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ABSTRACT: We reported a novel protocol to efficiently
synthesize molybdenum carbonitride (MoCN) nanoma-
terials with dense active sites and high surface area. The
key step in this protocol is the preparation of the catalyst
precursor, which was obtained by polymerizing diamino-
pyridine in the presence of hydrogen carbonate. The
abundant amino groups in the poly diaminopyridine
bound numerous Mo species via coordination bonds,
resulting in the formation of dense Mo active sites. The
addition of hydrogen carbonate to the synthesis mixture
resulted in CO2 gas evolution as the local pH decreased
during polymerization. The in situ evolved CO2 bubbles
mechanically broke down the precursor into MoCN
nanomaterials with a high surface area. The synthesized
MoCN materials were demonstrated as an electrocatalyst
for hydrogen evolution reaction (HER). It exhibited an
HER onset potential of −0.05 V (vs RHE) and a high
hydrogen production rate (at −0.14 V vs RHE, −10 mA
cm−2) and is therefore one of the most efficient, low-cost
HER catalysts reported to date.

Transition metal carbides (TMCs) and nitrides (TMNs),
such as WC, MoC, MoN, etc., have attracted much

attention since the first exhibition of their platinum-like
behaviors for the catalytic formation of water from hydrogen
and oxygen.1 Consequently, TMCs/TMNs have been demon-
strated as the efficient catalysts for a variety of chemical reactions,
such as hydrogen evolution,2−4 carbon dioxide (CO2)
reduction,5 ammonia decomposition,6 reformation,7 water−gas
shift,8−10 and so on.11−14 Compared to their parent metals, the
higher catalytic activity of TMCs/TMNs originates from the
introduction of heteroatoms, such as carbon, nitrogen, and other
metals,14−17 which influences the d-band electronic structure of
parent metals, in turn optimizing the bond strengths between
metal and absorbed reactive intermediates.2,18,19

Except for that, the catalytic activity of TMCs and TMNs are
also highly influenced by the density of catalytic active sites (Dcas)
and the effective surface area (Seff). In general, TMCs and TMNs
were obtained by direct carburization or ammonification of metal
oxide/metal salt at high temperature.6,17,20 Dcas of TMCs and
TMNs are formed during long-term calcination; however, this
process markedly decreases the Seff due to aggregation of the
crystallized materials.16 To improve these two parameters,
researchers have used several approaches. For example, Chen
et al.15 prepared a NiMoNx/C nanocatalyst by traditional
nitridation of NiMo bimetals with ammonia gas and demon-

strated that the imprinting of NiMo nanopowders on carbon
nanoparticles markedly increased the Seff. In addition, the
pyrolysis of an aniline/molybdate hybrid precursor was used to
synthesize Mo2C nanowires without additional carbon sup-
port.21 The Dcas in this Mo2C material was higher than that of
carbon particle-derived Mo2C from the traditional carburization
method because the C and Mo atoms were coordinated at the
molecular level in the precursor. Although the Seff or Dcas was
independently enhanced step-by-step by these approaches, it
remains a big challenge to largely increase both Seff and Dcas
simultaneously.
Here, we successfully developed a novel protocol to synthesize

molybdenum carbonitride (MoCN) nanomaterials by using in
situ CO2 emission strategy and the abundant amino group-based
polydiminopyridine precursors. Compared to the state-of-the-art
MoC/MoN materials, the obtained MoCN materials showed
much higher Seff andDcas. We characterized their activity by using
electrocatalytic hydrogen evolution reaction (HER) as model
system. It displayed highly efficient HER activities in acidic
medium, which is the best among the family of TMCs and TMNs
reported so far.
Our strategy for the synthesis of MoCN materials with both

high Seff and Dcas was divided into three synthetic steps (Scheme
1). In step 1, diluted hydrochloric acid was added to an aqueous
solution of Na2MoO4 and diaminopyridine (DAP), forming a
solid complex of DAP-2H+/MoO4

