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All molybdenum borides with various phases such as Mo2B, a-MoB, b-

MoB, and MoB2 have been found to possess excellent electrocatalytic

hydrogen evolution reaction (HER) activity. Ultrathin two-dimensional

(2D) borides are expected to have both maximized surface active sites

and fast electron transport, ensuring higher HER activity. Here we

report the large-area preparation of ultrathin hexagonal Mo3B films of

6.48 nm thickness on Mo foils by chemical vapour deposition using

a mixture of boron and boron oxide powders as the boron source, and

hydrogen gas as both the carrier and reducing gas. The ultrathin film

exhibits fantastic stability in acidic solution and has a small Tafel slope

of 52 mV dec�1 which is the lowest value so far reported for molyb-

denum boride catalysts. Furthermore, our first-principles calculations

show that the ultrathin Mo3B film is metallic, which facilitates fast

electron transport along the active edges of the thin film for enhancing

the HER activity.
Boron-based materials have drawn signicant attention
because of their remarkable physical and chemical properties,
such as inconceivable structural complexity, high mechanical
strength, superconductivity, thermoelectricity, excellent chem-
ical stability and high catalytic performance.1–4 They should nd
extensive applications in highly efficient catalysis, thermal
neutron detectors, at plane displays and electron emission
nanodevices. For elemental boron, its electron deciency gives
rise to abundant allotropes in the bulk, suggesting diverse
fascinating chemistries with unusual structures and multi-
center bonding.5–8 However, boron cannot form hexagonal
monolayers like graphene because of its electron deciency.9

Theoretical studies suggested that buckled triangular boron
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lattice sheets with partially lled hexagonal holes are
stable.5,10–12 Boron monolayers with diverse hole structures and
densities have been predicted on suitable substrates such as Cu
(111) and Ag (111).13–15 Experimentally, our group reported the
formation of g-B28 two-dimensional (2D) lms on a copper
surface, consisting of B12 cages intercalated by B2 units.16 Aer
that, borophenes have been synthesized on silver surfaces using
molecular beam epitaxy techniques.17,18 The research advances
pave the way for potential applications of boron monolayers in
nanoscale electrical devices, and highly efficient energy
conversion and storage.

Following the discovery of boron monolayers, 2D metal
borides with covalent networks have also attracted enormous
interest owing to their unique structural, electronic, mechan-
ical, optical, thermal and magnetic properties.19–22 Among these
borides, theoretical predictions suggested that molybdenum
borides have abundant structures to represent fascinating
mechanical and chemical properties, which is established by
the arrangement and proportion of boron and molybdenum
atoms in a unit cell.23,24 In sharp contrast to molybdenum
sulphides,25–27 molybdenum borides have peculiar crystal
structures, which make the activity of these catalysts not easily
explained by the presence of unsaturated edge sites.4,28,29 They
have both good conductivity and abundant catalytically active
sites arising from the serious electron deciency of boron
atoms, which will lead to highly efficient electrocatalytic
hydrogen evolution reaction (HER) activity. Hu et al. found that
the commercial polycrystalline MoB powders exhibited excel-
lent electrocatalytic activities under both acidic and alkaline
conditions.4 Recently, Fokwa's team synthesized four binary
bulk molybdenum borides Mo2B, a-MoB, b-MoB, and MoB2 by
arc-melting approaches, and found that the HER activity of the
borides increases with increasing boron content.28 Besides,
ultrathin 2D materials possess maximized surface electroactive
sites resulting in the decrease of the diffusion length of ions and
increase of the contact area with the electrolyte.30,31 Moreover,
the reported metal borides are usually metallic, implying that
the materials are signicantly conductive. Therefore, fast
J. Mater. Chem. A, 2017, 5, 23471–23475 | 23471
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electron transport and abundant catalytically active edges
guarantee that 2D metal borides should have higher electro-
catalytic HER activity than the corresponding bulk. Until now,
however, 2D molybdenum boride lms have not been realized
in experiments, let alone studied for their catalytic properties.

