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Exploring low cost and high efficiency catalysts for hydrogen production from electrochemical water
splitting is preferable and remains a significant challenge. As an alternative to Pt-based catalysts,
molybdenum nitrides have attracted more attention for their hydrogen evolution reaction (HER).
However, their performance is restricted due to the strong bonding of Mo-H. Herein, molybdenum

nitrides with Pt-doping are fabricated to enhance the catalytic activity for HER in acidic solution. As
2
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expected, Pt (5 wt%)-MoN, delivers a low overpotential of 47 mV at a current density of 10 mA cm™

DOI: 10.1039/d3ra06954k with a high exchange current density (jo = 0.98 mA cm™2). The superior performance is attributed to the
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Introduction

Hydrogen energy possessing the virtues of high-energy density
and being pollution-free has been regarded as an alternative to
traditional fossil fuels for energy conversion, storage, and
utilization. Currently, industrial hydrogen production is
mainly produced from steam reforming of hydrocarbons and
coal gasification, which inevitably releases a large amount of
CO, and causes environmental pollution and global warming.**
Hydrogen from electrocatalytic water splitting powered by
intermittent electricity generated from renewable energy sour-
ces (e.g., wind, solar, and tidal) is recognized as a greener
sustainable approach. To date, platinum-based materials
having low hydrogen absorption Gibbs free energies are still the
state-of-the-art catalysts for the hydrogen evolution reaction
(HER).”® However, its low abundance and high cost have
hindered the large-scale practical application for HER.'
Therefore, it is highly desirable to design and fabricate robust
catalysts with low Pt loadings or even Pt-free toward HER.

To effectively reduce the Pt-loadings, many efforts have been
devoted to develop highly efficient non-noble metal-based
materials, such as transition metal carbides,' nitrides," phos-
phides,™ oxides," sulfides,” and carbon-materials.’® Among
these, molybdenum-based carbides or nitrides have been
intensively pursued as promising catalysts due to the similarity

“College of Chemical Engineering, Shanxi Institute of Science and Technology,
Jincheng, Shanxi, 048000, China. E-mail: wangjie2@sxist.edu.cn

*National Engineering Laboratory for Reducing Emissions from Coal Combustion,
Engineering Research Center of Environmental Thermal Technology of Ministry of
Education, Shandong Key Laboratory of Energy Carbon Reduction and Resource
Utilization, School of Energy and Power Engineering, Shandong University, Jinan,
Shandong, 250061, China. E-mail: zhangxr1216@126.com
(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra06954k

© 2023 The Author(s). Published by the Royal Society of Chemistry

modified electronic structure of Mo with Pt incorporation.

of their d-band electronic structure to that of platinum-based
materials.””™® Additionally, molybdenum carbides and
nitrides possess superior corrosion resistance, high electronic
conductivity, and excellent mechanical properties.”>** Further-
more, Molybdenum carbides have been widely used in various
catalytic reactions including hydrogen evolution,® oxygen
reduction,” hydrogenation reactions,” the water gas shift,**
methanol reforming,* and so on. Molybdenum nitrides, as an
interstitial compound with similar structure and electronic
properties of molybdenum carbide have high unoccupied d-
orbitals, which result in a stronger Mo-H bonding and poorer
H, desorption.?*?® Therefore, enhance the catalytic activity of
molybdenum nitrides is still a great challenge. Both experi-
mental and theoretical researches have revealed there are
strong interactions between molybdenum nitrides and surface
metal species.”®* Hence, it is expected molybdenum nitrides
can not only act as an excellent support for the catalysts prep-
aration, but also modulate their electronic structure.?

Traditionally, the synthesis methods of molybdenum nitride
(Mo,N) including thermal treatment of metal salts or metal
oxides in an inert or NH; atmosphere is difficult to control the
morphologies and dispersion.* In addition, it was reported that
the synthesis of molybdenum nitrides (MoN and MosN) is used
by salt-templated methods, which involved using large amounts
of NaCl.*>** Hence, synthesis of molybdenum nitrides with
a large amount of catalytic active sites still remains highly
challenging to optimize the nanostructure for achieving higher
HER activity.