2− (a). In step 2, a hybrid
solution of (NH4)2S2O8 and NaHCO3 was added to the
suspension of (a) to produce polydiaminopyridine (PDAP)-
2H+/MoO4

2− (b).22 NaHCO3 was added for generating CO2 gas
bubbles in order to mechanically disrupt the solid-state
monomer (a) and/or polymer (b), forming nanosized PDAP-
2H+/MoO4

2− complexes (b). It was speculated that the
generation of large amounts of protons during the solid-phase
polymerization of (a) would decrease the local pH, resulting in
the evolution of CO2 gas from NaHCO3 via the following
reaction: HCO3

− + H+ → CO2 + H2O. It was confirmed that
CO2 gas bubbles were vigorously evolved during the polymer-
ization reaction (Supplementary Movie 1) and that the particle
size of PDAP-2H+/MoO4

2− hybrid (b) was substantially
decreased during this synthetic step (Figure S1). In the last
step of the synthesis (step 3), polymer (b) was pyrolyzed at 800
°C to form MoCN nanomaterials.
As a starting material for the synthetic reaction, DAP

monomer with two amino groups was selected because it
enabled (i) the production of CO2 gas during the polymerization
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reaction due to the formation of many protons and (ii) the
coordination of MoO4

2− ions with amino groups in the resultant
PDAP polymer. The former and latter properties would be
beneficial for obtaining high Seff and Dcas, respectively. Hereafter,
we called the resultant pyrolyzed product as PDAP-MoCN-CO2.
We also synthesized two other MoCN materials as reference
samples. The first (termed PDAP-MoCN) was prepared without
adding HCO3

− during step 2, and the second (termed PANI-
MoCN)was prepared using polyaniline (PANI), which has fewer
amino groups than PDAP, as the polymer precursor.
We first examined the HER activities of PDAP-MoCN-CO2,

PDAP-MoCN, and PANI-MoCN in a sulfuric acid (H2SO4)
solution (pH 1) using a rotating ring-disk electrode (RRDE)
system (Figure 1a), and the rotation speed of RRDE was set to
1000 rpm to quickly remove H2 gas from the disk electrode and
to allow detection of the H2 oxidation current at the Pt-ring
electrode. The pyrolysis time was optimized to be 1 h at 800 °C
(Figure S2). Commercial Pt/C (20 wt %) was used as the
reference catalyst (curve 1). As shown in Figure 1a, PDAP-
MoCN-CO2 catalyst generated a cathodic current with an onset
potential (Uonset) of −0.05 V and a potential of −0.14 V at −10
mA cm−2 (U−10) (curve 2). When the Pt-ring electrode potential
was set at +0.30 V, at which only the H2 oxidation reaction can
proceed, both anodic current and cathodic disc-current were
detected (Figure 1b), indicating that the cathodic current is due
to HER. The potential gap at U−10 between PDAP-MoCN-CO2
and commercial Pt/C catalyst was only 60 mV, demonstrating
that the PDAP-MoCN-CO2 catalyst was highly active for HER.
The catalytic HER current was stable, as has been reported for
other MoC/MoN materials,4 even after 1000 cycles of potential
scan between −0.35 and 0.2 V (Figure S3).
Tafel slope is one of the indicators for the kinetic activity of

electrodes, which is plotted in Figure S4.23,24 Tafel slope of
PDAP-MoCN-CO2 was calculated to be 46 mV dec−1, a little
better than PDAP-MoCN (51 mV dec−1) and PANI-MoCN
catalysts (50 mV dec−1). Tafel slope of the commercial Pt/C was
around 36 mV dec−1, which was better than that of MoCN

materials. HER kinetic activity was strongly correlated with
metal−Hads bond strength, and the optimized strength can be
evaluated from volcano plots.19,25 The values of tafel slopes for
MoCN electrodes, 46−51 mV dec−1, suggested that the HER
mechanism possibly occurred via a Volmer−Heyrovsky
mechanism,15,26 in which proton reacted with Hads and the
second electron to get H2 gas as the limited step. The Uonset
(−0.05 V) for PDAP-MoCN-CO2 is one of the highest among
the reported Mo- and W-based HER catalysts, including oxygen-
incorporated MoS2 nanosheet (approximately −0.15 V),27

layered MoS2 (approximately −0.15 V),28 Mo2C nanowires
(approximately −0.08 V),21 and Fe-WCN electrocatalysts
(approximately −0.1 V).2 The U−10 value (−0.14 V) is also
one of the highest amongMo- andW-basedmaterials reported to
date (−0.17 V for oxygen-incorporated MoS2 nanosheet,27