Herein, we report the large-area preparation of ultrathin
Mo3B lms with a thickness of 6.48 nm on Mo foils by chemical
vapour deposition, where Mo foil was selected as the Mo source,
a mixture of high-purity boron and boron oxide powders as the
boron source, and hydrogen (H2) gas as both the carrier and
reducing gas. The structure of the ultrathin lms was charac-
terized by high resolution transmission electron microscopy,
selected area electron diffraction and energy dispersive spec-
troscopy. Our rst-principles calculations reveal that the Mo3B
lm is metallic, which allows for fast electron transport along
the active edges for potential application in the highly efficient
electrocatalytic HER. The measured results show that the thin
lms exhibit extremely excellent catalytic performance with
fantastic cycling stability and striking resistance to corrosion.

We prepared the ultrathin Mo3B lms via a home-made two-
zone CVD furnace, and the schematic diagram of the growth set-
up is shown in Fig. S1 (ESI†). The temperature of the two-zone
furnace is separately controlled for the source zone (T1) and
the deposition zone (T2). Before the growth, to ensure the
formation of a smooth foil surface and enlarge the grain
boundaries, the Mo foils were annealed at 1400 �C for 10 h in
a 50 sccm H2 gas (Fig. 1a (below) and Fig. S2, ESI†).32 Conse-
quently, the mixture of boron (B) and boron oxide (B2O3)
powders in the T1 zone was annealed at 1100 �C to produce the
diboron dioxide (B2O2) vapour, and the ultrathin lms were
controllably prepared in the T2 zone at 900 �C for 1 h in a 10
sccm H2 atmosphere (Fig. 1a). Aer the growth, the surface of
the thin lms on the Mo foil became slightly rough, as shown in
Fig. 1a (top). Finally, the lms were transferred onto various
substrates for further characterization (see the Methods
section).

The crystal structure of the Mo3B ultrathin lms is displayed
in Fig. 1b–d. It features a hexagonal (rhombohedral) symmetry
Fig. 1 Scanning electron microscopy (SEM) image and crystal struc-
ture of ultrathin Mo3B films. (a) SEM images of the Mo foil (below) and
ultrathin Mo3B films on the Mo foil (top). (b) Top view of the ultrathin
Mo3B film. (c) Structure of the basic unit cell of the thin film shown in
the ac projection. (d) Side view of the ultrathin Mo3B film. Unit cell
vectors are shown in (b–d).

23472 | J. Mater. Chem. A, 2017, 5, 23471–23475
with a space group of P63/mmc (R�3m). The top view of the crystal
structure in the ab projection shows that the structure is
hexagonal, in which boron and Mo atoms are located at 2c and
2b (4-f) sites, respectively (Fig. 1b). A unit cell of 14 atoms (a ¼
4.568, b ¼ 4.568, c ¼ 7.150 Å) is displayed in the ac projection
(Fig. 1c). The stoichiometric ratio of Mo and B is veried as 3 : 1.
The side view of the structure in the bc projection suggests the
appearance of substantially exposed Mo and B sites on the
surface of the thin lm (Fig. 1d), which offer procient cata-
lytically active sites for improving the catalytic activity of the
thin lm toward the highly efficient HER.

