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ABSTRACT

Mo,AIB; is a lamellar transition metal boride that is prepared by selectively etching the MoAIB MAB
phase precursor. Most methods for synthesizing Mo,AlIB; require the use of strong acids or bases
and a long reaction time. In this study, we present a Lewis acid molten salt method for synthesizing
the lamellar structured Mo,AIB; by selectively etching a layer of aluminium atoms from the MoAIB
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precursor. The synthesized Mo, AIB; shows excellent catalytic activity for hydrogen evolution reac-
tion under alkaline conditions, with long-term stability, and a low overpotential of 145 mV and Tafel

slope of 76 mV dec~! at 10 mA cm—2.

= Mo,AIB,

IMPACT STATEMENT

Mo,AIB; was synthesized through a novel molten salt method of etching MoAIB, resulting in

exceptional HER catalytic performance in alkaline conditions.

1. Introduction

With growing concern over the energy crisis and ecolog-
ical pollution, efforts are being made to develop sustain-
able and environmentally friendly energy [1-3]. Hydro-
gen is considered the best alternative to traditional fos-
sil fuels due to its high energy density, abundance, and
zero-emission of carbonaceous species [4-6]. Among the
current hydrogen production methods, electrochemical
water splitting is an environmentally friendly way to pro-
duce bulk hydrogen with high purity [7]. The practical
application of electrochemical water splitting relies on
high-performance catalysts for hydrogen evolution reac-
tion (HER), the half-reaction of water splitting [8-11].
Platinum (Pt) shows excellent electrocatalytic activity
on HER, but the scarcity of natural resources and high
cost hinder its large-scale applications [12-14]. There-
fore, developing non-precious metal electrocatalysts for
HER is attracting increasing research interest.

In recent years, 2D metal borides (MBenes) with
similar structures to 2D metal carbides and/or nitrides
(MXenes) have received increasing research interest.
MBenes exhibit excellent electrical conductivity and thus
hold great promise for HER [15]. Similar to the prepara-
tion of MXene from MAX phase precursor, MBene could
be prepared by selectively etching the A-site atoms from
ternary transition metal borides (MAB, M is a transi-
tion metal, A stands for IIIA or IVA element, and B is
boron) precursor [16-18]. Although density functional
theory (DFT) calculations have predicted many stable
MBenes, only a few types of MBenes have been success-
fully synthesized [19-23]. The current etching method is
to fully or partially etch the A-site element by immersing
the MAB phase precursors in an acid or alkali solution,
which typically requires a long preparation time [24]. For
example, Zhang et al. synthesized 2D CrB by immers-
ing Cr,AlB, in 0.5 M HCI at room temperature for 7
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days [21]. MoAl; B of different sizes can be obtained
by immersing MoAIB in 10% of aqueous NaOH for 24 h
[25]. Lucas T. Alameda et al. used NaOH by partially
etching the Al layer in MoAlB single crystals and further
investigated the HER activity in acidic electrolytes [26]. It
was found that the MoAIB precursor showed low activity
towards HER in acidic media. The activity was further
improved by partially etching the Al in MoAIB (301 mV
vs 400 mV, 10 mA cm™2) [26]. These recent studies pro-
vide ideas for exploring the HER of layered borides in
alkaline electrolytes.

However, it is challenging to obtain molybdenum-
based systems with high specific surface area lamel-
lar structures that have the advantage of high activ-
ity and stability [26,27]. Therefore, adopting a green,
safe, and short etching route may expand the variety
of the lamellar transition metal borides and offer new
possibilities for other application studies. Recently, a
general Lewis acid molten salt method has been pro-
posed to rapidly synthesize Ti-based MXenes [28,29].
This method is also expected to be applied to the
rapid preparation of MBene. To the best of our knowl-
edge, there are no reports about the synthesis of par-
tially etched MABs or MBenes by the molten salt
method.

In this work, the Lewis acid molten salt method was
proposed for etching the MoAIB precursor to obtain lam-
inated Mo, AlB, for the first time. When used as the
catalyst for HER, Mo, AlB, shows high catalytic activity
under alkaline conditions. At current density of 10 mA
cm ™2, it delivers low overpotential of 145 mV, suggesting
the potential applications as non-precious metal-based
electrocatalysts for HER.

