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Abstract. We have studied the electrolysis of water, by performing a combined experimental and theoretical study of
the hydrogen evolution reaction (HER) capability of Mo2 C–Mo2 N composites. Experimentally, we have synthesized
nanowires with varying Mo2 C:Mo2 N ratios. We have found that the composites show good HER activity in an acidic
medium, that is superior to that of either pristine Mo2 C or Mo2 N. These experimental results are supported by ab initio
density functional theory calculations. Interestingly, we find that it is vital to incorporate van der Waals corrections to
accurately reproduce the experimentally observed structural transition from an orthorhombic to tetragonal phase as x, the
N concentration in Mo2 C1x Nx , is increased. By computing Gibbs free energy for H adsorption on Mo2 C1x Nx surfaces,
our calculations confirm the experimental finding that mixed systems have superior HER activity to pristine systems, with
N-rich systems being most active.
Keywords. Water splitting; hydrogen evolution; molybdenum carbide; molybdenum nitride; density functional theory;
electrolysis.

1.

Introduction

The growing concern regarding pollution and global
warming caused by fossil fuel combustion has led to an
acceleration in research towards finding alternative renewable and sustainable energy sources [1,2]. Hydrogen is a
promising alternative to fossil fuels, as it has the highest
energy density per unit mass, and water is the only byproduct formed when hydrogen is combusted in an engine or
transformed into electricity in a fuel cell. Even though
hydrogen is known to be the most abundant element in the
universe, it is not easily found in its free molecular form on
Earth, and needs to be extracted from hydrocarbons or
through electrolysis of water.
Electrochemical water splitting is divided into two halfcell reactions: hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER). HER is the cathodic
reaction (2Hþ þ 2e ! H2 ) and OER is the anodic reaction

(2H2 O ! O2 þ 4Hþ þ 4e ). Both HER and OER require
catalysts to lower electrochemical overpotential.
State-of-the-art HER electrocatalysts are mainly Pt-based
materials [3,4], which are, however, scarce and expensive.
The search remains ongoing for alternative electrocatalysts
based on more abundant or non-noble-metal-based materials. Earlier authors have proposed transition metal borides
[5,6], carbides [7,8], nitrides [9–11], chalcogenides [12–14]
and phosphides [15,16] as replacements for Pt cathode
catalysts for HER. It has been shown that of the carbides,
tungsten and molybdenum carbides are the best catalysts for
HER; they are also better than all the nitrides [8]. However,
their poor electrochemical stability is a concern.
It has also been shown that doped systems can change the
electronic structure and surface of catalysts, thereby
improving the heterogeneous electrocatalytic activity with
respect to pristine systems. For example, molybdenum
phosphosulphide (MoP/S) [17], cobalt phosphosulphide
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(CoP/S) [18] and S- and N-doped Mo2 C [19] show
enhanced HER activity. Recent studies [20] have also
reported that Mo2 C–Mo2 N composites synthesized using
soybeans show remarkable HER activity.
Cathodic hydrogen evolution in acidic aqueous media
occurs in two steps [21,22]. The first step is called the
‘discharge step’: an electron is transferred to the proton
from the cathode surface to form a hydrogen atom that is
still adsorbed on the cathode surface. This is also known as
the Volmer reaction:
Hþ þ e ! H:

ð1Þ

The second step is the electrochemical desorption step. In this
step, two hydrogen atoms form a hydrogen molecule and
desorb from the surface. This could occur via two mechanisms. The first mechanism is the Heyrovsky reaction:
H þ Hþ þ e ! H2 ;

ð2Þ

whereas the second proposed mechanism is the Tafel
recombination reaction:
H þ H ! H2 :

ð3Þ

The Tafel slope, which is the slope of the plot of the applied
overpotential vs. the log10 of the measured experimental
current density, is generally used as an indicator for the
efficiency of HER. At large overpotential, it is easy to
produce hydrogen; however, a large overpotential signifies
low energy efficiency. Therefore, it is desirable to obtain
high HER and OER activities at low overpotentials.
Previous authors have shown that the H adsorption
energy on a catalyst is an excellent indicator of HER
activity [23]. A good HER catalyst should have an optimum adsorption energy for H atom adsorption, that is
neither too high nor too low; this is because of the competition between the processes of H atom adsorption and
removal. This is in line with the well-known Sabatier’s
principle [24]. A volcano curve has been shown to
describe the activity for the evolution of hydrogen as a
function of the metal-H bonding strength [23,25]. The
HER activity has been shown to increase upon an increase
in H adsorption energy, reach a maximum value and then
decrease upon further increase in the adsorption strength.
This is because strong or weak binding of the H atoms can
lead to difficulties in either removing the product or
adsorbing the reactant.
For similar reasons, previous authors have shown that a
good catalyst should have DG, the free energy for adsorbing
atomic hydrogen, as close to zero as possible. This is
because if hydrogen forms too weak or too strong a bond
with the catalyst, then either the proton–electron transfer
step or the hydrogen-release step will not be efficient,
thereby lowering the catalyst performance [8].
In this study, we have used a combination of experiments
and density functional theory (DFT) calculations to study
the effect of utilizing Mo2 C–Mo2 N composite nanowires as

HER catalysts. We find experimentally that though pristine
Mo2 C and Mo2 N exhibit HER activity, N-rich composite
systems show higher activity. This is confirmed theoretically by results for the Gibbs free energy of H adsorption
for various systems, as obtained from our calculations.

