that of the CV Mo4 (11 = 90 mV) and
much lower than that of the DE Mo4 (11 =126 mV). The over-
potential of the CV Mo4 and DE@CV Mo4 are even smaller than
the reported noble metal-based HER catalysts, such as IrNiTa/Si
(n10 = 99 mV) [48], and Pt@PCM (119 = 105 mV) [49]. For com-
parison, the performances of the DE@CV Mo10 was also evaluated,
the 1y is found to be 154 mV (Fig. S3a). The HER kinetics was es-
timated by Tafel plots. As shown in Fig. 2b, the Tafel slope of the
DE@CV Mo4 is 51 mV dec~!, which is smaller than that of the CV
Mo4 (55 mV dec™!), As-spun Mo4 (56 mV dec~!) and the reported
Pd4oNi;gCuszgPyg (58 mV dec~1) [9]. The smaller Tafel slope implies
the faster HER rate, thus DE@CV Mo4 has a superior HER catalytic
performance. The Tafel slope is also used to analyze the HER mech-
anism (Volmer-Heyrovsky or Volmer-Tafel). The HER is a two-step
progress in acidic solutions. The first step of the HER is the Volmer
reaction (H30" + e~ + M—MH_4s + H;0), the second step is ei-
ther the Heyrovsky reaction (MH,4s + €~ + H"—M + H,) or Tafel
reaction (2MH,4s—2M + H3), and M denotes the active site. The
corresponding Tafel slopes of the Tafel, Heyrovsky, and Volmer re-
actions are 30, 40, and 120 mV dec~!, respectively. As the mea-
sured Tafel slope for the DE@CV Mo4 is 51 mV dec~!, the HER pro-
cess catalyzed by the DE@CV Mo4 follows the Volmer-Heyrovsky
mechanism.

To further understand the HER process catalyzed by the FeMoPC
ribbons, the interfacial properties and reaction kinetics of the cat-
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Fig. 2. Electrocatalytic property measurements of the As-spun Mo4, DE Mo4, CV Mo4, DE@CV Mo4 and Pt/C catalysts in 0.5 M H,SO, electrolyte, (a) HER polarization curves
measured at 5 mV s~!, (b) Corresponding Tafel slopes of the samples, (c) EIS curves measured at open-circuit potential, (d) Current density differences at -0.03 V (vs RHE)
plotted against the scan rate. (e) Comparison of the HER activities with representative previously reported HER electrocatalysts in acidic solutions. (f) Stability tests of the
CV Mo4 and DE@CV Mo4 under static current density of 10 mA cm~2, the insets are LSV curves of the DE@CV Mo4 before and after 16 h HER test, and the photograph of

the DE@CV Mo4 ribbon after 16 h HER test.

alysts were evaluated by EIS. In general, the reaction rate of the
catalysts is controlled by the charge transfer resistance (R.), and a
lower Ry means a faster reaction rate. Fig. 2¢ shows the Nyquist
plots of the ribbons at different treated states obtained from the
EIS, and the plots are fitted using an equivalent circuit model (in-
set of Fig. 2c). The R¢ of the As-spun Mo4 ribbons is sharply re-
duced from 362 Q cm? to 39 Q cm? after the CV-activation, and
then decreases slightly to 32 © cm? after the subsequent dealloy-
ing. As shown in Fig. S3c, the R, of the DE@CV Mo10 is also ob-
viously lower than that of the As-spun Mo10. The lower R values

of the CV Mo4 and DE@CV Mo4 indicate their better charge trans-
fer ability, which is beneficial to improve electrocatalytic hydrogen
evolution activity.

To study the effect of the CV-activation and dealloying on the
electrochemical active surface area (ECSA), the double-layer capac-
itance (Cgy), was estimated by cyclic voltammetry (CV) at differ-
ent sweep rates (Fig. S4), and the values of Cy are summarized in
Fig. 2d. Impressively, the Cg of the CV Mo4 is 137 mF cm~2, which
is significantly higher than of the DE Mo4 (29 mF cm~2) and As-
spun Mo4 (15 mF cm—2). After further dealloying the CV-activated
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Fig. 3. SEM images of (a, b) the CV Mo4 and (c, d) the DE@CV Mo4 at different magnifications.

ribbons, the DE@CV Mo4 shows an even larger Cy of 160 mF cm—2.
The greatly increased ECSA of the CV Mo4 indicates that amounts
of active sites were produced on the surface of Mo4 ribbons dur-
ing the CV cycling. Based on the results of the EIS and ECSA, the
reduced charge transfer resistance and the increased abundant ac-
tive sites contribute to the lower overpotential values of the CV-
activated and DE@CV samples.