−0.20 V for CoMoN,29 −0.25 V for NiMoNx/C nanosheets,15

and −0.21 V for MoB particles30).
As shown in Figure 1a, the activity of PDAP-MoCN-CO2 was

markedly higher than that of PDAP-MoCN (curve 3, Uonset =
−0.09 V, U−10 = −0.19 V) and PANI-MoCN catalysts (curve 4,
Uonset = −0.12 V, U−10 = −0.23 V). The effect of in situ CO2 gas
evolution on Seff was confirmed by comparing the morphologies
of the PDAP-MoCN-CO2 and PDAP-MoCN materials. From
scanning electron microscopic (SEM) images, it was determined
that PDAP-MoCN-CO2 nanoparticles ranged in diameter from
20 to 30 nm and were uniformly distributed (Figure 2a,b). In
contrast, the particle sizes of PDAP-MoCN were much larger, in
the range of hundreds of nanometers (Figures 2c and S5). In
agreement with the morphological differences in particle size, the
Brunauer−Emmett−Teller (BET) specific surface area of

Scheme 1a

aSynthesis procedures of (i) PDAP-MoCN-CO2 and (ii) PDAP-
MoCN catalysts. (1) Coordination of DAP, proton, and molybdate;
(2) polymerization of DAP-2H+/MoO4

2− with (NH4)2S2O8 oxidant
(2′, splitting PDAP-2H+/MoO4

2− and/or DAP-2H+/MoO4
2− complex

to nanoparticles by in-situ CO2-evolution); (3) pyrolysis of PDAP-
2H+/MoO4

2−. DAP, diaminopyridine; PDAP, polydiaminopyridine.

Figure 1. (a) HER polarization curves for (1) commercial Pt/C; (2)
PDAP-MoCN-CO2; (3) PDAP-MoCN; and (4) PANI-MoCN electro-
des; (b)H2 production detected at Pt ring electrode. Scan rate, 5mV s−1;
rotational speed, 1000 rpm; catalyst loading, 0.4 mg cm−2; geometrical
surface area, 0.2 cm2.
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PDAP-MoCN-CO2 (107 m2 g−1), as determined by low-
temperature N2 adsorption desorption isotherms, was much
larger than that of PDAP-MoCN (6 m2 g−1) (Figure S6). The
higher BET surface area of PDAP-MoCN-CO2 was associated
with a 4-fold greater electrochemically active surface area (EASA,
Figure S7).
PDAP-MoCN-CO2 was further analyzed by energy-dispersive

spectroscopy (EDS−TEM (Figure 3), which revealed that the

elements C, N, Mo, and O were uniformly distributed on the
sample surface. The elemental contents of PDAP-MoCN-CO2
and PDAP-MoCN were also characterized by X-ray photo-
electron spectroscopy (XPS, Table 1), in which they exhibited
very similar elemental compositions. As expected, these results
indicated that in situ CO2 gas evolution during the polymer-

ization reaction effectively increased the Seff through a decrease of
the particle size, but did not change the elemental composition.
The effect of the precursor material on Dcas was evaluated by

comparing PDAP-MoCN and PANI-MoCN. Using SEM, the
particle size of PANI-MoCN (Figures 2d) was shown to be much
smaller than that of PDAP-MoCN (Figures 2c). The BET
surface area of PANI-MoCN material was estimated to be
approximately 55 m2 g−1, which is much larger than the value of 6
m2 g−1 estimated for PDAP-MoCN. However, the HER activity
of PANI-MoCN was lower than that of PADP-MoCN, despite
the larger Seff for PANI-MoCN (Figure 1a). We speculated that
this difference in theHER activity was due to the much lowerDcas
of PANI-MoCN (5%) in contrast to that of PDAP-MoCN (13%)
materials, a hypothesis that is strongly supported by the results of
the XPS surface elemental analyses. Figure 4 displays the Mo 3d