2.
2.1

Methods
Synthesis of Mo2 C–Mo2 N composite nanowires

Mo2 C–Mo2 N composite nanowires have been synthesized
in situ in two-step reactions in the presence of graphene
and g-C3 N4 . The first step is the reaction between aniline
and ammonium molybdate to form an anilinium ammonium molybdate complex, and further heat treatment at
750 C under an N2 atmosphere was used to obtain
Mo2 C–Mo2 N composites. Three different compositions
were synthesized by changing the amount of g-C3 N4 .
Typically, 50 mg of graphene and 25 mg of g-C3 N4 were
taken in a beaker containing 1 mmol ammonium molybdate and 50 ml double-distilled water. The mixture was
sonicated for 2 h. Then 1.5 ml of aniline was added to the
mixture with stirring followed by dropwise addition of
diluted HCl to make the pH of the mixture equal to  3:5.
After that, the mixture was kept at 50 C overnight to obtain a
precipitate of ammonium anilinium molybdate complex. The
precipitate was filtered and dried in an oven at 80 C. The
product was heated at 750 C for 5 h under an N2 atmosphere.
The above product was coded CN25, whereas products
obtained using 50 and 100 mg g-C3 N4 were referred to as
CN50 and CN100, respectively.

2.2

Characterization

Mo2 C–Mo2 N composites were characterized by X-ray
diffraction (XRD) studies on a Bruker D8 advance
diffractometer using Cu Ka radiation (k ¼ 1:5406 Å).
Transmission electron microscopy (TEM) measurements
were carried out using a JEOL TEM (model: JEM-2100)
operated at 200 kV. Samples were dispersed in ethanol after
sonication for 5 min. The dispersions were dropped onto
carbon-coated copper grids and dried in air. A field-emission scanning electron microscope (FESEM, FEI 3G
Quanta) operating at 20 keV was used for the surface
morphology analysis. Elemental mapping was carried out
using a JEOL SEM (model: JSM-IT300) attached to a
Bruker EDAX system. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on discs (pressed)
using a Thermo Scientific ESCALAB-MkII electron spectrometer with a base pressure of about 1  1010 mbar
(during the measurement 1  109 mbar) at room temperature. The peak positions were evaluated by using a symmetrical Gaussian–Lorentzian curve fitting after Shirley
background corrections.
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2.3

Electrochemical measurements

Electrochemical measurements were carried out using a
three electrode system in an Autolab (PGSTAT302N)
electrochemical setup. Ag/AgCl (saturated KCl) and graphite rods were used as reference and counter electrodes,
respectively. The working electrode was prepared on a
glassy carbon electrode (GCE) (0:03 cm2 ). About 2.5 mg of
catalyst was dispersed in a mixture of isopropanol (150 ll),
water (90 ll) and Nafion (10 ll). A drop of the mixture
(1 ll) was placed on a GCE (0:03 cm2 ) and air-dried for
5 min. The mass loading of the catalyst on the electrode
was 0:33 mg cm2 . All the potentials have been reported
with respect to reversible hydrogen electrode (RHE). The
electrochemically active surface area of the electrode was
measured using double layer capacitance, which was calculated from the cyclic voltammogram (CV) of the catalyst
in the potential region of 0.05–0.45 V (vs. RHE) at different
scan rates. We also carried out electrochemical measurements at a mass loading of 1:6 mg cm2 . The working
electrode was placed in a cell containing 0.5 M H2 SO4
solution as the electrolyte. Linear sweep voltammetry
(LSV) was carried out at a sweep rate of 5 mV s1 . Electrochemical impedance spectroscopy was performed using
the same instrumental setup at different applied biases
(0–250 mV vs. RHE) and 10 mV amplitude.

2.4

Computational details

We have performed ab initio DFT [26,27] and ab initio
density functional perturbation theory calculations [28] to
study the adsorption of hydrogen atoms on Mo2 C, Mo2 N and
Mo2 C1x Nx (‘doped’ when x 6¼ 0 or x 6¼ 1) surfaces. A
generalized gradient approximation of the RPBE [29] form
was used to describe the exchange–correlation interactions.
We have used the Quantum ESPRESSO package [30], with a
plane wave basis set, with wavefunction and charge density
cutoffs of 40 and 400 Ry, respectively. Interactions between
ionic cores and valence electrons were described using
ultrasoft pseudopotentials [31]. The Brillouin zone was
sampled with a Monkhorst–Pack mesh [32] of 8  8  8 for
the bulk 1  1  1 orthorhombic unit cell and 8  8  4 for
the bulk 1 1  1 tetragonal unit cell. We have found that
incorporation of van der Waals interactions is critical to
correctly describe the structural stability of Mo2 C and Mo2 N
in their experimentally known structures. To include van der
Waals interactions, we have used the DFT-D2 treatment
introduced by Grimme; this approach has been shown to give
accurate results at affordable computational cost, including
for systems similar to those studied here [33–35].
For H adsorption, we considered a supercell of the
orthorhombic structure which is 1  1  2 times the bulk
primitive unit cell and a supercell of the tetragonal structure
which is 2  1  1 times the bulk primitive unit cell. For
both orthorhombic and tetragonal structures, we have