During HER processes, the adsorption and desorption of
hydrogen on the catalysts’ surfaces play pivotal roles in their
electrocatalytic activities.** Thus, a favourable affinity between
catalyst and hydrogen prefers the formation of H,4s interme-
diates and release of H,, which boosts HER activity.'”*® It has
been confirmed the introduction of metal vacancies and the
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group VIII elements are promising strategies for adjusting d-
band of Mo.****** For example, Co-doped Mo,C could effec-
tively improve the HER performance of Mo,C, which is derived
from the modifiable electronic structure around the Femi level,
leading to an increase of electronic density of around Mo sites.*®
Meanwhile, the synergistic effect of Co incorporation and Mo
vacancies could tune electronic features of Mo and optimize the
strength of Mo-H bond, thereby enhancing HER performance
of Mo,C.>¢

Inspired by the above achievements, we herein developed Pt/
MoN, catalysts as active and stable HER electrocatalysts in
acidic media. Pt (5 wt%)-MoN, showed excellent catalytic
performance with 1,0 of 47 mV, close to commercial Pt/C.
Meanwhile, molybdenum nitrides doped with other precious
metals (Pd and Ru) were also fabricated, which can also boost
HER performance compared with bare MoN,.

Results and discussion

MoO; nanobelts were prepared by the hydrothermal method
using molybdenum powder as the precursor. In brief, molyb-
denum powers are oxidized by hydrogen peroxide (H,0,, 30%)
followed by solvothermal treatment at 180 °C for 48 h. The
crystalline structure and 1D morphology of MoO; are shown in
Fig. S1 and S2.7 The characteristic diffraction peaks in its XRD
patterns could be assigned to the orthorhombic phase of MoO;
(PDF # 05-0508). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) results display that the
MoO; nanobelts have widths in the range of 120 to 350 nm and
their length can reach several micrometers (Fig. S27).

MoN, was fabricated by ammoniation of as-synthesized
MoO; at 750 °C for 5 h. The crystaline structure of the cata-
lysts was firstly investigated by X-ray diffraction (XRD) pattern.
XRD result of bare MoN, demonstrates the coexistence of cubic
Mo,N and hexagonal MoN phases. The peaks located at about
37.1°, 43.1°, 62.7°, and 75.2° correspond to (111), (200), (220),
and (311) planes of Mo,N (PDF # 25-1366), accordingly. Whereas
two weak diffraction peaks at 36.1° and 48.8° belong to the (200)
and (202) planes of MoN (PDF # 25-1367), respectively (Fig. 1a).
When the loading of Pt is about 3 wt%, the characteristic
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diffraction peaks of Pt tend to appear. Further increasing its
loading to 5% (Pt-5), diffraction peaks at 39.8° and 46.3°, cor-
responding to (111) and (200) crystal planes of Pt, become
discernible (Fig. 1b). Specifically, the peaks at about 37.1°,
corresponding to the (111) crystal plane of Mo,N, is slightly
shifted to a low angle after loading Pt, confirming that Pt-
doping changes the lattice parameters of Mo,N. Pt-5 displays
the best electrocatalytic performance among as-synthesized
samples, therefore, it is used for the following characteriza-
tions unless specified.

The morphology of MoN, is not inherited the 1D morphology
of MoO; nanobelts from SEM results (Fig. 2a, S2, S3a and bf¥).
TEM result shows that MoN, is composed of small nano-
particles (=20 nm). High-resolution TEM (HRTEM) image
reveals the lattice fringes with d-spacing of 0.241 nm and
0.248 nm, corresponding to the (111) and (200) planes of the
Mo,N and MoN, respectively (Fig. S3ct). SEM and TEM images
indicate the synthesized Pt-5 retains the initial morphology of
MoN, with a rough and porous surface (Fig. 2a and b). The
porous structures are verified by N, adsorption/desorption
isotherms curves (Fig. S4af). The isotherms exhibit the III-
type porous structure, indicating the coexistence of mesopores
and macropores for Pt-5.*”% Pore size distribution curves are
multimodal, with mesopores approximately centered at 8 nm
and a wide distribution up to 75 nm (Fig. S4bt). The HRTEM
image shows, new lattice fringes with interplanar spacings of
0.222 nm are clearly observed and could be assigned to the (111)
plane of Pt (Fig. 2c). Selected area electron diffraction (SAED)
pattern reveals the characteristic (111) and (220) facets of Mo,N
and (111) facets of Pt (111). High-angle annular dark field
scanning TEM (HAADF-STEM) image and corresponding
elemental mapping images indicate the uniform distribution
of N, Mo, and Pt in the selected area (Fig. 2e-h and S3d¥).

