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Transition metal-based electrocatalysts are considered the potential alternative to noble metal-based ones
owing to their comparable electrocatalytic properties, durability, and low cost for the oxygen evolution
reaction (OER). Herein, we report the partial nitridation of molybdenum oxide nanoparticles anchored on
nitrogen-doped carbon nanotube (Mo—N-CNT) architectures for a highly active OER electrocatalyst. The
molybdenum oxynitride nanoparticles are uniformly distributed on the surface of hierarchical N-CNT
architectures, where nitrogen heteroatoms are incorporated through the thermal decomposition of
carbon nitride. The modified surface chemistry can boost the electrocatalytic activity of Mo—N-CNT to

Received 5th August 2020 show improved electrochemical behaviours for OER operation. The Mo—N-CNT achieves a current
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Introduction

Highly efficient energy conversion and storage technologies are
needed to resolve environmental issues related to fossil fuels
and to develop a sustainable society with renewable energy.'”®
The oxygen evolution reaction (OER) is regarded as a vital
electrochemical process for application in renewable energy
systems such as water splitting, fuel cells, and metal-air
batteries.®"® Oxygen gas is produced through the complicated
electron transfer pathway of the OER process, but the efficiency
is still low due to the sluggish anodic reaction.”* To overcome
this limitation, highly efficient catalytic performances of anode
materials with the lowest overpotential need to be achieved.
To date, noble metal-based electrocatalysts have been exploi-
ted to be the most efficient candidate for the OER, but their high
cost and unsatisfactory cycling stability during long-term opera-
tion are the technical bottlenecks for their practical applica-
tions.">* Transition metal-based electrocatalysts are considered
the potential alternative to noble metal-based ones owing to their
comparable electrocatalytic properties, durability, and low cost.
Recently, the non-oxide form of transition metals and hybrid-
ization with conductive supports have been investigated to
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retention of 79% during the oxidation in an alkaline electrolyte for 80 h. The enhanced electrocatalytic
performance of Mo—N-CNT is attributed to the hierarchical N-CNT structure and nitridation of Mo oxides.

significantly improve electrocatalytic performances for the
OER.?! In particular, non-oxide molybdenum (Mo)-based elec-
trocatalysts, such as nitrides, sulfides, and phosphides, were
developed to achieve high OER catalytic activity as non-oxide
ceramics.”>> The catalytically active sites of Mo-based materials
have been localized at the edge sites, while the inactive sites exist
on the basal planes, which is associated with the insulating
properties of Mo electrocatalysts.>® On the other hand, metallic
transition metal nitrides are expected to achieve a high electro-
catalytic activity for the OER owing to their high electrical
conductivity and intrinsic stability in strong alkaline and acid
electrolytes.””* Therefore, the incorporation of molybdenum
nitride (MoN) into molybdenum oxides can improve their elec-
trocatalytic activity and cycling stability.

Nitrogen (N) atoms that are incorporated into the surface of
carbon nanomaterials can coordinate with the metal ion at the
lone electron-pair sites in ligands.® Graphitic carbon nitride (g-
C3N,) can be used as the precursor of N heteroatoms and
decomposed into atomic N for the incorporation into carbon
nanomaterials. Thus, N-incorporated carbon nanotubes (CNTs)
can be used as the conductive substrate to coordinate with
metal ions, improving the electrical conductivity and the utili-
zation of active sites. In particular, the hierarchical structure of
N-doped carbons provides fast ion diffusion pathways and
a large accessible surface area.’>*!

Herein, we report molybdenum oxynitride nanoparticles
deposited on hierarchical N-doped CNT architectures (Mo-N-
CNT) as a highly efficient OER electrocatalyst. The nitridation
of Mo oxides and N doping into the CNT architecture are
accomplished via the thermal decomposition of carbon nitride,
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Fig. 1 XRD patterns of CsN4-CNT, Mo-CNT and Mo—N-CNT.

thereby improving the electrocatalytic activity as demonstrated
by the low overpotential, small Tafel slope, and high specific
current. The long-term durability of Mo-N-CNT in KOH solu-
tion for 80 h is also achieved due to the strong interaction
between Mo oxynitride and N-doped CNTs.