Page 3 of 13

321

considered 0.25 ml coverage for H adsorption. For all
surface calculations,  15 Å vacuum was introduced in the
surface-normal direction to avoid interactions between
artificially periodic images. Variable cell optimizations for
bulk systems and structural relaxations for the surfaces were
performed using the Broyden–Fletcher–Goldfarb–Shanno
scheme until the Hellmann–Feynman forces were smaller
than 0.001 Ry Bohr1 . Commensurate k-points corresponding to the bulk counterparts were used for the surface
calculations. When optimizing geometries, the adsorbed H
atoms and the top two layers of the substrate were allowed
to relax, whereas the bottom two layers of the substrate
were fixed at bulk spacing. Marzari–Vanderbilt cold
smearing [36] with a width of 0.001 Ry was used to aid
convergence. We have incorporated the dipole correction
[37] for all surface calculations.
The adsorption energy of a hydrogen atom on a substrate
is calculated using the following formula:
1
Eads ¼ EsubsþH  Esubs  EH2 ;
2

ð4Þ

where EsubsþH , Esubs and EH2 are the total energies from
DFT of a hydrogen atom adsorbed on the substrate, the bare
substrate and a hydrogen molecule in the gas phase,
respectively. Note that these total energies are evaluated at
the relaxed geometries of the corresponding systems.
As HER activity has been shown to correlate with the
Gibbs free energy of H adsorption [23], we have computed
the change in Gibbs free energy for an H atom adsorbed on
Mo2 C, Mo2 N and the doped surfaces. This is computed as
DG ¼ Eads þ DEZPE  TDSH ;

ð5Þ

where Eads is the adsorption energy of the hydrogen atom
adsorbed on the substrate, DEZPE is the difference in zero
point (vibrational) energies between the system consisting
of the adsorbed H atom on the substrate, and the bare
substrate and the gas phase of hydrogen atom (calculated
from the hydrogen molecule), T is the temperature and DSH
is the entropy of adsorption. We exploit the fact that the
vibrational entropy in the adsorbed phase is small, meaning
the entropy of adsorption of 1=2H2 is DSH ¼ 1=2S0H2
where S0H2 is the entropy of H2 in the gas phase under
standard conditions.
To explain the trends in the adsorption energy of an H
atom on Mo2 C1x Nx surfaces for different N concentrations
x, we have used the d-band model suggested by Hammer
and Nørskov [38]. According to this model, one can predict
the reactivity of transition metal-based surfaces by looking
at their d-band density of states, and extracting a single
parameter called the d-band centre, which is the weighted
average of the d-band density of states. Accordingly, the dband centre ed is calculated from the Mo d-electron density
of states using the following equation:
R1
egd ðeÞ de
ed ¼ R1
;
ð6Þ
1
1 gd ðeÞ de
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where e is the energy and gd ðeÞ is the d-band density of
states at energy e. According to the d-band model, the
higher in energy the d-band centre is, the greater the reactivity. It has been shown, for example, that the higher in
energy the d-band centre is, the greater the magnitude of the
adsorption energy, for a variety of adsorbates [39].
We also wish to quantify how the charge on Mo atoms
changes upon varying the C:N ratio. Partitioning the electronic charge density is often an ambiguous procedure, with
different prescriptions frequently giving different answers.
Here, we have chosen to follow the procedure suggested by
Bader, which makes use of the topological properties of the
charge density [40,41].
3.

Results and discussion

3.1 Experimental results for structure, morphology
and elemental analysis
The synthesis of Mo2 C and Mo2 N was carried out following
two-step reactions. First, anilinium ammonium molybdate
complex was reacted with NH3 which was generated from
the decomposition of g-C3 N4 to form molybdenum nitride.
Similarly, in the presence of reduced graphene oxide (rGO),
Mo2 C was formed. Therefore, in the presence of both gC3 N4 and rGO, both Mo2 C and Mo2 N particles were
obtained simultaneously. The simultaneous growth of
Mo2 C and Mo2 N nanoparticles from a common template of
anilinium molybdate nanowires in the presence of rGO and
g-C3 N4 leads to the formation of Mo2 C–Mo2 N composite
nanowires. This in situ synthesis of carbide and nitride
introduces doped surfaces and also generates interfaces
between the carbide and nitride particles in the same
nanowire. The formation of both the carbide and nitride was
confirmed by the powder XRD pattern (figure 1), which
shows the orthorhombic structure of Mo2 C, with a small
increase in a lattice parameter and a decrease in b and c