An ultrathin Mo3B lm was transferred to a 285 nm SiO2/Si
substrate by wiping off the bottom Mo foil with 2 M FeCl3
solution. The corresponding optical image shows that the lm
has a large area and is ultrathin (Fig. 2a). Furthermore, scan-
ning electron microscopy (SEM) was utilized to characterize the
morphology of the Mo3B lms (Fig. S2a, b and S3a, ESI†). The
results show that the ultrathin Mo3B lm is grown on the
surface of the Mo foil, which is completely different from
annealing the Mo foil (Fig. S2c and d, ESI†). Furthermore, we
obtained the energy dispersive X-ray (EDX) spectrum of the
rectangular area shown in the SEM image of the Mo3B lm on
the SiO2/Si substrate (Fig. S3b, ESI†). The EDX spectrum
unambiguously veried that the Mo and B ratio is approx. 3 : 1,
in good agreement with the predicted ratio of Mo3B. The cor-
responding EDS mapping analysis reveals a homogeneous
distribution of Mo and B elements in the sample, as shown in
Fig. 2 Structural characterization of the ultrathin Mo3B films. (a)
Optical image of the Mo3B ultrathin film on a 285 nm SiO2/Si substrate.
(b) AFM image of the ultrathin film transferred to the substrate. The
height profile along the white line shows a thickness of 6.48 nm at the
bottom left corner of the inset, indicating that the film is ultrathin. (c)
Low-magnification TEM image of the ultrathin film transferred to the
holes of a Cu net without the carbon film. The yellow dotted line
represents the edge of the thin film. The pink arrow refers to the hole
of the Cu net. (d) High-magnification TEM image of the ultrathin film.
The inset at the upper right is the SAED image. (e) High-resolution TEM
image taken from the area shown by the red box in (d). The inset is the
corresponding fast Fourier transform (FFT) pattern, indicating that the
crystal structure is hexagonal. The lattice spacings of 2.23 and 2.58 Å
can be respectively indexed to the (100) and (110) crystal faces of
hexagonal Mo3B. (f) Structure of the hexagonal Mo3B thin film. The two
oppositely charged sublattices are indicated in different colours (Mo:
royalblue; B: magenta).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 First-principles calculations of the electronic properties of the
Mo3B thin film. (a) The electronic band structure of the Mo3B thin film.
The Fermi level is shown by the red dashed line. (b) Calculated total
density of states (black line) and the local density of states of the Mo (s,
p and d) and B (s and p). (c) Electron density map of the ultrathin Mo3B
film. (d) Free energy evolution of H with respect to the standard
hydrogen electrode (SHE) during the HER catalysed by various
materials.
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Fig. S3c and d (ESI†). Moreover, the grazing angle incidence X-
ray diffraction (XRD) pattern of the ultrathin lm on the Mo foil
demonstrates that a characteristic diffraction peak can be
indexed to the (110) lattice plane of the Mo3B crystal, which is in
good agreement with the XRD pattern predicted by using the
JEMS electron microscopy simulation soware (Fig. S4, ESI†).
To further evaluate the thickness of the ultrathin lm, the
atomic force microscopy (AFM) image was obtained and it
shows that the thickness of the Mo3B lm is 6.48 nm (Fig. 2b),
which ts well with those of widely accepted ultrathin lms.33

Transmission electron microscopy (TEM) and the corre-
sponding selected-area electron diffraction (SAED) were adop-
ted to conrm the quality and lattice structure of the Mo3B
lms. The low magnication TEM image shows that the lm is
ultrathin and has a large area (Fig. 2c). The high resolution TEM
(HRTEM) image and the corresponding SAED pattern show that
the ultrathin lm exhibits high crystallinity (Fig. 2d). The cor-
responding atomic layer of the thin lm was reconstructed by
masking the two-dimensional fast Fourier transform (FFT)
pattern (the inset of Fig. 2e), and the result reveals that the thin
lm has a hexagonal lattice structure with lattice spacings of
approximately 2.23 and 2.58 Å, which correspond to the (100)
and (110) crystal planes of the rhombohedral Mo3B, respec-
tively. The experimental results are excellent and consistent
with the structural parameters obtained by rst-principles
calculations (Fig. 2f).

To gain insight into the electronic properties of the ultrathin
Mo3B lm, rst-principles calculations within the density
functional theory framework, based on the Cambridge
Sequential Total Energy Package known as CASTEP, were per-
formed to determine the exchange–correlation potential of the
Mo3B. The in-plane electronic structure and electronic states of
the sample along the c-axis were illustrated by the dispersions
along the high-symmetry points (K, Z, G, F, H, Q and Z), as
shown in Fig. 3a. It was found that the top of the valence band
goes through the bottom of the conduction band, denoting that
the Mo3B thin lm is metallic. Our calculated projected elec-
tronic density of states (PDOS) to understand the bonding
mechanism of Mo3B is plotted in Fig. 3b. The major orbital
occupancy near the Fermi level can be attributed to Mo 4d
orbital electrons which are the principal cause of themetallicity.
The charge density of the Mo3B thin lm shows that the elec-
tron densities around Mo decrease while an enhancement of
the electron density is observed at each B atom (Fig. 3c). This
structure allows the charge-transfer from Mo to B atoms, which
reduces the d-band center of Mo atoms and further decreases
the hydrogen-binding energy. The result, in turn, favors the
electrochemical desorption of Hads and results in a relatively
moderate Mo–H binding strength, which brings about the
enhancement of the electrochemical HER activity. By calcu-
lating the free energy of adsorbed H on the surface of the Mo3B
thin lm based on the Sabatier principle (Fig. 3d and S5, ESI†),
free energies of ultrathin Mo3B lm surfaces terminated with
Mo–B and Mo are respectively �0.22 and �0.30 eV while they
are remarkably closer to the Fermi level compared with
�0.56 eV of the Mo foil, suggesting that the ultrathin Mo3B lm
with high exposure of boron atoms should have excellent
This journal is © The Royal Society of Chemistry 2017
catalytic performance compared to pure Mo metal. Therefore,
combining the excellent electrical conductivity and a large
amount of active edge sites facilitates highly efficient catalytic
activity in the HER.