The values of overpotential and Tafel slope for the DE@CV Mo4
are compared with previously reported catalysts in acidic solutions,
including Fe, Pd, Ni-based amorphous ribbons, alloys, carbide, ox-
ides and other noble metal, as shown in Fig. 2e. The detailed elec-
trochemical properties and testing parameters of the catalysts are
listed in Tab. S1. The DE@CV Mo4 exhibits both the low overpo-
tential and Tafel slope, which is superior to most of the reported
non-noble and noble metal-based catalysts.

The durability of HER catalysts is another key parameter for in-
dustrial applications. The long-term stability of the CV Mo4 and
DE@CV Mo4 were examined by chronopotentiometry at a constant
current density of 10 mA cm~2. As shown in Fig. 2f, the overpo-
tential of the CV Mo4 increases from 88 to 118 mV after 10 h test,
suggesting that its durability is far from satisfactory. In comparison,
the DE@CV Mo4 exhibits superior durability, its overpotential has
lesser increase after 16 h test. The stability of the DE@CV Mo4 was
also evaluated by measuring the LSV curves before and after the
16 h chronoamperometry measurement, with the results shown in

the inset of Fig. 2f. No obvious change of the LSV curves can be ob-
served, and the R of the DE@CV Mo4 is still as low as 36 Q cm?
(Fig.S5), which further indicates that the dealloying would promote
the durability of the CV-activated ribbons. Besides, the DE@CV Mo4
ribbon maintains good ductility even after 16 h test, as shown by
the photograph in the inset of Fig. 2f.

In order to uncover the origin of the improved catalytic activ-
ity after the CV-activation and the enhanced durability after deal-
loying, the surface morphology of the catalysts was analyzed. As
shown in Fig. 3a, the SEM image of the CV Mo4 reveals a cracked
morphology due to the generated/released stress between the sur-
face layer and the underlaid matrix. Fig. 3b shows that the sur-
face of the CV Mo4 is formed of abundant nanoislands with a size
of ~70 nm, originating from the dissolution of iron atoms during
the CV-activation. The nanoislands would enlarge the specific sur-
face area, facilitating mass transfer and desorption of the produced
gaseous H, to achieve low charge transfer resistance, and thus ac-
celerate the HER process. As shown in Fig. 3c and d, the DE@CV
Mo4 exhibits an obvious hierarchical structure and keeps the simi-
lar nanoisland structures to the CV Mo4, but with a smaller size of
~50 nm, which are responsible for the increase of specific surface
area.

As shown in Fig. 4a and c, the cross-sectional SEM images of
the DE@CV Mo4 show a sandwich-like structure with a ~2 pum
thick porous layer on the surface, which is different from that of
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Fig. 4. Cross-section morphology of (a) the DE@CV Mo4, (b) the CV Mo4, and (c) the edge of DE@CV Mo4, (d) the corresponding EDS line scan results of the white line in

(o).

Fig. 5. Structural characterization of the DE@CV Mo4, (a) TEM image, (inset: the corresponding SAED pattern), (b) HRTEM image, (c) HAADF-STEM image and elemental
mapping images.
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Fig. 6. High-resolution XPS spectra of (a) Fe 2p, (b) Mo 3d, (c) P 2p, (d) C 1s, (e) O 1s of the As-spun Mo4, CV Mo4 and DE@CV Mo4.