Figure 1. Powder XRD pattern of the Mo2 C–Mo2 N composite
nanowires.
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lattice parameters as compared to the previous results [42].
However, molybdenum nitride was obtained in a tetragonal
structure with lower a and higher c lattice parameters as
compared to the previous results [43]. This can be explained
by the doped structures. Substitutional N-doping in the C
sites in the b-Mo2 C crystal will lead to a decrease in b and c
lattice parameters, which is reflected in the powder XRD
pattern. Similarly, substitutional C-doping in the N sites of
Mo2 N will decrease a and increase c. The change in the
lattice parameters indicates the substitution of N in C sites
(Mo2 C1x Nx ) at the carbide–nitride interfaces. Thus, the
interfaces and surfaces of the nanocrystals are expected to
have C-doped Mo2 N and N-doped Mo2 C. The powder XRD
pattern indicates that the ratio of Mo2 N:Mo2 C increases
with the amount of g-C3 N4 . In the CN25, CN50 and CN100
composites, the ratio of Mo2 N:Mo2 C is according to the
order CN25\CN50\CN100. However, in the presence of
rGO, only the Mo2 C phase is formed, whereas in the
presence of g-C3 N4 , only the Mo2 N phase is formed.
Nanostructures of Mo2 C–Mo2 N composites were characterized using electron microscopy, where composite
nanowires were observed. This suggests that the initial
precursor template (aniline complex) has been converted to
the Mo2 C and Mo2 N nanoparticles, retaining its morphology
intact, during heating under the N2 atmosphere at 750 C.
The nanowire morphology of the composite was
observed from FESEM images (figure 2). The width of the
nanowire increases while the length decreases, as the
amount of g-C3 N4 increases. SEM elemental mapping of
CN50 shows the presence of C, Mo and N throughout the
nanowires (see figure 2d–f). Elemental mapping of CN25
and CN100 was also carried out, and it confirms the presence of C, N and Mo throughout the nanowires.
This random assembly of carbide and nitride nanoparticles in nanowire morphologies can be clearly observed in
the TEM micrographs (see figure 3) where nanowires
(width  30 nm), made up of small nanoparticles (diameter
 10 nm), were observed (for CN25). In the case of CN50
composite, the width of the nanowire increases to 120 nm.
A further increase in the amount of g-C3 N4 leads to the
formation of nanowires of the same width but with larger
particle sizes (  15 nm). High-resolution TEM micrographs clearly show lattice fringes corresponding to Mo2 C
and Mo2 N (see figure 3d).
To investigate the elemental states present in the composites, we carried out XPS of one of the composites
(CN50). A high-resolution binding energy spectrum of C 1s
shows two binding energies centred at 284.9 and 286.2 eV
(see figure 4a) which correspond to C–C and C–N functional groups, which originate from the residual N-doped
carbon in the composite. Deconvolution of the high-resolution Mo 3d spectrum shows the Mo 3d5=2 and Mo 3d3=2
binding energies at 228.65 and 231.82 eV which were
separated by 3.1 eV. The binding energies centred at
228.65, 229.65 and 232.95 eV were identified as three
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Figure 2. FESEM images of the Mo2 C–Mo2 N composites: (a) CN25, (b) CN50 and (c) CN100, and
(d–f) EDAX mapping of CN50 showing C (red), Mo (blue) and N (green), respectively.

binding energy centred at 394.88 eV is due to Mo 3p3=2 for
both Mo2 N and Mo2 C and the binding energy at 398.78 eV
is due to Mo 3p3=2 of MoO3 . There is no peak at 400 eV for
sp2 hybridized N (C–N–(C)–C) which indicates the absence
of free graphitic C3 N4 .

3.2 Theoretical results for structure and energetics
of pristine bulk Mo2 C and Mo2 N

Figure 3. TEM micrographs of (a) CN25, (b) CN50 and (c) CN100,
and (d) high-resolution TEM image of CN50 showing the presence of
(112) and (121) lattice fringes of Mo2 N and Mo2 C, respectively.

different Mo species Modþ (0 \ d \ 3), Mo4þ and Mo6þ ,
respectively (see figure 4c). The Modþ species were identified as corresponding to Mo2 C and Mo2 N.
Since there is an overlap on the N 1s peak with Mo 3p3=2 ,
deconvolution of the peak shows three different binding
energy peaks where Mo 3p3=2 binding energies (see figure 4d) were centred at 398.78 and 394.88 eV, and N 1s
corresponding to Mo2 N was centred at 397.45 eV. The

Pristine Mo2 C and Mo2 N are known to exist in several
forms in nature. Among them, the most abundant forms are
b-Mo2 C which has an orthorhombic structure and b-Mo2 N
which has a tetragonal structure. As discussed earlier, the
XRD patterns of the samples used in our experiments
confirmed these structures for the pristine systems.
We first consider bulk systems of Mo2 C and Mo2 N in
both orthorhombic and tetragonal structures and compare
the total energies of these structures, as obtained from DFT
calculations. Preliminary calculations were performed with
and without van der Waals corrections, and we find that the
inclusion of van der Waals interactions is critical to correctly stabilize the ground state structures of the pristine
systems. We consider the difference in energy between the
two systems, DE ¼ Etet  Eortho , where Etet and Eortho are
the total energies (as computed from DFT) of the system in
the tetragonal and orthorhombic structures, respectively. In
the absence of any van der Waals corrections, we find that
DE ¼ 0:901 and 0:147 eV, respectively, for pristine Mo2 C
and Mo2 N, which suggests that both systems energetically
prefer to be in the orthorhombic structure (contradicting our
experimental results). However, after incorporating van der
Waals interactions in our calculations, we find DE ¼ 0:811
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Figure 4. XPS of Mo2 C–Mo2 N composite (CN50) showing the binding energies of (a) C 1s, (b) O 1s, (c) Mo 3d and
(d) Mo 3p.