The density of states (DOS) of Mo3B surfaces with Mo–B and
Mo terminations and Mo3B nanosheets has also been calcu-
lated to demonstrate the signicance of synthesizing the
ultrathin 2D structure, as shown in Fig. S6 (ESI†). It can be
observed that the d-band center energies of Mo3B surfaces
terminated with Mo–B and Mo are �2.10 and �2.15 eV,
respectively. The downshi of the d-band center of the Mo3B
surface terminated with Mo–B leads to the decrease of the
hydrogen binding energy (HBE) which enhances the HER
activity owing to higher exposure of Mo and B atoms on the
Mo3B (001) surface.34,35 Furthermore, decreasing the thickness
of the nanolms will improve the HER activity again.36

To probe the purity and electronic structure of the ultrathin
Mo3B lm, Mo 3d and B 1s core level XPS spectra were respec-
tively measured (Fig. S7, ESI†). The peaks located at 231.4 and
228.2 eV in the Mo 3d spectrum can be attributed to the borides
(Fig. S7a, ESI†).4,28 To discuss the oxidation state of Mo element
in the lm, the deconvolution of the spectrum which indicates
two doublets at 236.1/232.9 eV (Mo6+ 3d3/2/3d5/2) and 231.7/
228.8 eV (Mo4+ 3d3/2/3d5/2) which can be assigned to the high
oxidation state of Mo (MoO3 and MoO2).4,28 The B 1s spectrum
of the ultrathin Mo3B lm was also deconvoluted into two
distinct species at 189.3 and 193.3 eV (Fig. S7b, ESI†). The
former is assigned to the interaction of boron with molyb-
denum while the latter is due to boron-oxo species.28

The electrocatalytic HER activity of the ultrathin Mo3B lms
for the water splitting reaction was measured in 0.5 M H2SO4

using a standard three-electrode system. During this activation
J. Mater. Chem. A, 2017, 5, 23471–23475 | 23473
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process, a calomel electrode and a high-purity graphite rod were
adopted as the reference and the counter electrode, respectively.
To compensate for the voltage drop between the working and
the reference electrode, an iR correction was realized in the
polarization process, and the obtained iR-corrected polarization
curves of the samples are shown in Fig. 4a. Bare Mo foil and
commercial Pt foil were also tested for comparison. The ultra-
thin Mo3B lm on the Mo foil synthesized at 900 �C for 1 h
exhibits a remarkably high electrocatalytic activity with an onset
potential of 115 mV. The overpotential of the Mo3B lm is
249 mV at a constant current density of 20 mA cm�2 which is
considered as a typical reference metric for the electrocatalytic
performance.31 In comparison, the lms grown at 700, 800 and
1000 �C for 1 h have overpotentials of 334, 305 and 391 mV,
respectively. The performance degradation results from the
formation of amorphous structures at 700, 800 and 1000 �C
which weakens the electron transport along the surface of the
thin lms (Fig. S8, ESI†). The oxidation of the Mo surface
cannot be used to explain the high electrocatalytic activity of the
ultrathin Mo3B lm (Fig. S9, ESI†), suggesting that exposed
boron atoms should be responsible for the high HER activity.

To understand the underlying mechanism of the highly
efficient electrochemical HER activity, Tafel slopes derived from
the polarization curves are obtained, as shown in Fig. 4b. The
linear segments of the plots were tted to the Tafel equation
(h ¼ b log(j) + a, where j is the current density and b is the Tafel
slope). In agreement with the reported value,31,37 the measured
Tafel slope of the Pt foil is 30 mV per decade. The ultrathin
Mo3B lm grown at 900 �C for 1 h has a small Tafel slope down
to 52 mV per decade, while the lms synthesized at 700, 800 and
Fig. 4 Electrocatalytic performance of ultrathin Mo3B films. (a) HER
iR-corrected LSV curves of ultrathin Mo3B films on the Mo foil in 0.5 M
H2SO4, along with a pure Mo foil and a standard Pt electrode. The scan
rate is 5 mV s�1. (b) Corresponding Tafel plots (log current versus
potential) of the samples in comparison with that of the Pt foil. (c)
Electrochemical impedance spectroscopy (EIS) Nyquist plots of the
samples grown at different temperatures. (d) Stability tests of the Mo3B
film grown at 900 �C for 1 h through potential cycling. Violet line: the
polarization curve of the sample at the initial time. Red line: the
polarization curve of the sample after 2500 cycles.