2. Materials and methods
2.1. Preparation of Mo,AIB; powders

MOoAIB (400 meshes, purchased from 11 Technology Co.,
Ltd), KCl, NaCl, and CuCl,, were weighed in a molar
ratio of 1:1:1:6, where NaCl and KCl are used as the salt
bed, and CuCl; is the etching agent. Then, the mixture
was well mixed and heated, and the etching reaction tem-
perature was investigated in the range of 450-750°C at a
rate of 10°C/min for 30 min. The product was obtained
after being washed with deionized water to remove the
residual salt. In addition, the 1 M ammonium persul-
phate (APS) solution was stirred for 10 min at room tem-
perature with a magnetic stirrer to remove the copper
monomers produced by the reaction. Finally, the prod-
uct was washed three to four times with deionized water.
The final sample was dried in a vacuum oven at 60°C for
approximately 12 h.

2.2. Characterization

Phases identification of the synthesized products was
characterized using an X-ray diffractometer (XRD,
DX-2000) with Cu K, radiation (A = 0.15406 nm), and
the tube voltage is 40 kV, and the current is 30 mA. Scan-
ning electron microscopy (SEM, JSM-7900F) and energy
dispersion spectrometer (EDS, UltimMax65) were used
to observe the product’s microstructure and analyze the
element content and distribution. TEM images were
taken by a Talos F200S G2 working at 200 kV. The
electronic structure of the samples was analyzed by X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi)
using K, rays generated from an Al anode target at an
energy of 1487 eV, etched at 1 nm/s for 800 s and cali-
brated using Fermi edge.

2.3. Electrochemical measurements

In brief, the as-prepared catalysts (1 mg) with 40 uL
Nafion solution (DuPont, 5 wt%) and then dispersed
in a water/ethanol solution (1 mL, 2:1 v/v) were
ultrasonically dispersed 30 min to form the homo-
geneous ink. The obtained catalysts-loaded carbon
paper (1 x 1 cm, TORAY) by drop coating with cat-
alyst loading of 1 mg cm™? acted as the working
electrode. A graphite rod and a saturated calomel
electrode (SCE) as the counter electrode and the
reference electrode, respectively. All potentials were cal-
culated with respect to the reversible hydrogen elec-
trode (RHE) scale according to the Nernst equation
(Erue = Escp 4 0.0591 x pH+0.241 V; at 25°C) [30].
Linear sweep voltammetry (LSV) polarization curves
were measured at a scan rate of 5 mV s~! and all mea-
sured polarization curves were manually 80% iR com-
pensated. The HER polarization curves were corrected
by removing iRs from the measured potential, accord-
ing to the following equation: Ecorrected = Emeasured —
iRs80%. Where E orrecteds Emeasured> and i are the iR-
corrected potential, experimental potential measure-
ment, and current, respectively. All the electrochemical
measurements are evaluated by a typical three-electrode
system in 1 M KOH at an Autolab M204 (Metrohm,
Switzerland) electrochemical workstation. Electrochem-
ical impedance spectroscopy (EIS) measurements were
applied at an overpotential of open circuit voltages, along
with the frequency range from 10° Hz to 10~! Hz. The
electrochemical active surface area (ECSA) can be esti-
mated by the double-layer capacitance (Cq;), which was
obtained by linear fitting of the catalyst and was measured
by cyclic voltammetry (CV) over a range of non-faraday
reaction potentials (0.18-0.23 V vs RHE) at scan rates of
20, 40, 60, 80, 100, 120, 140 mV s !, respectively. The



current density difference plot (A] at 0.205 V vs RHE)
was linear with different scan rates. Before measurement,
the electrolyte solution was purged with N; gas (99.999%)
to remove O;.