and 0:042 eV, respectively, for pristine Mo2 C and Mo2 N.
This is now in agreement with what is experimentally
measured for the structure of the respective pristine systems: Mo2 C exists in an orthorhombic structure whereas
Mo2 N exists in a tetragonal structure. To the best of our
knowledge, this is the first time that it has been shown that
van der Waals interactions play a crucial role in determining
the structural stability of bulk nitride structures.
Next, we have compared our optimized lattice parameters
of bulk Mo2 C and bulk Mo2 N with experimental lattice
parameters. The optimized lattice parameters of bulk Mo2 C
are found to be 6.078, 5.250 and 4.279 Å which match well
with the experimental lattice parameters of 6.037, 5.204 and
4.732 Å, respectively [42]. Similarly, the optimized lattice
parameters of bulk Mo2 N are found to be 4.295 and
7.908 Å which match well with the experimental lattice
parameters of 4.199 and 7.996 Å [43].

3.3 Theoretical results for structure and energetics of bulk
Mo2 C 1x N x systems
In this section, we study how the energetics and lattice
parameters change with composition for bulk Mo2 C1x Nx ,

for x ¼ 0; 0:25; 0:375; 0:5; 0:625; 0:75 and 1.0. For all
systems, we consider both orthorhombic and tetragonal
structures, all with and without van der Waals corrections.
In figure 5, we show our results for DE as a function of x.
We again observe that when no van der Waals interactions
are included (see blue symbols), all systems considered
energetically prefer the orthorhombic structure, since
DE [ 0 always, though DE decreases as x increases.
However, after the inclusion of van der Waals corrections
(see red symbols), we observe a shift in the behaviour. The
energy difference between the structures decreases steadily
as the concentration of N atoms in the system increases, but
it now becomes \0 after x [ 0:5, i.e., the orthorhombic
structure is preferred for systems with x ¼ 0; 0:25; 0:375
and 0.5, whereas the tetragonal structure is preferred for
systems with x ¼ 0:625; 0:75 and 1.
Next, to investigate how the incorporation of van der
Waals interactions impacts the structure, we have plotted
the optimized lattice parameters for all systems calculated
with and without van der Waals corrections. In figure 6a–c
we show the lattice parameters a, b and c, obtained for
Mo2 C1x Nx , with different values of x, in the orthorhombic
structure, and in figure 6e–g we show the lattice parameters
for Mo2 C1x Nx for different values of x, in the tetragonal
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structure. In figure 6d and h, we plot our results for the
variation in the unit cell volume, in the orthorhombic and
tetragonal structures, respectively, as a function of x. We
observe that van der Waals interactions have a negligible
effect on the lattice parameters in the orthorhombic structure. However, in the tetragonal structure, these interactions
lead to a significant decrease in the c parameter. This may
explain the change in energetics upon incorporation of van
der Waals interactions, so as to prefer the tetragonal
structure over the orthorhombic structure for systems with
x ¼ 0:625; 0:75 and 1.

3.4 Theoretical results for structural stability of different
Mo2 C and Mo2 N surfaces

Figure 5. Difference in total energy between tetragonal and
orthorhombic structures, for bulk Mo2 C1x Nx , as a function of N
concentration x. Red circles and blue diamonds indicate results
with and without van der Waals (vdW) interactions incorporated,
respectively. Note that a positive/negative value indicates that the
orthorhombic/tetragonal structure is favoured.

We now consider the low index (100), (010) and (001)
surfaces of pristine Mo2 C and Mo2 N, to compare energetics
and identify the lowest energy surface. For each case, we
have considered a slab comprised of six atomic layers.
Atomic coordinates in the top two and bottom two layers of
the slab were allowed to relax, whereas the two layers in the
centre of the slab were fixed at bulk spacing. We note that

Figure 6. Changes in lattice parameters with N concentration x in bulk Mo2 C1x Nx structures. (a)–(c) Change in lattice parameters
with x for the orthorhombic structure, (d) change in volume with x for orthorhombic structure, (e)–(g) change in lattice parameters with
x for the tetragonal structure and (h) change in volume with x for the tetragonal structure. Filled circles and open diamonds are results
with and without van der Waals interactions incorporated.
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enable easy comparison, we report here the surface energy
per formula unit, where a formula unit consists of two Mo
atoms and one C or N atom.
For the (100), (010) and (001) Mo2 C surfaces, we calculate rt þ rb to be 0.766, 0.955 and 1.024 eV per formula
unit, respectively. Thus, we find that for Mo2 C, the (100)
surface has the lowest surface energy, and for all further
calculations for Mo2 C1x Nx with orthorhombic structure,
we consider this surface.
For the (100) and (001) Mo2 N surfaces, we calculate
rt þ rb to be 0.489 and 0.466 eV per formula unit,
respectively. We observe that the (001) surface is slightly
lower in energy than the (100) surface. Accordingly, for all
further calculations for Mo2 C1x Nx with tetragonal structure, we consider the (001) surface.