Results and discussion

The hierarchical Mo-N-CNT electrocatalyst was prepared by
combining simple polymer gelation and hydrothermal and
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thermal treatment processes. During the formation of C;N,-
CNT networks, the homogeneity and optimized pH of the
solution are important for achieving the polymeric gel. Subse-
quently, a mixture of C;N,-CNTs with the Mo precursor was
hydrothermally treated and heated at 800 °C to construct the
Mo-N-CNT architecture. As shown in Fig. 1 and S1,} the XRD
patterns of C3;N,-CNT, Mo-CNT and Mo-N-CNT show a very
broad peak at 26 = 21.08° corresponding to the amorphous
halo. The intense peak of C3;N,-CNT at 26 = 31.39° was assigned
to the (200) plane of C;N,,** whereas this peak was not observed
for Mo-N-CNT due to the thermal decomposition of C;N, at
high temperatures. A clear peak appeared at 25.04° and 25.26°
for Mo-CNT and Mo-N-CNT, respectively, which is ascribed to
the (002) peak of CNTs. Moreover, the peaks of Mo-N-CNT at
36.2° and 49.0° were assigned to (200) and (202) planes of MoN.
The additional peaks at 26.0° and 53.1° represent the existence
of Mo-oxide compounds. These results indicate the partial
nitridation of Mo-oxide compounds through the thermal
decomposition of C3Nj.

The structure and morphology of Mo-N-CNT were charac-
terized using SEM and TEM, as shown in Fig. 2. The Mo-N-CNT
revealed the hierarchical network structure through the cross-
linking of the interweaved CNT bundles (Fig. 2a and b), which
can expose abundant active sites of Mo oxynitride. As shown in
the high-resolution TEM (HR-TEM) images in Fig. 2c and S2,f
the inside of N-CNTs was hollow with an average diameter of
13 nm, indicating a tubular structure. Moreover, the N-CNTs
were quite curved due to the existence of a turbostratic struc-
ture due to the N incorporation. The MoN nanoparticles with

Fig. 2

(a) and (b) Low and high-magnification SEM images of Mo—N-CNT. (c) TEM image of Mo—N-CNT and (d) and (e) the HR-TEM images of

the Mo—N-CNT. (f) STEM image and (g) the corresponding elemental mapping images of Mo, N, C and O.
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a size of 2 to 5 nm were uniformly deposited on the surface of N-
CNTs (Fig. 2d and S3+t), which is different from Mo-N-O with
large size nanoparticles (Fig. S4t). Three types of finger-lattices
are observed in Fig. 2e. The interlayer spacings of 0.19 nm and
0.35 nm correspond to the (202) plane of MoN and (002) plane
of CNTs, respectively, while the interlayer spacing of 0.29 nm
was attributed to the (101) plane of Mo oxide compounds.>”*
These assignments were consistent with the XRD results. The
lattices of MoN and Mo oxides are indicative of the deposition of
crystalline nanoparticles on the surface of N-CNTs. As shown in
the EDX spectra (Fig. S5t), the existence of Mo, N, C and O
atoms is observed. The elemental mapping images of Mo, C, N
and O elements confirmed the uniform distribution of MoN and
Mo oxides on the surface of N-CNTs (Fig. 2f and g).

As shown in Fig. 3, the chemical composition and structure
of the Mo-N-CNT catalyst are analyzed by XPS. The full survey
spectrum of Mo-N-CNT showed peaks at 284 eV, 398 eV, 530 eV,
and 232 eV corresponding to C, N, O and Mo elements (Fig. 3a
and Table S17), respectively. As shown in Fig. 3b, the high-
resolution Mo 3d spectrum was deconvoluted into six peaks.
The two peaks at 229.2 eV and 232.3 eV are assigned to the Mo-
N bond of MoN, the two peaks at 229.7 eV and 233.1 eV to the
oxidation state of Mo"", and the other peaks at 232.7 eV and
236.0 €V to the oxidation state of Mo®*.*® The existence of the
Mo-O bond was dominant for Mo-N-CNT, which is further
confirmed from the deconvoluted O 1s peak (Fig. S61). The
formation of the Mo-N bond originated from the surface
nitridation of Mo oxides during the thermal activation process.
As shown in the high resolution spectrum of the N 1s peak in
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Fig. 3c, four peaks were observed at 397.4, 398.3, 399.2, and
400.1 eV representing the Mo-N, pyridinic-N, pyrrolic-N, and
graphitic-N bonds,** which confirms the successful incorpora-
tion of N atoms into Mo oxides and CNTs. The observation of
Mo-N peaks in both Mo 3d and N 1s spectra strongly supports
the formation of MoN compounds. Based on the the integrated
area of the Mo 3d spectra, the ratio of the nitrides to oxides was
found to be about 1 to 10, indicating partial nitridation. The
formation of C-N and C=N bonds at 284.9 and 286.7 eV was
confirmed from the C 1s peak (Fig. 3d), implying the N doping
into CNTs.* This N doping can improve the electrical conduc-
tivity and provide catalytically active sites.***® Therefore, the
formation of Mo-N bonds and the N-containing groups of N-
CNTs can improve the electrical conductivity and boost the
electrocatalytic activity toward OER operation.>**

