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Introduction

As the effect of global warming has become more prominent
over the past few years, researchers around the world are seri-
ously considering the option of a hydrogen-based economy.
Electrochemical water splitting is an efficient method for the
production of hydrogen. However, several challenges need to
be overcome before its large scale implementation. The most

important are the higher overpotential (h) for the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER),
and the high cost of the catalysts.[1–4] The materials that are
currently used as catalysts in acidic electrolyzers are mainly
platinum-based (at the cathode, HER) and iridium–ruthenium
composites (at the anode, OER).[3, 4] Therefore, a significant
amount of research effort has been made to develop new ma-
terials as cost-effective alternatives to the current precious
metal catalysts for HER and OER. Currently, several alternative
materials have been found to be active for HER and a signifi-
cant improvement in the reduction of precious metal content
has been achieved for OER catalysts.[5–8] Among alternative cat-
alysts for HER, the performance of Mo-based catalysts is the
most attractive. The reported activities of some Mo-based ma-
terials are very close to that of the state-of-art Pt.[11–19] Promi-
nent among such materials are MoS2, Mo2C, and Mo2N.[9–17]

These catalysts have been synthesized by various synthesis
techniques, such as hydrothermal synthesis, sol–gel processes,
and chemical vapor deposition.[9–17] The major issue associated
with carbides and nitrides is the difficulty in synthesizing the
materials in pure form.[14–18] The extreme reaction conditions
(elevated temperature and pressure) required for the synthesis

Molybdenum-based compounds are considered as a potential
replacement for expensive precious-metal electrocatalysts for
the hydrogen evolution reaction (HER) in acid electrolytes.
However, coating of thin films of molybdenum nitride or car-
bide on a large-area self-standing substrate with high precision
is still challenging. Here, MoNx is uniformly coated on carbon
cloth (CC) and nitrogen-doped carbon (NC)-modified CC
(NCCC) substrates by atomic layer deposition (ALD). The as-de-
posited film has a nanocrystalline character close to amor-
phous and a composition of approximately Mo2N with signifi-
cant oxygen contamination, mainly at the surface. Among the
as-prepared ALD-MoNx electrodes, the MoNx/NCCC has the
highest HER activity (overpotential h�236 mV to achieve
10 mA cm�2) owing to the high surface area and porosity of
the NCCC substrate. However, the durability of the electrode is
poor, owing to the poor adhesion of NC powder on CC. An-
nealing MoNx/NCCC in H2 atmosphere at 400 8C improves both

the activity and durability of the electrode without significant
change in the phase or porosity. Annealing at an elevated tem-
perature of 600 8C results in formation of a Mo2C phase that
further enhances the activity (h�196 mV to achieve
10 mA cm�2), although there is a huge reduction in the porosi-
ty of the electrode as a consequence of the annealing. The
structure of the electrode is also systematically investigated by
electrochemical impedance spectroscopy (EIS). A deviation in
the conventional Warburg impedance is observed in EIS of the
NCCC-based electrode and is ascribed to the change in the H+

ion diffusion characteristics, owing to the geometry of the
pores. The change in porous nature with annealing and the
loss in porosity are reflected in the EIS of H+ ion diffusion ob-
served at high-frequency. The current work establishes a better
understanding of the importance of various parameters for a
highly active HER electrode and will help the development of
a commercial electrode for HER using the ALD technique.
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also limits the porosity and surface area of the fabricated elec-
trodes.