3.5 Theoretical results for adsorption of H on Mo2 C1x N x
surfaces

Figure 7. (a)–(c) Side views of (100), (010) and (001) surface
slabs for Mo2 C in the orthorhombic structure. (d) and (e) Side
views of (100) and (001) surface slabs for Mo2 N in the tetragonal
structure.

the Mo2 C (001) surface is polar in nature, and the dipole
correction was included to nullify the interactions between
the periodic images. The side views of the (100), (010) and
(001) surfaces of Mo2 C in the orthorhombic structure are
shown in figure 7a–c, respectively, and the side views of the
(100) and (001) surfaces of Mo2 N in the tetragonal structure
are shown in figure 7d and e, respectively.
The surface energy was calculated using the formula
rt þ rb ¼ Esurf  n  Ebulk , where Esurf and Ebulk are the
total energies of the surface and bulk structure, respectively,
and n is the number of bulk units contained in the surface
slab. Note that this is the sum of the surface energies of the
top and bottom surfaces (rt and rb , respectively) created in
the slab by carving it out of the infinite bulk. For a polar
surface, the surface energies of the top and bottom surfaces
are different whereas for the non-polar surfaces, rt ¼ rb .
Note also that even though we have considered six atomic
layers in each case, there was a different number of atoms in
the 1  1 surface unit cell considered for each surface. To

We now consider the adsorption of an H atom on pristine
Mo2 C, pristine Mo2 N and doped Mo2 C1x Nx surfaces. As
discussed earlier, for x = 0, 0.25, 0.375 and 0.50, the system
prefers the orthorhombic structure and we consider the
(100) surface, whereas for x ¼ 0:625; 0:75 and 1.00, the
system prefers the tetragonal structure and we consider the
(001) surface. We note that performing DFT calculations on
an actual nanowire structure would be prohibitively
expensive. The nanowires (and the nanoparticles they are
composed of) in our experiments are sufficiently large that
their surfaces may be expected to have large exposed areas
of low-energy facets [44].
For each value of x, we have considered several possible
dopant positions, and different adsorption sites for the
adsorption of hydrogen on the surfaces (see supplementary
material). In figure 8a–d, we show the side views of the lowest
energy configurations for an H atom adsorbed on Mo2 C1x Nx
surfaces for x = 0, 0.25, 0.375 and 0.5, respectively, and in
figure 8e–g, we show the side views of the lowest energy
configurations of an H atom adsorbed on Mo2 C1x Nx surfaces
for x ¼ 0:625; 0:75 and 1.0, respectively. For all Mo2 C1x Nx
systems in both the orthorhombic and tetragonal structures, we
find that the H atom adsorbs on the hollow site on the surface,
binding to two surface Mo atoms.
In figure 9, we plot our results for the adsorption energy
of H, as a function of x. As the percentage of N in the
system, x, increases, we find that the adsorption energy Eads
decreases. After x ¼ 0:5, we observe a significant drop in
the magnitude of the adsorption energy due to the structural
change from orthorhombic to tetragonal forms.

3.6

Electrochemical hydrogen evolution studies

Electrochemical hydrogen evolution from water has been
investigated using Mo2 C–Mo2 N composite nanowires

Bull Mater Sci (2020)43:321

Page 9 of 13

321

Figure 8. Side views of H atom adsorbed on Mo2 C1x Nx surfaces. The positions of the dopant atoms
correspond to the lowest energy configuration for that value of x. For x ¼ 0, 0.25, 0.375 and 0.5, we have
considered the orthorhombic (100) surface, and for x ¼ 0:625; 0:75 and 1, we have considered the tetragonal
(001) surface. Note that the angle of view is slightly different in the top and bottom rows to aid visibility. In all
cases, H atoms are adsorbed in a hollow site.

Figure 9. Adsorption energy of single H atom on Mo2 C1x Nx as
a function of N concentration x. With increasing N concentration,
adsorption energy decreases. For x ¼ 0; 0:25; 0:375 and 0.5, we
have taken orthorhombic structure, and for x ¼ 0:625; 0:75 and 1,
we have taken tetragonal structure.

deposited on a GCE in 0.5 M H2 SO4 solution using a
typical three electrode system where a graphite rod and Ag/
AgCl were used as the counter and reference electrodes,
respectively. LSV studies (see figure 10a), where the current density was recorded as a function of the applied
potential at a sweep rate of 5 mV s1 , suggest good HER
activity of the composite nanowires. Mo2 C–Mo2 N composite nanowires exhibit the lowest onset overpotential of
139 mV to yield a current density of 1 mA cm2 for HERs.
The LSV curve shows the highest current density (89 mA cm2 at 0:4 V vs. RHE) for the CN100