3. Results and discussion
3.1. Materials synthesis and characterization

Figure 1(a) shows a schematic of the Lewis acid molten
salt synthesis process to prepare lamellar Mo, AIB; under
an Ar atmosphere. In brief, the CuCl,/NaCl/KCl salts
were mixed with the MoAIB precursor in a certain ratio
and heated to the reaction temperature under Ar protec-
tion for 30 min, then cooled to room temperature. At the
etching temperature, Cu?t in molten salts oxidized the
Al in the MoAIB MAB phase and formed reduced Cu
and volatile AICl4 [31]. The Cu particles generated dur-
ing the etching process were removed with 1 M ammo-
nium persulphate (APS) solution, and the excess salts
were washed with deionized water. The final products
were vacuum filtered and dried at 60°C under vacuum
for 12 h. Figure 1(b) depicts the X-ray diffraction (XRD)
patterns of the pristine MoAIB precursor and products
after etching in molten salt at 450-750°C for 30 min,
respectively. After etching at 450°C, the peak intensities
of the pristine MoAIB precursor are significantly weak-
ened, but the characteristic peaks of MoAIB remained,

(@)

CuCl, powder
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indicating the etching is incomplete. When the etching
temperature increases to 650°C, peaks of the MoAIB pre-
cursor disappear completely, and a new set of diffrac-
tion peaks appear. Besides, the (020) diffraction peak at
20 = 12.64° shifts to 13.56° (Figure S1), suggesting the
interlayer distance (dipter) of the precursor changes from
7.0 to 6.5 A, which explains the Al layer in MoAIB is
partial removal that is consistent with the reported XRD
pattern of Mo, AlB; etched from MoAIB [32]. To further
determine the purity of the molten salt-derived Mo, AlB,,
high-intensity XRD diffraction data were tested for struc-
tural refinement of the diffraction data using the Rietveld
method (Figure S2), and the cif file for Mo,AlB, was
derived from theoretical calculations (DFT) [33]. The
results showed that Mo,AlB,, Mo, and MoAIB were
present in the sample at 95.58, 2.78, and 1.64 wt%, respec-
tively, indicating the successful synthesis of Mo, AlIB;. A
higher etching temperature of 750°C is also explored.
The dominant phase of the product after being etched
at 750°C belongs to Mo (PDF#97-005-2267), suggest-
ing the higher temperature may destroy the structure of
MoAIB or Mo, AlB,. Thus, Mo, AlB; with a monolayer of
Al is synthesized by the Lewis acid molten salt method
using CuCl, as the etchant at 650°C for only 30 min,
which is in a much shorter preparation time than 48 h
reported in previous work. Moreover, this method also
avoids using dangerous high-concentration LiF + HCI
solutions [32].
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Figure 1. (a) Scheme of molten salt method of Mo, AlIB; in Ar. (b) XRD patterns of pristine MoAIB precursor and products after etched at
450-750°C for 30 min, respectively. (c-f) SEM images of pristine MoAIB precursor and products at different etching temperatures.



574 (&) Y.LIETAL

Figure 1(c-f) displays the SEM images of the pristine
MoAIB and the resulting products after etching at dif-
ferent temperatures. The ternary lamellar structure of
MOoAIB is partially exfoliated during etching and a dis-
tinct accordion-like layered pattern can be observed,
which aligns with previous research [24]. Additionally,
the interlayer expansion and dilatancy degree increase
with the increase in etching temperature during the
molten salt etching process. The Mo, AlB, derived from
molten salt has a thickness ranging from 20 to 30 nm
(Figure S4). The Energy Dispersive Spectra (EDS) and
elemental distribution mapping (Table S1 and Figure S3)
indicate that the Mo, Al, and B elements are uniformly
distributed throughout the particles. The Mo: Al atomic
ratio of MoAIB shifts from 1.01:1 to 1.98:1, further evi-
dencing the selective removal of an Al atomic layer from
MoAIB to form Mo, AlB,.