spectra of the MoCN materials, including PDAP-MoCN-CO2.
The Mo 3d spectra were deconvoluted into six peaks, assignable
to Mo2+ (228.1 and 231.2 eV), Mo3+ (228.9 and 231.9 eV), and
Mo6+ (232.5 and 235.2 eV) species.13,31,32 Mo6+ is assigned to
molybdenum oxides,31 whereasMo2+ andMo3+ are thought to be
molybdenum carbides and nitrides,13,32 respectively, which are
known to serve as active sites for HER.15

The total concentrations of Mo species in PDAP-MoCN and
PDAP-MoCN-CO2 exceeded 14 mol % (Table 1), which are
much higher than that in PANI-MoCN (8 mol %). This larger
difference is likely attributable to the 2-fold higher amount of
amino groups in PDAP as compared to PANI, and to the higher
capacity for N-coordinated MoO4

2− species in the PDAP
polymer matrix. In addition, the total amounts of Mo2+ and
Mo3+ species (the bracket in Table 1) in PDAP-MoCN and
PDAP-MoCN-CO2 (over 13 mol %) are also much higher than
that in PANI-MoCN (5 mol %). Mo2+ and Mo3+ represented
nearly 90% of the total Mo species in PDAP-MoCN and PDAP-
MoCN-CO2. In contrast, the content of active Mo species in
PANI-MoCN was only 60% of the total Mo species. Taken
together, these findings show that the Dcas of PDAP-MoCN and
PDAP-MoCN-CO2 was more than 2-fold greater than that of
PANI-MoCN.
To further confirm that Mo2+ and Mo3+ are the active species

for HER, we oxidized the surface of PDAP-MoCN-CO2 by
scanning the potential up to 1.9 V. As shown in Figure S8, the
HER activity was almost undetectable at the examined potentials
after the electrochemical oxidation of catalyst surface. XPS
analyses revealed that the Mo2+ and Mo3+ species were oxidized
to Mo6+ by the surface oxidation process. This result strongly

Figure 2. SEM images of (a,b) PDAP-MoCN-CO2, (c) PDAP-MoCN,
and (d) PANI-MoCN materials.

Figure 3. (a) TEM images and (b) EDS elemental mapping of PDAP-
MoCN-CO2 materials (b1, original; b2, C; b3, O; b4, N; and b5, Mo).

Table 1. Relative Elemental Contents of the MoCN Materials
As Determined by XPS (the Bracket Values in theMoColumn
Are the Total Concentrations of Mo2+ and Mo3+)

catalyst C (mol %) N (mol %) O (mol %) Mo (mol %)

PDAP-MoCN-CO2 47.5 22.4 15.4 14.7 (12.8)
PDAP-MoCN 46.5 23.0 16.0 14.5 (12.6)
PANI-MoCN 53.5 18.8 19.5 8.2 (5.1)

Figure 4. XPS Mo 3d spectra of (1) PDAP-MoCN-CO2, (2) PDAP-
MoCN, and (3) PANI-MoCN materials. (Both of the measured and
simulated curves are presented.)
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supported the finding that Mo carbide/nitride were responsible
for the HER activity of MoCN materials.
In summary, we developed a novel protocol to fabricate

MoCN nanomaterials that involves synthesizing Mo-rich PDAP-
2H+/MoO4

2− precursor and breaking down the microsized
precursor to nanoparticles with the assistance of in situ CO2
emission. The resultant catalytic materials had high specific
surface area and dense active sites and exhibited high HER
activities. We anticipate that various functional materials can be
synthesized using the novel protocol developed here, as the
synthesis strategy is applicable to the carbonitrides of other early
transition metals, such as W, Nb, and Ta.
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