Mo2 C–Mo2 N composite nanowire. The overpotentials for
driving a current density of 10 mA cm2 were found to be
281, 246 and 222 mV (vs. RHE) for CN25, CN50 and
CN100, respectively.
We have also examined the HER activity of bare Mo2 C
and Mo2 N synthesized in the absence of g-C3 N4 and in the
absence of rGO, respectively. The composite nanowires
show much higher current density and lower onset overpotentials in comparison with bare Mo2 C and bare Mo2 N.
Pure Mo2 C shows a current density of 35 mA cm2
(0:4 V) even at higher mass loading (1.6 mg cm2 ) with
the onset overpotential of 147 mV to drive a current density
of 1 mA cm2 . At the same mass loading of 1.6 mg cm2 ,
the composites exhibit a current density of 128, 97 and
76 mA cm2 at 0:4 V (vs. RHE) for CN100, CN50 and
CN25, respectively. Furthermore, pure Mo2 N exhibits a
current density of only  6.5 mA cm2 (0:4 V vs. RHE)
which suggests negligible HER activity. The individual
carbide and nitride nanostructures show very low current
density with respect to the composite nanowires. In the
composite nanowires, both Mo2 C and Mo2 N nanoparticles
were present. Note that CN100 is a Mo2 N-rich composite
whereas CN25 is a Mo2 C-rich composite.
We observed higher current density in the case of Mo2 Nrich composite nanowires (CN100). However, bare Mo2 C
and bare Mo2 N do not show good HER activity. The Tafel
slope was calculated from the plot of overpotential
vs. logarithm of current density (see figure 10b). The Tafel
slopes of 98, 90 and 67 mV dec1 were observed for CN25,
CN50 and CN100, respectively. The lowest Tafel slope was
observed in the case of the Mo2 N-rich CN100 composite.
The Tafel slopes do not match with the standard values of
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Figure 10. (a) LSV curve showing the current density of Mo2 C–Mo2 N composite nanowires at a scan rate
of 5 mV s1 . (b) Tafel plot of the composites. (c) Chronopotentiometric study of CN100 at an applied current
density of 10 mA cm2 and (d) LSV curve of CN100 before and after chronopotentiometric studies for 30 h.

29, 38 and 116 mV dec1 for Tafel, Heyrovsky and Volmer
reactions, respectively. This suggests that Mo2 C–Mo2 N
composite nanowires follow the Volmer–Heyrovsky process for hydrogen evolution in an acidic medium, in which
the Volmer reaction is the rate-determining step with very
low surface coverage, followed by the faster Heyrovsky
mechanism of hydrogen evolution, corroborating earlier
reports. Another possible scenario for the Volmer–Heyrovsky process is one where the Heyrovsky reaction is the
rate-determining step with high surface coverage. This is
very unlikely, as these doped surfaces weaken the H-binding, which in turn can result in faster desorption of H2 ,
resulting in faster Heyrovsky processes.
The exchange current density was calculated from the
intercept (at zero overpotential) of the Tafel plot. Exchange
current densities of 20, 26 and 5 lA cm2 were observed for
CN25, CN50 and CN100, respectively. This indicates that
there is some contribution from non-Faradaic current due to
capacitance of the composites at the onset overpotentials,
which may result in random exchange current densities. A
CV for the composite CN25 indicates a very high oxidation
current density in the first cycle, which then decreases in
further cycles. This confirms the presence of molybdenum
nitride in the composite and similar oxidation/reduction

peaks were observed as discussed in our earlier study [45].
Again, the composite does not exhibit any HER activity
after CV measurements. This confirms the contribution of
Mo2 N in the HER activity of the composites.
In the context of the stability of the electrocatalyst in an
acidic medium, we studied the chronopotentiometric stability at a fixed current density of 10 mA cm2 for more
than 30 h (see figure 10c). The overpotential required to
drive 10 mA cm2 current density increases from 226 to
244 mV after 30 h of chronopotentiometric studies. There
is no significant change in the LSV curve before and after
time dependent measurement and results in a similar current
density at 0:4 V vs. RHE (see figure 10d). This indicates
that the composite catalyst has excellent stability for
hydrogen evolution under the experimental conditions.

3.7 Theoretical results: correlation between adsorption
energy and d-band centre of Mo2 C 1x N x surfaces
To understand the trends in adsorption energies with
changing N concentration x in Mo2 C1x Nx systems, we first
look at how the charge on Mo changes with x. In figure 11a
we have plotted the average charge on the surface Mo atoms
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Figure 11. (a) Change in charge on Mo as a function of N doping concentration, x. (b) Correlation between position of d-band centre
and charge on Mo. (c) Correlation between adsorption energy of single H and position of d-band centre for Mo2 C1x Nx . For x = 0, 0.25,
0.375 and 0.5 we have taken orthorhombic structure and for x = 0.625, 0.75 and 1 we have taken tetragonal structure.