The elemental valence and chemical composition of
Mo, AlB; were further determined by X-ray photoelec-
tron spectroscopy (XPS). Figure S6 (a) shows an overview
XPS spectrum of the MoAIB precursor (yellow) and
Mo, AlB; (cyan). The signals of Mo, Al, B and O ele-
ments can be detected in both MoAIB and Mo, AlB,. A
weakening of the Al signal can be clearly observed in the
spectrum of Mo, AlB,, indicating a partial etching of Al
Figure S6 (b) shows the high-resolution spectra of Mo 3d
of MoAIB, the peaks at 228.22 and 231.45 eV are asso-
ciated with the Mo-Al-B (3ds,2) and Mo-Al-B (3d3/2)
bond [34]. Another two pairs of peaks are attributed to
MoO; (3ds; at 229.2 eV) and MoO3 (3ds/, at 230 eV)
[35]. Figure S6 (c) shows the high-resolution spectrum of
Mo 3d for Mo, AlB;, obtained after etching at an etching

rate of 1 nm/s for 800 s. We find that the binding energy
is reduced by nearly 1 eV compared to MoAIB, indicat-
ing that the partial etching of Al causes a change in the
elemental surface valence state, with peaks at 227.2 eV
(3ds/2) and 229.1 eV (3ds/,) are associated with Mo, AlB,
and MoO;. In addition, the high-resolution Al 2p and B
1s spectra are shown in Figure S6 (d and e). The peak area
of Al for Mo, AlB; in Figure S6 (d) is lower than that of
MOoAIB, also indicating the partial removal of Al. Figure
S6 (e) shows the high-resolution spectrum of B 1s for
MoAIB and Mo, AlB;, the signals at 188.3 and 188 eV are
related to the Mo-Al-B, and Mo, AlB;, respectively [34].

The microstructure of the etched product was fur-
ther investigated by transmission electron microscopy
(TEM). The TEM image of Mo,AlB; shows a sheet-
like multi-layer structure (Figure 2(a)). From the high-
resolution TEM (HRTEM) (Figure 2(b)) image, a dinter
value of 6.1 A was identified for the etched sample, which
is consistent with the XRD result. Additionally, the cor-
responding SAED pattern (Figure 2(c)) further confirms
the formation of Mo,AlB,. EDS mapping shows Mo,
Al, and B elements are uniformly distributed across the
flakes. The above characterizations demonstrate that the
MoAIB MAB phase precursor with a zigzag double alu-
minjum layer can be transformed to Mo,AlB, with a
single aluminium layer by selective etching of a layer of
Al atoms through the Lewis acid melt salt method.

3.2. The HER performance of Mo, AIB;

The electrocatalytic HER performance of the obtained
electrocatalysts was evaluated in a three-electrode system

Figure 2. (a) TEM, (b) HRTEM, and (c) electron diffraction image of Mo,AlIB; after etching at 650°C for 30 min. (d) HAADF-STEM image

and (e-g) corresponding EDS element mapping of Mo, AlIB;.
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Figure 3. HER catalytic activity of MoAIB, Mo, AIB;, and commercial Pt/Cin Ny-saturated 1 M KOH solution at 25°C. (a) Polarization curves,
(b) Overpotentials at 10 mA cm—2 of MoAIB, Mo,AIB, and commercial Pt/C electrocatalysts, and (c) Corresponding Tafel slopes, (d) EIS
plot and (e) Calculated electrochemical double-layer capacitance electrocatalyst for MoAIB and Mo, AlIB; electrocatalysts, (f) Stability
curves of MoAIB and Mo, AIB; tested at a constant current density of 10 mA cm™2 without iR compensation.

configuration using 1 M KOH as the electrolyte. For com-
parison, the polarization curves of MoAlIB, Mo, AlB,,
commercial Pt/C (20 wt%, TANAKA), and pure CP were
recorded (Figure 3(a)). The pure CP showed negligible
cathodic current densities, implying intrinsically poor
catalytic activities toward the HER. The MoAIB precur-
sor shows low activity, while the HER activity of the
layered Mo, AlB, obtained after selective etching is sig-
nificantly enhanced. The hydrogen precipitation overpo-
tentials of the three catalysts at 10 mA cm™~2 are shown in
Figure 3(b). Commercial Pt/C showed the lowest over-
potential at 10 mA cm™2, indicating the best catalytic
performance. It is worth noting that the overpotential
of Mo,AlB; is much lower than that of MoAIB pre-
cursor (145 mV vs 410 mV) when the current density
at 10 mA cm~2. It indicates that the layered structure
obtained after etching exposed more active sites, signif-
icantly improving catalytic performance. We conducted
additional experiments on the LSV curves of Pt/C and
Mo, AlB, at a high current of 200 mA/cm?, as illus-
trated in Figure S8. To provide a clearer representation
of the raw data, we chose not to compensate for the iR
drop. The results show that Mo, AlB, outperforms Pt/C
at 200 mA/cm?, which can be attributed to its supe-
rior catalyst properties and high electrical conductivity.
To gain more insight into the HER kinetics of the cat-
alyst after etching, Tafel slopes were calculated as they
are traditionally used to evaluate the rate-limiting step