To verify the electrocatalytic performances of the as-prepared
C;3N,-CNT, Mo-CNT and Mo-N-CNT catalysts toward the OER,
the CV curves were measured in a three-electrode configuration
in 1 M KOH aqueous electrolyte at 5 mV s~ . The mass loading
of the three catalysts was identical for comparative investiga-
tion. As shown in the polarization curves in Fig. 4a, the Mo-N-
CNT exhibited a smaller overpotential of 344 mV at a current
density of 10 mA cm™? than the 420 mV of Mo-CNT, indicating
the faster electrode kinetics for the OER. This excellent OER
activity of Mo-N-CNT in the alkaline electrolyte was superior to
that of previous metal carbide/nitride-based catalysts for the
OER (Table S27). The overpotential of the Mo-N-CNT catalyst
was comparable to that of IrO,, which implies that the Mo-N-
CNT achieves a high electrocatalytic activity for OER operation.
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(a) The overview XPS survey spectra of Mo—N-CNT. High-resolution XPS spectra of Mo—N-CNT. (b) Mo 3d, (c) N 1s, and (d) C 1s.
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Fig. 4 (a) CV curves of Mo—N-CNT, Mo-CNT, CsN4-CNT and IrO, at 5 mV s~ (b) The corresponding Tafel plots, (c) Nyquist plots at an OER
overpotential of 370 mV and (d) linear fitting of the capacitive currents versus CV scan rates of CzN4-CNT, Mo-CNT and Mo—-N-CNT.

The electrode kinetics of Mo-N-CNT during the OER process
was investigated by estimating the Tafel slope from the corre-
sponding polarization curves. The Tafel slopes of the three
electrocatalysts were calculated based on the following equa-
tion: n = a + b logj. The Mo-N-CNT showed a value of 64 mV
dec ™" (Fig. 4b), which was smaller than those of Mo-CNT (74 mV
dec™') and C;N,-CNT (76 mV dec™ '), indicating the more facile
electrode kinetics. The exchange current density (j,) was also
determined from the extrapolation of the Tafel plots (Fig. S77).
The value of the Mo-N-CNT was higher than those of C;N,-CNT
and Mo-CNT. These results indicated the superior electro-
catalytic activity of Mo-N-CNT for the OER.

The kinetic parameter of Mo-N-CNT was investigated by
measuring Nyquist plots in the range of 1 MHz to 0.1 Hz as
presented in Fig. 4c. As derived from the semicircle in the high-
frequency region, the charge transfer resistance (R.,) of Mo-N-
CNT was 40 Q, much smaller than those of Mo-CNT (291 Q)
and C3N4-CNT (3240 Q). The small value of R, suggested the
fast charge transfer on the surface of Mo-N-CNT, which
supports the improved catalytic activity for the OER by the
hybridization of Mo oxynitride nanoparticles with N doped
CNTs. The ECSA value was determined from the corresponding
Cq; value in the non-faradaic region of CV curves in the potential
range of 0.35 to 0.53 V vs. RHE (Fig. 4d and S87). The Cq4; can be
obtained from the linear plot of the double layer charge
current.** The Mo-N-CNT exhibited a larger Cy, value of 8.34 mF
cm™? than the Mo-CNT (4.03 mF cm™2) and the C3N,-CNT (1.65
mF cm ™ ?), respectively. The resulting ECSA values, which are
derived from the specific capacity of 0.04 mF cm™ >, are deter-
mined to be 0.33, 0.16, and 0.07 cm? for Mo-N-CNT, Mo-CNT,

5662 | Nanoscale Adv, 2020, 2, 5659-5665

and C3N,-CNT, respectively.* The largest ECSA for Mo-N-CNT
implies more abundant active sites exposed on the N-CNT
surface. The turnover frequency (TOF) was applied to demon-
strate the catalytic efficiency of Mo-N and Mo-O bonds as active
sites (Fig. S91). In particular, the Mo-N-CNT showed the highest
TOF value at a specific overpotential, indicating the highest
catalytic efficiency.