Apart from the cost of the catalysts, the electrode fabrica-
tion procedure also creates additional challenges such as adhe-
sion of the catalysts for better stability in hydrogen-gas-evolv-
ing conditions and maintaining good electrical conductivity
and a large active surface area during the operation without
compromising on the activity and durability.[18] Typically,
mixing of the catalysts with a polymer binder and conducting
carbon during the fabrication of the electrode is essential to
improve the stability. However, this still limits the conductivity
and the availability of the active surface area. The most
common substrate used for an electrode in the HER is carbon
cloth (CC). The CC substrate has relatively good electrical con-
ductivity and is fairly stable in acidic conditions. Furthermore,
CC is readily available and inexpensive. However, the surface
area of bare CC is limited to a few centimeters per gram,
which is adequate for a Pt-based electrode but is not sufficient
for a non-Pt-based electrode, which requires a higher amount
of material to obtain a similar performance. Several modifica-
tion strategies have been adopted to increase the active sur-
face area of CC as well as its rigidity, such as the incorporation
of nitrogen or coating with nitrogen-doped carbon
(NC) powder.[19, 20] These alterations are quite effective
at improving the specific surface area by creating a
highly porous and rough surface on the carbon fiber.
However, the practical application of these electrodes
is still limited because of their poor durability.

The challenges associated with the synthesis of
high-surface-area and porous molybdenum-based
carbide and nitride electrodes can be overcome by
using atomic layer deposition (ALD), which can effec-
tively coat a thin film with excellent uniformity and
conformality on a high-surface-area porous substrate
at relatively low temperatures.[21–23] Furthermore, ALD
can be used for precise control of the thickness of
the coating, which is beneficial for electrode fabrica-
tion because an unnecessarily thicker active material
not only adversely effects the electrical conductivity of the
electrode but might also influences the catalytic activity as the
electrocatalytic process is a surface-restricted phenomenon.
Therefore, ALD is beneficial for the fabrication of free-standing
large area electrodes for practical implementation. However,
the properties of ALD-prepared molybdenum-based catalysts
for HER, such as the activity of different phases, the influence
of porosity, post-annealing, and the effect of these parameters
on the durability of the electrode are not well documented in
the literature. Therefore, understanding these factors is pivotal
for the design of highly active and durable Mo-based electro-
des for acidic HER as alternatives to precious Pt-based cata-
lysts.

Results and Discussion

Synthesis of the NCCC substrate and MoNx deposition by
ALD

The coating of NC powder on carbon cloth is a well-estab-
lished method to improve the active area of CC and enhance
its conductivity.[19] The modification creates a highly porous
surface.[20] In the rest of the manuscript, the surface area from
this highly porosity resulting from NC powder coating on CC is
designated as Type B contribution. The micrometer scale fibers
in the CC make a Type C contribution. This assignment is also
consistent with the active surface area induced by those char-
acteristics. A Type C contribution only has a small effect on the
enhancement of the surface area (the active surface area of
bare carbon cloth), whereas a Type B contribution significantly
enhances the surface area (the active surface area of NCCC).
The nanometer-scale roughness of the surface is the most
dominant factor that contributes to the overall surface area
and hence is considered as a Type A contribution. The different
types of contributions to the overall surface area of the elec-
trode is schematically represented in Figure 1.

ALD of MoNx is well established in the literature. However,
the coating on a substrate with an extremely high surface area
(such as the NCCC) owing to its significant amount of porosity
(varying shapes and dimensions) and roughness is not trivial
and, to the best of our knowledge, has not been attempted so
far. The ALD technique is extensively used to grow various
active compounds on different substrates for applications such
as Cu diffusion barrier, energy storage devices, and electroca-
talysis.[21–28] Recently, ALD has been explored as a fabrication
technique for the preparation of various active materials on a
highly porous substrate for application in fields such as Li-ion
batteries and supercapacitor.[29–33] However, the deposition of
MoNx on CC or NCCC has not been reported and studied as a
catalyst for HER. The self-limiting growth kinetics, the linearity
of growth with ALD cycles and the temperature window for
ALD-MoNx using Mo(CO)6 and NH3 has been previously estab-
lished by our group: The results indicated that the ideal ALD
conditions occurs only in a very narrow temperature range of
200–215 8C on a SiO2/Si substrate.[21–23] The number of ALD

Figure 1. Schematic representation of various constituents on the electrode surface.
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cycles for the coating of a MoNx thin film on CC and NCCC
substrates was chosen to be 700 cycles to obtain a uniform
thin film with a thickness of approximately 25–30 nm based on
our previous study.[21–23] A schematic representation of the syn-
thesis of the electrode is shown in Figure S1 (Supporting Infor-
mation), and the conditions used during NCCC preparation,
ALD-MoNx coating, and heat-treatment are tabulated in
Table S1.