of a multi-step HER reaction. Correspondingly, the Tafel
slope of the Mo, AlB; (76 mV dec™!) was notably lower
than the MoAIB (219.7 mV dec™!), as seen in Figure 3(c).
The results indicate that laminated Mo, Al1B, shows much
faster reaction kinetics, which may be attributed to the
partial removal of Al to form etched cavities [36], which
enhanced the interfacial reaction kinetics and further
improved the catalytic activity.

Electrochemical impedance spectroscopy (EIS) tests
were carried out at the frequency from 10° to 10~! Hz
to investigate the HER kinetics further. The charge trans-
fer resistances (Rct) were acquired by fitting the Nyquist
plots with an equivalent circuit. The EIS plots are shown
in Figure 3(d). The diameter of the semicircle of Mo, AlB,
is much smaller than MoAIB, indicating that the etched
layered Mo, AlB; catalyst has lower charge transfer resis-
tance, which is conducive to the HER reaction.

Additionally, the electrochemical surface areas
(ECSAs) of the MoAIB and Mo,AlB, catalysts were
evaluated using the double-layer capacitance (Cgqy) as
a descriptor that was measured by cyclic voltammetry
(CV). Figure S7(a-b) shows the CV curves of MoAIB and
Mo, AlB; electrocatalysts at different scan rates from 20
to 140 mV s~1. The ECSAs of two catalysts were com-
pared based on the double-layer capacitance calculated
from the CV curves at different scan rates. Electrochem-
ical double-layer capacitance (Cgj) obtained by linear
fitting, with slopes as Cq; value as shown in Figure 3(e),
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and the calculated Cgj value of Mo, AlB, is 1.31 mF cm ™2,
which is much higher than that of MoAIB (0.63 mF
cm™?), indicating the molten salt etching of MoAIB pre-
cursor yields Mo, AlB, with a layered structure expos-
ing more active sites, which in turn effectively expands
the electrochemically active region and thus improves
the catalytic activity. To assess the stability of Mo, AlB,.
Figure 3(f) shows the long-term stability of Mo,AlB;
at 10 mA cm™2, and it retains good stability after 24 h.
The above results indicate that selective etching of a
layer of Al atoms from the MoAIB MAB phase precur-
sor by the molten salt method results in stable layered
Mo, AlB; with good catalytic activity for HER in an alka-
line medium. The HER performance of Mo, AlB; was
compared to that of Mo-based materials and MXenes (as
shown in Tables S2 and S3). Mo, AlB, was found to have
a low overpotential of 145 mV at 10 mA cm~2, which
is lower than most Mo-based materials and MXenes,
demonstrating its potential for use in the HER process.

4. Conclusion

In summary, Mo, AlB; is successfully obtained by selec-
tively etching a layer of Al atoms from the MoAIB MAB
phase precursor via a Lewis acid molten salt method.
SEM and TEM observations showed an accordion-
like structure similar to molten salt derived multi-
layered MXene. The HER electrocatalytic performance of
Mo, AlB; in 1 M KOH solution is significantly improved
compared to MoAIB. It’s believed that the interfa-
cial interactions between the layers of Mo,AlB, make
its activity in alkaline electrolytes superior to that of
unetched MoAIB, and its layered structure increases the
electrochemically active specific surface area of the cata-
lyst and reduces the charge transfer resistance. This work
provides an effective strategy for etching other MAB
phases and demonstrates the great promise of layered
transition metal boride materials in electrocatalysis.
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