as a function of x. We find that the Mo atoms are positively
charged, and we observe that as the N concentration x increases, the charge q(Mo) on Mo atoms also increases
(becomes more positive). This is because the electronegativity of C is 2.55, whereas that of N is 3.04. Therefore, as
the concentration of N atoms increases, the more electronegative N atoms withdraw more electrons from the Mo
atoms, leaving them with a larger positive charge.
In a recent paper, Liu et al [46] studied molybdenum
carbide systems, where they varied the Mo:C ratio. They
showed that as the C concentration is increased, due to
increased charge transfer from Mo to C atoms, Mo becomes
increasingly positively charged, and as a result the d-band
centre moves downwards. We also observe a similar trend.
In figure 11b we have plotted our results for the position of
the d-band centre as a function of the charge q(Mo) on Mo.
As x, the percentage of N in the system increases, we
observe that Mo atoms become increasingly positively
charged and the d-band centre shifts downwards.
Finally, in figure 11c, we show how ed is correlated with
the adsorption energy of H atoms on different surfaces. In
accordance with the d-band model, we observe that the
higher in energy ed is, the higher is the adsorption energy. A
similar phenomenon has been observed for hydrogen
adsorption on other transition-metal-based substrates
[47,48]. Note that the trend in Eads vs. ed  eF shows a sharp
discontinuity; this occurs where the structure changes from
being tetragonal to orthorhombic.

3.8 Combining theory and experiment: optimum value
of x leads to high HER activity
The experimentally measured exchange current for the
different systems was estimated to be at its maximum when
the applied overpotential was at a value of 0.4 V. Upon
comparing the measured exchange currents at an

overpotential of 0.4 V, for pristine Mo2 C, pristine Mo2 N
and the doped systems, we find that the doped systems
exhibited significantly higher exchange current compared to
the pristine systems. Based on FESEM elemental mapping
of the chemical composition, the three doped systems
CN100, CN50 and CN25 are indicated to have Mo2 C:Mo2 N
ratios of 1:0.67, 1:1.22 and 1:1.42, respectively. If one
approximates these doped structures to have chemical formula Mo2 C1x Nx , the experimental values of x would be
0.40, 0.55 and 0.59, respectively, for the three doped systems of CN100, CN50 and CN25. We wish to correlate the
values of exchange current density for these systems with
the corresponding values of H adsorption energy obtained
from DFT calculations. To restrict our calculations to systems that have reasonably small primitive cells and are
therefore computationally manageable, we use the values of
adsorption energy obtained for systems with x = 0.375, 0.50
and 0.625, respectively.

Figure 12. Mixed composition gives highest HER activity.
(a) Experimental result for log10 of current density at 0.4 V
overpotential as a function of different N concentrations in
Mo2 C1x Nx and (b) experimental result for log10 of current density
at 0.4 V overpotential vs. theoretical result for H adsorption
energy for different N concentrations in Mo2 C1x Nx .
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Figure 13. Calculated values of Gibbs free energy DG for
hydrogen adsorption.

In figure 12a, we show experimental results for log10 of
the current density at 0.4 V overpotential as a function of
the theoretical N concentration x in the doped system,
whereas in figure 12b, we show the same plotted as a
function of the theoretically calculated adsorption energy
for the respective pristine or doped system. The highest
current density is measured for the doped system that is
most rich in N, CN100.
We now proceed to calculate DG, the free energy of
adsorption, using equation (5) [23]. This has been shown to
be a good indicator for HER activity: a good hydrogen
evolution catalyst should have free energy (DG) for
adsorbing atomic hydrogen close to zero. This would suggest a fast proton–electron transfer step as well as fast
hydrogen release process. If the value of DG is positive, the
reaction is considered to be endothermic, implying that the
interaction of the system with hydrogen is energetically
unfavourable. HER can barely proceed because of slow
proton/electron transfer. In figure 13, we show the Gibbs
free energy diagram for Mo2 C, Mo2 N and the doped
structures. Pristine Mo2 N has a DG value which is slightly
positive, whereas all the other systems have negative values
of DG. The experimental sample CN25, which is approximated to have x = 0.625 has DG ¼ 0:021 eV, which is
negative and closest to zero among the samples studied
experimentally. Our value for DG for x = 0.75 suggests that
one could obtain a higher exchange current and hence
higher HER activity for the doped systems if the N concentration is further increased to 75%.

4.

Conclusions

We have studied the HER of Mo2 C–Mo2 N composites, both
experimentally and theoretically. We have demonstrated
in situ synthesis of these non-precious metal-based environmentally friendly composite nanowires which were
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found to be very efficient catalysts for water electrolysis in
acidic media. Higher HER activity was observed when
Mo2 N-rich composite nanowires (CN100) were used as the
electrocatalyst. By performing theoretical DFT calculations,
we find that incorporating van der Waals interactions is
essential to correctly reproduce the ground state structure of
the carbide and nitride in the orthorhombic and tetragonal
structures, respectively. To estimate the HER activity of
different systems, we have computed the Gibbs free energy,
which is a good descriptor for HER. We have shown theoretically that carbide–nitride mixed structures should show
better HER activity than pure carbide and nitride structures,
thus supporting the experimental results. We have also
shown that N-rich composite structures show better HER
activity than C-rich composite structures which matches
well with the experimental observations. Our results suggest
that further enriching the N content should lead to even
higher HER activity.
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