Phase, morphology, and composition of the electrode

Initially, the thickness and composition of the MoNx film were
analyzed using cross-sectional SEM imaging and energy-disper-
sive X-ray spectroscopy (EDS) analysis of the MoNx film on a
SiO2-Si wafer (Figure S2). The thickness of film grown with 700
ALD-cycles was approximately 25–30 nm, and the final compo-
sition of the film was approximately Mo0.5N0.25O0.25 from the
EDS analysis. However, the oxygen was mostly concentrated
on the top surface and in the near-surface region of the film
compared with the bulk. The ALD-growth kinetics, growth
rate, and the composition of the ALD-MoNx film have been ex-
tensively investigated and are described in our previous
work.[21–23]

The structure and phase of the as-deposited MoNx film on
NC-powder-coated carbon cloth (MoNx/NCCC), and that of the
sample annealed in a hydrogen atmosphere at 400 8C
(MoNx/NCCC-400) and 600 8C (MoNx/NCCC-600) were analyzed
by XRD spectroscopy (Figure 2 a). The post-annealing tempera-
tures were chosen according to two important criteria ; the
Mo2C formation temperature (by the reaction of carbon and
molybdenum compounds, which is ca. 550 8C) and the temper-
ature at which no significant morphological change happens
in the electrode, but a possible reduction of surface oxides is
expected.[34, 35] Therefore, 600 8C and 400 8C were chosen for
the post-annealing of the electrode. The broad peak at 2q of
258 was attributed to the (002) plane of graphitic carbon and
this peak was observed for all the samples. No peak other than
that of graphitic carbon was evident in the XRD pattern of the

MoNx/NCCC electrode, which indicated that the as-deposited
MoNx film was amorphous. However, close examinations of the
pattern revealed a minor hump at approximately 35–408 2q.
From the standard XRD patterns (JCPDS reference code 00-
025-1368), it can be interpreted that the minor hump in the
case of MoNx/NCCC might be from the Mo2N phase. This also
reflects the nanocrystallinity of the predominantly amorphous
as-deposited film. This observation was in good agreement
with MoNx films that were deposited under similar conditions
on either SiO2/Si or Ni-foam substrates.[21–23] Furthermore, the
annealing in a H2 atmosphere at 400 8C had a minimal influ-
ence on the phase of ALD-MoNx. However, the minor hump
observed at 35–408 (Mo2N 111) was much clearer and appar-
ent. Therefore, the heat-treatment at 400 8C in a H2 atmos-
phere slightly increased the crystalline nature of the film. An-
nealing of the as-deposited sample at a higher temperature
(600 8C) resulted in the appearance of sharp peaks in the XRD
patterns, which were assigned to Mo and b-Mo2C phases
(JCPDS reference codes 01-089-5023 and 01-011-0680, respec-
tively). The decomposition of molybdenum nitrides to pure
metal by releasing N2 happens above 600 8C for the crystalline
Mo2N phase, whereas for amorphous MoNx the nitrogen re-
lease might start at a slightly lower temperature.[34] Further-
more, the presence of a reducing atmosphere during anneal-
ing might reduce this reduction temperature of MoNx to Mo.
On the other hand, the formation of a Mo2C phase was most
probably caused by the presence of carbon in the NC
powder.[35]