The HER performance of as-synthesized catalysts and
commercial Pt/C catalyst was investigated in an acidic electro-
lyte using a three-electrode system. The loading of each catalyst
is fixed at 0.4 mg cm > on a carbon paper electrode. Fig. 3a
shows the linear sweep voltammetry (LSV) polarization curves of
the obtained-catalysts in 0.5 M H,SO, and 20% Pt/C as refer-
ence. The overpotentials (7,,) of bare MoN,, Pt-1, Pt-3 and Pt-5
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Fig. 1 The XRD patterns of the bare MoN, (a) and Pt—MoN, (b).
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Fig. 2 SEM (a), TEM (b), HRTEM (c), SAED pattern (d) and TEM elemental mapping (e—h) of Pt-5.

are 349, 65, 52 and 47 mV @10 mA cm > (Fig. 3b), respectively.
The corresponding overpotentials of catalysts at 75, are depic-
ted in Fig. 3b. Therefore, the activities of these catalysts are
significantly improved with the increase of the loading of Pt.
However, further increasing the loading of Pt on MoN, to 7%
could not lead to a higher catalytic activity as reflected from its
overpotential, e.g. 48 mV @10 mA cm 2. Since commercial 20%
Pt/C catalyst has the lowest overpotential of 33 mV for achieving
the current density of 10 mA cm ™2, implying that the loading
amount of Pt on MoN, substrate is not the solely factor deter-
mining the catalytic activity. Furthermore, the overpotential
(m10) of Pt-5 is comparable to those of the reported Mo-based
catalysts (Table S1}). Meanwhile, MoN, doped with other
noble metallic nanoparticles were also synthesized using the
same protocol as Pt-5 and investigated their electrocatalytic
HER performance (Fig. S6T). Ru/MoN,, Pd/MoN,, and Au/MoN,
require the overpotential of 120, 238, and 320 mV to deliver

© 2023 The Author(s). Published by the Royal Society of Chemistry

a current density of 10 mA cm >

that of Pt-5.

Tafel slope was used to evaluate reaction kinetics and the
rate-determining step by the Tafel equation (n = a + blogj,
where a, b, and j represent intercept, Tafel slope and current
density, respectively).***' The Tafel slope for Pt-5 is 43 mV
dec™, which is lower than those of Pt-1 (57 mV dec ') and
MoN, (114 mV dec™'). The smaller Tafel slope demonstrates
there is a fast increase of the hydrogen generation rate for Pt-
5.2041 1t is accepted that HER in acidic condition goes through
two processes, including electrochemical reduction step
(Volmer step) with a Tafel slope of 120 mV dec ' and the
desorption of adsorbed hydrogen. The latter is either electro-
chemical desorption (Heyrovsky step) with a Tafel slope of
40 mV dec™" or recombination step (Tafel step) with a Tafel
slope of 30 mV dec™ *.* The Tafel slope (43 mV dec ') over the
Pt-5 catalyst is close to that of Heyrovsky step, suggesting

, respectively, but inferior to

RSC Adv, 2023, 13, 34057-34063 | 34059
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Fig.3 Polarization curves of MoN,, Pt-1, Pt-3, Pt-5, and Pt/C (a); corresponding overpotentials at the current densities of 10 and 50 mA cm™~2 (b);
Tafel plots of Pt/C, Pt-5, Pt-1, and MoN, (c); Nyquist plots and equivalent circuit of MoN,, Pt-1, Pt-5, and Pt/C (d); mass activities of Pt-5 and Pt/C
at an overpotential of 50 and 100 mV, respectively (e); polarization curves of Pt-5 with an initial and after 2000 cycles, and the inset image shows

long-time stability of Pt-5 obtained at 10, 50 and 100 mA cm™2 (f).

a Volmer-Heyrovsky mechanism reaction (H;O" + ¢~ = Hypqgs +
H,0 and H' + e~ + H,qgs = H,) onto the surface of Pt-5 and the
electrochemical desorption (Heyrovsky step) is considered as
the rate-limiting step, different from a Volmer-Tafel mecha-
nism (H;O' + e~ = H,qs + H,O and H,gs + Hags = H,) for
commercial Pt/C (Fig. 3c).""*** The exchange current density
(o, » = 0) obtained by the extrapolation of Tafel plots is used to
assess the intrinsic catalytic activity.*** Pt-5 is found to have
a larger HER j, value of 0.98 mA cm 2, higher than 0.59 mA

34060 | RSC Adv, 2023, 13, 34057-34063

cm~? of commercial Pt/C, revealing excellent catalytic activity of
Pt-5. To further compare the activity of Pt-loading catalysts, the
mass activity is calculated by normalizing the content of Pt. The
mass activity of Pt-5 displays an approximate 2.7-fold higher
than that of commercial Pt/C at the overpotential of 50 and
100 mV, respectively (Fig. 3e).