the CV Mo4 (Fig. 4b). The EDS line scan of the cross section of
the DE@CV Mo4 (as indicated by the white line in Fig. 4c, starting
from the circle end) further confirms the hierarchical structure, as
a higher concentration of Mo, P, C and O is detected on the 2 um
surface while a higher concentration of Fe is found in the inside
(Fig. 4d). In order to identify the atomic structure of the surface
layer, HRTEM and SAED analyses of the DE@CV Mo4 were carried
out. As shown in Fig. 5a and b, no lattice fringe is observed even
at high-resolution TEM image, and no bright diffraction spots from
crystallites appear in the SAED pattern (inset of Fig. 5a), indicat-
ing the surface layer remains amorphous. It is well known that the
amorphous structure can provide a large amount of defects, which
can be the reaction sites for absorbing cations and anions to accel-
erate HER process [50]. Thus, the remained amorphous structure

on the surface is beneficial to the catalytic activity of the DE@CV
Mo4. As shown in Fig. 5¢, The HAADF image and elemental map-
ping images manifest the highly homogeneous distribution of Fe,
Mo, P, C and O atoms. Such hierarchical sandwich structure pro-
vides a great chance to achieve excellent activity and durability of
catalysts. The FeMoPC metallic skeleton with high concentration
of Fe facilitates efficient electron transfer, while the outer layer
with enriched Mo, P, C and O not only provides active reaction
sites, but also prevents continuous degradation of the inner ma-
trix. Together with enlarged active surface area of the nanoisland
morphology, the DE@CV Mo4 exhibits excellent HER activity and
durability.

The electronic structures of the As-spun Mo4, CV Mo4 and
DE@CV Mo4 samples were analyzed by XPS. The XPS spectra of
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500 nm

Fig. 7. SEM images of (a) the CV Mo4 and (b) the DE@CVMo4 after long-term HER test.

the elements and binding energy of peaks are shown in Fig. 6 and
Tab. S2, respectively. As for the As-spun Mo4, Fig. 6a shows the Fe
2p3p, spectrum is deconvoluted into five peaks. The strong peaks
at 711.9 eV and 710.3 eV are corresponding to the oxidative Fe3+,
Fe?+, respectively. The weak peak at 707.4 eV is indexed to Fed+,
which is positively shifted from that of metallic Fe (706.8 eV), in-
dicating that Fe of the As-spun Mo4 is partial positively charged
(8F) [51]. The other peaks at 718.4 eV and 713.9 eV should be
assigned to the satellite peaks. Fig. 6b shows that the main Mo
3dsj, peaks are deconvoluted into three peaks. The peaks located
at 232.3 eV and 229.3 eV are characteristic peaks of Mot and
Mo*+ species, respectively. Likewise, the strong peak at 228.0 eV
is close to the position of Mo® (227.4-227.8 eV), also meaning the
partially charged Mo species (Mo®+), possibly due to the formation
of Mo-P bonds [52]. The P 2p spectrum is also fitted to obtain the
exact valence state of P element. As shown in Fig. 6¢, the peaks
located at 130.4 eV and 129.4 eV are corresponding to the P 2p;,
and P 2p;p, of M-P (M stands for metallic elements). Apparently,
the peak of M-P at 129.4 eV shows negative shift from that of el-
emental P (130.2 eV), suggesting that P element carries partially
negative charge (§~) due to partial electron transfer from metals
to P [53]. Thus, the formed P~ acts as proton-acceptor centers and
the formed Fed* or Mo+ (or both) acts as the hydride-acceptor,
which show strong cooperativity to facilitate the HER process [51].
The peak located at 133.4 eV is indexed to POy, which is associ-
ated with the oxidation of M-P. Fig. 6d shows the C 1s spectrum
has three peaks at 284.8 eV, 285.3 eV and 288.5 eV, which are as-
signed to C-C, C-O and 0-C=0, respectively. Fig. 6e shows the O
1s spectrum can be deconvoluted into three peaks, corresponding
to the M-O (530.0 eV) and phosphorus/carbon oxygen (531.5 eV,
532.7 eV).

As for the CV Mo4, Fig. 6a shows the characteristic peaks of Fe
2p spectrum are negatively shifted from that of the As-spun Mo4
and the strength of Fe+ is higher. Likewise, the strength of Mo**
and Mo®* is higher (Fig. 6b). It indicates that partially oxidized Fe
is reduced, and Mo%+ or Mo** (or both) is oxidized during the CV-
activation. Fig. 6¢ shows the peak of M-P is negatively shifted from
that of the As-spun Mo4, indicating more electrons are transferred
from Fe to P during the CV-activation. Fig. 6d shows that more C
changes from zero-valent state to oxidized state on the surface of
the CV Mo4 ribbon. Fig. 6e shows that a higher percentage of phos-

phorus/carbon oxygen bond than M-O bond is generated after the
CV-activation, which is consistent with the results of C 1s. Based
on the electronic structure analyses, the synergetic effect seen in
the electrochemically active Fe, Mo, P, C and O species, contributes
to the low overpotential of the CV Mo4.