The electrochemical durability was
measuring CV curves for 1000 cycles at a scan rate of 5 mV s
(Fig. 5). The collected polarization curves for the 1st and 1000th
cycles showed a little degradation in terms of both OER onset
overpotential and anodic current density. To drive the current
density of 10 mA cm™?, the overpotential (344 mV) of Mo-N-
CNT at the 1st cycle associated with water oxidation was not
significantly changed after the 1000th cycle (350 mV) (Fig. 5a).
Furthermore, the chronoamperometry (CA) curves were
measured to evaluate the long-term durability of the Mo-N-CNT
catalyst at an overpotential of 344 mV for 80 h. The initial
current density was preserved up to 20 h of measurement and
this value gradually decreased with a retention of 79% for 80 h.
These results indicate that the Mo-N-CNT electrocatalyst
showed high electrocatalytic activity and good durability for the
OER due to the partial nitridation of Mo oxides and the
hybridization of N-doped CNTs.

To evaluate the electrocatalytic stability of post-test Mo-N-
CNT after the OER test, the changes of the morphological
structure and chemical configurations were confirmed. Fig. 6a
shows the TEM images of Mo-N-CNT after the OER test, and
a slight change can be found attributed to the formation of Mo
oxides on the surface in the alkaline solution and the residual

investigated by

-1
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Fig.5

Nafion, which is also further verified by XPS in Fig. 6b. In
comparison to that of the pristine state, the additional bond at
688 eV corresponded to the appearance of F atoms from the
residual Nafion (Fig. S10t), and the high-resolution Mo 3d peak
at 232.8 eV was much broadened, indicating the different
chemical state of Mo-N-CNT during the OER test. To

Fig. 6
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(a) Polarization curves of Mo—N-CNT at the initial and 1000th cycles and (b) chronoamperometry curve of Mo—N-CNT at an overpotential
of 344 mV.

understand the chemical environment and efficient catalytically
active sites, the reaction energy and electronic structure of Mo-
N-CNT were calculated by density functional theory (DFT). It can
be obviously observed from the density of state (DOS) diagram
in Fig. 6¢c and d that MoO, is a semiconductor material with
a bandgap of 0.7 eV. Interestingly, the bandgap vanished and
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(a) TEM image and (b) Mo 3d spectra of Mo—N-CNT after the OER test. (c) and (d) Gibbs energy of pristine MoO, and partially nitridized
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the valence band was directly connected with the conduction
band after the modification of MoO, with heteroatom N doping.
The metallic properties of Mo nitride as the catalytic material
are conducive to water splitting. Additionally, to reveal the
modified electronic structure by N atom doping to enhance the
OER properties of Mo-N-CNT, the partially nitridized MoO, was
examined by a serious of calculations. The Gibbs energy at
different reaction steps (¥*OH, *O, *OOH and *O,) was obtained
by modeling calculation in Fig. 6e and S11.} During the whole
OER process, the reaction energy at the N sites, which depends
on the Gibbs energy of all the reaction steps, is smaller for Mo
oxynitride than that of Mo sites. Upon incorporating N atoms,
the adsorption of *OH was the rate-determining step (RSD) for
the OER at N sites, while the conversion of *O to *OOH was the
RSD for Mo sites. Therefore, the catalytically active sites for
partial nitridation of MoO, are more conducive to the desorp-
tion of O, to further improve the electrocatalytic performance of
the OER catalyst.

Experimental
Synthesis of C;N,-CNT

All chemicals and CNTs were purchased from Aladdin Reagent
Co., Ltd. Firstly, the C;N,-CNT was synthesized as follows. Tri-
polycyanamide (645 mg) as the precursor of C;N, was dissolved
in deionized (DI) water and methanol (1.2 mL) and KOH (0.1 g)
was added. The aqueous solution (20 mL) was continuously
stirred for 4 h at 80 °C. Then, 50 mg CNTs, which were used to
construct a tubular structure, were added into the above solu-
tion with advanced ultrasonication to obtain a homogeneous
solution. The pH value of the homogeneous solution was
adjusted to 1.0 by adding 1 M HCI solution, and the KOH
solution was further added to form a polymeric gel. Finally, the
polymeric gel was heated at 700 °C for 1.5 h under an ammonia
atmosphere and the sample was named C3;N,;-CNT.