Electrochemical impedance spectroscopy (EIS) tests were
performed at the applied potential of 300 mV (Fig. 3d). The
lower charge transfer resistance (R.) of Pt-5 is lower than those

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of Pt-1 and MoN,, indicating a faster charge transfer and more
favorable reaction kinetics for HER.”*** Electrochemical active
surface areas (ECSA) were measured using the cyclic voltam-
metry (CV) curves in the potential range from 0.2 to 0.4 V (versus
RHE) with scan rates of 5, 10, 20, 40, and 80 mV s~ * (Fig. S81).
The double-layer capacitance (Cq;) derived from the CV curve is
proportional to ECSA. Larger Cq; indicates more exposed surface
active sites. As illustrated in Fig. S8d,} there is a higher Cy, for
Pt-5 (12.1 mF cm ™ ?) than those of Pt-1 (8.3 mF cms™ %) and MoN,,
(7.2 mF em™?).

To explore the origin of the higher HER activity of Pt-5, the
surface elements and valence state were investigated by X-ray
photoelectron spectroscopy (XPS). The survey spectrum veri-
fied the existence of N, Mo, and Pt (Fig. S7at). The Mo 3d of
high-resolution XPS spectrum could be deconvoluted into three
doublet peaks with separated spin-orbit components (4 = 3.15
eV) for three states of Mo”", Mo"", and Mo®* on the Mo surface
(Fig. 4a). For bare MoN,, the peaks at the binding energy (BE) of
229.04 and 232.19 eV for Mo 3ds;, and 3d;,, respectively, are
originated from Mo”" (¢ = 2 or 3) of Mo-N in MoN,.*® The
peaks located at 230.08 and 233.23 eV are attributed to Mo 3ds),
and Mo 3d,,, of Mo*" for M0O,.” And the doublet peaks of
232.82 and 235.97 €V are ascribed to Mo 3ds,, and Mo 3d3,, of
Mo®" for MoO;. The inactive MoO, and MoOj; are derived from
surface oxidation of MoN,, which is commonly inevitable upon
air exposure.**® Compared to the bare MoN,, the Mo 3d peaks
of Pt-5 and Pt-1 exhibit obvious red-shifts (Fig. S7b and Table
S27). The positions of Mo”" peaks shift to lower binding energy
implying that there are more electrons surrounding the Mo
atoms.”**® The enriched electrons around Mo can improve HER
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activity by decreasing the density of empty d-orbitals and opti-
mizing Mo-H binding energy.*® As confirmed by the results, Pt
doping could modulate the electronic feature of Mo. This is
coincident with the literature reports, the electron structure of
Mo could be tuned via doping transition metals."”** Consid-
ering the partial overlap of N 1s and Mo 3p,* the N 1s spectrum
can be fitted into three peaks (Fig. 4c). The peaks located at
394.85 and 397.72 eV correspond to N 1s and Mo 3p of Mo-N,
respectively. The remaining peak at 399.97 eV is attributed to
Mo-O of MoO, for Mo 3p.*** The XPS results of N 1s, Mo 3d,
and Mo 3p verify the formation of the MoN,. The XPS spectrum
of Pt 4f can be deconvoluted into two doublet peaks (Fig. 4b).
The peaks at 71.55 and 74.85 eV are attributed to metallic Pt,
and the peaks at 72.52 and 76.86 €V are assigned to Pt>*.*?

The stability of the catalyst plays an important role in the
practical electrocatalysis process. The stability of as-synthesized
catalyst was evaluated by continuous CV cycling tests and the
chronopotentiometric curve. As shown in Fig. 3f, there is
a slight decay with an overpotential of 5 mV for Pt-5 after 2000
CV cycles between —0.5 and 0.2 V (versus RHE). Moreover, multi-
current steps chronopotentiometry curve of Pt-5 was recorded
with current densities of 10, 50, and 100 mA cm 2. During each
constant current period, the potential change is negligible. All
these results demonstrate Pt-5 has a higher durability for HER
in acidic electrolyte. Furthermore, the structural stability of Pt-5
was further confirmed by XRD and TEM after long-term oper-
ation (Fig. S91). According to the results of XRD patterns and
TEM images, the crystalline structure and morphology of Pt-5
are well preserved after continuous CV cyclings and chro-
nopotentiometric tests.
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Fig. 4 High-resolution XPS spectra of Mo 3d (a), Pt 4f (b) and N 1s/Mo 3p (c).
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Conclusion

In summary, Pt-doping molybdenum nitrides electrocatalysts
were fabricated by hydrothermal-ammoniation, followed with
wetness impregnation-reduction process for efficient hydrogen
evolution reaction. It is found that introducing an appropriate
amount of Pt can enrich the electron around Mo, which leads to
weakening of Mo-H bonding energy, thereby enhancing HER
activity. As a result, Pt (5 wt%)-MoN, exhibited excellent
performance with a lower overpotential (;o = 47 mV) and Tafel
slope (43 mV dec™'), comparable to most of the reported Mo-
based catalysts. This work may provide a strategy to develop
transition metal nitrides with modifiable electronic structure
for electrocatalysis.
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