As for the DE@CV Mo4, Fig. 6 shows the characteristic peaks of
Fel+ and Mo’+ disappear completely, suggesting the severe oxida-
tion occurred during the dealloying. In addition, the surface metal
phosphides completely converted to the acid-resistant phosphates,
which not only tailor the surface electronic properties of the cata-
lyst, but also ensure long-term stability of the catalyst [22,54]. The
electrical conductivity of the DE@CV Mo4 ribbons is 1.3*10% Sem~1,
smaller than that of the As-spun Mo4 (3.2*10° S m~1), due to a
mixture of metallic oxide and metallic phosphate on the surface
of the DE@CV Mo4. Based on the results from EDS line scan in
Fig. 4d, these oxides and phosphates consist higher concentration
of Mo than the inner part. Thus, this layer can prevent the inner
metallic skeleton from degradation, leading to the excellent dura-
bility of the DE@CV during HER process.

To verify the improved durability by dealloying, the electronic
structure and surface morphology of the CV Mo4 and DE@CV Mo4
after long-term HER were compared. As shown in Fig. S6, the XPS
of the CV Mo4 shows that the noticeable disappearance of Fe®+,
Mo%+ and metal phosphides occurs after 10 h HER. As shown in
Fig. S7, even after 16 h HER test, the binding energies of Fe, Mo, P,
C and O for the DE@CV Mo4 have no obvious change, which con-
firms its stability. Furthermore, the surface morphology of the CV
Mo4 after 10 h HER and DE@CV Mo4 after 16 h HER was com-
pared, and shown in Fig. 7a and b, respectively. A large amount of
flower-like, easily exfoliated structures and more refined, granular-
like nanoislands caused by the dissolution of metal are observed
on the surface of CV Mo4. The flower-like structure allows acidic
solution to penetrate into the inner part of the ribbon, thus the
sample is oxidized and degraded continuously during long-term
HER, resulting in the inferior stability of the CV Mo4 in acidic me-
dia. As shown in Fig. 7b, the DE@CV Mo4 after 16 h HER has a large
number of particles on the surface. The underlaid matrix is a com-
pact layer, which can better protect the inner part of the ribbon
from corrosion than the flower-like structure. This unique struc-
ture contributes to the excellent stability of the DE@CV Mo4. Fig. 8
shows that the surface layer of the DE@CV Mo4 is mainly amor-
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Fig. 8. Structural characterization of the DE@CV Mo4 after 16 h HER test, (a) TEM image, (inset: the corresponding SAED pattern), (b-c) HRTEM images, (d) HAADF-STEM

image and elemental mapping images.

phous with a little amount of crystallized FePOy4, and all the ele-
ments still distribute uniformly after stability testing. It confirms
the formation of phosphates that can protect the inner layer from
further corrosion. However, the XRD of the DE@CV Mo4 after 16 h
test only exhibits a broad diffraction peak (Fig. S8), as it is difficult
to detect the small amount of crystalline phase on the surface. The
XRD result further confirms the amorphous nature of the major
part of the ribbons.

4. Conclusion

In summary, a self-supported, high-efficient and durable
FeMoPC amorphous HER catalyst with unique sandwich structure
was prepared by a two-step CV activation-dealloying method. It
exhibits an overpotential as low as 96 mV@10 mA cm~2 with a
small Tafel slope of 51mV dec~!, and excellent long-term stability
in 0.5 M H,SO4 electrolyte. The CV-activation induces formation
of nanoislands with remarkably enlarged surface area to boosts
the HER reaction. The subsequent dealloying promotes the forma-
tion of acid resistant metal phosphate/oxide compact layer, which
greatly enhance the durability of catalyst. Besides, the proper com-
bination of Mo and Fe on the amorphous outlayer of the DE@CV
Mo4 has the synergetic effect and provides enough reaction sites
to enhance the catalytic activity, and the high Fe-containing in-
ner part provides fast electron transport, thus the unique sandwich
structure induces an excellent catalyst. This work provides an ef-
fective approach to optimize the activity and stability of Fe-based
amorphous HER catalysts in acidic electrolyte.
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