Synthesis of Mo-CNT

The CNTs (50 mg) were added into DI water (20 mL) under
ultrasonication to form a homogeneous solution. Ammonium
molybdate (50 mg) was also dissolved in DI water (20 mL) and
then, mixed with the CNT dispersion under magnetic stirring
for 1 h. The mixture was transferred to a Teflon-lined autoclave
and heated at 180 °C for 24 h. After naturally cooling down to
room temperature, the precipitates were washed with water/
ethanol, collected by vacuum filtration, and dried in a vacuum
oven at 80 °C overnight. Finally, the composite was annealed at
800 °C for 2 h under an argon atmosphere, and the sample was
denoted as Mo-CNT.

Synthesis of Mo-N-CNT

The as-obtained C;N,-CNT was dispersed in DI water at
a concentration of 3 mg mL~'. Ammonium molybdate (50 mg)
was dissolved in DI water (20 mL) and then, mixed with the
C;3N,-CNT dispersion under magnetic stirring for 1 h. After this,
Mo-N-CNT was synthesized following the same method as Mo-
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CNT. Meanwhile, a control sample without adding CNTs was
prepared with the same method and denoted as Mo-N-O.

Electrochemical measurement

Electrochemical measurements were conducted in a three-
electrode system using an Interface 1000 electrochemical work-
station. The aqueous electrolyte was 1 M KOH at a pH of 13.62
and deaerated using high-purity nitrogen before the measure-
ment. Platinum wire and a Hg/HgO electrode (the saturated
calomel electrode, SCE) with a salt bridge were used as the
counter and reference electrodes, respectively. Both electrodes
were rinsed with DI water and dried with compressed air.
Notably, the SCE was calibrated before and after the accuracy
tests. Potentials were referenced to a reversible hydrogen elec-
trode (RHE) following an equation of (0.24 + 0.0592 x pH) V. All
potentials were converted and referred to the RHE unless stated
otherwise. The glassy carbon electrode was cleaned in ultrapure
water several times and dried at room temperature before use.
The Mo-N-CNT sample was deposited on the glassy carbon
electrode, which was used as the working electrode. The prepa-
ration process of Mo-N-CNT inks and the working electrode was
carried out as described below. The Mo-N-CNT sample was
ground in agate mortars and placed in a 5 mL centrifuge tube.
Upon adding the Nafion ionomer solution and ethanol, the final
concentration of the mixture was 5 mg mL~'. The mixture was
sonicated using an ultrasound probe to obtain the Mo-N-CNT
catalytic inks. The catalytic performances of Mo-N-CNT and
other samples for the OER were examined using cyclic voltam-
metry (CV) in 1 M KOH electrolyte at 5 mV s~ .

The potential range was from 1.0 V to 1.6 V (vs. RHE) and IR
correction was done to offset the uncompensated resistance.
Electrochemical impedance spectroscopy (EIS) was used to record
Nyquist plots in 1 M KOH in a three-electrode cell at room
temperature, varying the frequencies from 1 MHz to 0.1 Hz. The
electrochemically active surface area (ECSA) was estimated from
the electrochemical double-layer capacitance (Cq;) by measuring
CV in a non-faradaic region from 0.35 V to 0.55 V (vs. RHE) at scan
rates of 20, 40, 60, 80, and 100 mV s~ *. Chronoamperometry (CA)
was carried out in 1 M KOH at 10 mA cm™ > for 80 h.

Conclusions

In summary, we have constructed hierarchical Mo-N-CNT
architectures as a low cost and highly active electrocatalyst by
facile hydrothermal and thermal activation of C3N,. The partial
nitridation of Mo oxides effectively modified the chemical
structure, thereby improving the catalytic activity of Mo-N-CNT
in strong alkaline electrolytes. The hierarchical porous struc-
ture was also favorable for accelerating the ion diffusion and
exposing abundant active sites for efficient OER operation. The
Mo-N-CNT showed a lower overpotential of 344 mV to drive
a current density of 10 mA ¢cm™ > with a small Tafel slope of
64 mV dec™'. The small charge transfer resistance for Mo-N-
CNT implied the fast OER kinetics. Thus, this work provides
a chemical strategy to design cost-effective and efficient tran-
sition metal-based electrocatalysts and to improve the

This journal is © The Royal Society of Chemistry 2020
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electrocatalytic activity and stability through partial nitridation
and N doping for OER applications.
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