23474 | J. Mater. Chem. A, 2017, 5, 23471–23475
1000 �C for 1 h give rise to Tafel slopes up to 64, 72 and 94 mV
per decade, respectively. Besides, the bare Mo foil achieves
a Tafel slope of 146 mV per decade. It is noted that the small
Tafel slope is preferable for practical catalytic application
because it is responsible for a high HER rate at the same over-
potential.35 The small overpotential and Tafel slope of the
ultrathin Mo3B lm exhibit unique superiorities in a highly
efficient HER in comparison with other molybdenum-based
materials, as shown in Fig. S10 and Table S1 (ESI†). The
experimental results further reveal that the ultrathin Mo3B lm
synthesized at 900 �C for 1 h has an excellent HER activity.
Furthermore, the electrochemical double-layer capacitance (Cdl)
was measured to evaluate the electrochemically active areas.
The ultrathin Mo3B lm grown at 900 �C exhibits a Cdl of
16.62 mF cm�2 which is larger than those of the nanolms
obtained at 700, 800 and 1000 �C (Fig. S11, ESI†).

The interfacial properties and HER kinetics of the ultrathin
Mo3B lms on Mo foil could be analyzed by electrochemical
impedance spectroscopy (EIS). Equivalent circuitmodels based on
an electrochemical reaction as the circuit elements were utilized
to investigate the electrode/electrolyte interface and comprehend
the physical meaning of action processes.38 The Nyquist plots of
the lms were measured in a frequency range of 10�2 to 105 Hz
under a 5 mV AC signal amplitude (Fig. 4c), and the equivalent
circuit model is shown in the top right corner of Fig. 4c. The
resistance of the electrolyte (Rs, namely, R1 in the model) and
charge-transfer resistance (Rct, namely, R2 in the model) as well as
CPE associated with the kinetics of the HER of each lm and bare
Mo foil are shown in Table S2.† The ultrathin Mo3B lms exhibit
much lower Rct than the bare Mo foil and other thin lms on the
Mo foils. The results further demonstrate that the crystallinity of
the lms favors charge transport on the electrode/electrolyte
interface to enhance the electrocatalytic performance.

To assess the durability of the ultrathin Mo3B lms during
electrocatalytic hydrogen evolution progress in acidic solution,
we performed cyclic voltammetry (CV) sweeps varying from 0 to
�0.6 V (vs. the RHE) at a scan rate of 50 mV s�1. Aer 2500 CV
sweeps, a negligible degradation of cathodic current was
observed, and the overpotentials at current densities of 20 and
60 mA cm�2 increased by less than 10 and 15 mV, respectively
(Fig. 4d). The stability was also elucidated using a constant
overpotential of 0.2 V during a long period of 15 h, and there
was no signicant current degradation, suggesting that the
ultrathin Mo3B lm was extremely stable under HER condi-
tions, as shown in Fig. S12.† Furthermore, the crystal structure
stability was determined from the HRTEM images, which
indicated that the sample still retained the hexagonal structure
aer 1000 and 3000 CV sweeps despite the slight structural
distortion of the sample (Fig. S13†).

In conclusion, ultrathin crystalline Mo3B lms have been
successfully synthesized on molybdenum foils by chemical
vapor deposition. Because of not only exposed Mo and B sites
providing abundant active sites, but also crystalline and
metallic structure characters giving rise to excellent electrical
conductivity, the ultrathin Mo3B lms exhibit striking catalytic
performance, superlong cycling stability and signicant resis-
tance to corrosion. Our work has opened the door for future
This journal is © The Royal Society of Chemistry 2017
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studies and potential applications of molybdenum boride with
diverse phase structures and other 2D metal borides in
advanced HER electrocatalysis.
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