The oxidation state of molybdenum and the surface compo-
sition of the electrode were identified by X-ray photoelectron
spectroscopy (XPS) analysis. The complete XPS survey spectra
of bare CC, NCCC, MoNx/CC, MoNx/NCCC, MoNx/CNCC-400, and
MoNx/CNCC-600 electrode are shown in Figure S3; peaks at-
tributed to carbon, oxygen, molybdenum, and nitrogen were
evident in the survey spectra. The deconvoluted high-resolu-
tion individual peak of Mo 3d of molybdenum in the MoNx

sample on the NCCC substrate is shown in Figure 2 b. The
Mo 3d spectrum from molybdenum foil (taken after 60 s Ar ion

etching to remove surface oxides) and MoNx/CC are
shown in Figure S4. The binding energy (BE) values
for 3d5/2 from Mo0 and Mo+ 4, respectively, were
228.23(�0.2) eV, and 229.7(�0.2) eV (Figure S4). The
3d5/2 peaks at 232.7(�0.2) eV and 231.1(�0.2) eV
matched with reported BE values for + 6 and + 5 oxi-
dation state, respectively, of molybdenum.[21, 36, 37]

Apart from the above-mentioned peaks, the as-de-
posited MoNx had one more peak (Mo 3d5/2 peak at
229(�0.2) eV) in between the BE values expected for
Mo+ 2 and Mo+ 4 oxidation state (Figure 2 b and S4)
and was assigned to Mo+d oxidation state. This peak
was from MoNx phase in the case of MoNx/CC, MoNx/
NCCC, and MoNx/NCCC-400 samples.[21, 37, 38] Annealing
the sample at 400 8C did not significantly alter the
peak positions. However, the fraction of Mo+d signifi-
cantly increased, and consequently, the fraction of
Mo in higher oxidation states (+ 6 and + 5) was re-
duced (Table S2). The heat-treatment at an elevated

Figure 2. (a) XRD patterns and (b) Mo 3d XPS spectra of MoNx/NCCC, MoNx/NCCC-400,
and MoNx/NCCC-600.
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temperature (600 8C) resulted in the appearance of peaks at
BEs corresponding to Mo0 and Mo+ 2 owing to the formation
of the b-Mo2C phase; a similar distribution of oxidation states
has been reported for Mo2C.[14, 38] Significant contamination
with the MoO3 phase was observed in the spectrum; the peaks
from Mo+ 6 became more prominent. However, only the forma-
tion of the Mo2C and Mo phase was evident from the XRD
analysis.

The SEM images of CC and NCCC are shown in Figure S5.
The modification of CC with NC powder was apparent from
the SEM images, and the porosity of the NCCC surface was
clearly visible in the images. The NC powder appeared distinct.
It formed a well-defined coating on CC. The NC coating, at the
same time, also provided some extra growth of the material
between the fibers to some extent, which should be consid-
ered as an advantage providing a further surface for deposit-
ing MoNx. The NC coating formed through the carbothermal
synthesis process was fairly uniform, well-adhered, and homo-
geneous on the CC substrate. The SEM images of NCCC clearly
showed the extent of the porosity induced by NC modification.
Pores with a wide range of sizes were generated through this
modification. Microporous and nanoporous structures (pores,
tunnels, holes) were clearly visible in the SEM images. There-
fore, the NC-modified CC (NCCC) significantly increased the
surface area and facilitated ALD onto the surface, eventually
affecting the HER performance.

The SEM images of ALD-MoNx-coated CC and NCCC, as well
as the bare NCCC, are shown in Figure 3. A uniform coating of
MoNx film on CC was evident in the images of MoNx/CC (Fig-
ure 3 a and 3 b). The MoNx/CC (Figure 3 b) surface appeared to
be much rougher than that of the bare CC (inset to Figure 3 b)
owing to the uniform growth of the MoNx nanoclusters con-
sisting of several individual spherical particles on CC. Therefore,

the analyses of these SEM images clearly reflect the potential
of ALD for coating a thin film on a large area 3D substrate
with excellent uniformity and conformality. The MoNx coating
on NCCC was not evident at a lower magnification (Figure 3 e),
but, similar to the MoNx/CC, at higher magnification the MoNx

surface appeared (Figure 3 f) with a very high degree of surface
roughness when compared with that of bare NCCC (Figure 3 c
and 3 d). The composition of the electrode and the elemental
distribution of constituents were analyzed by EDS and EDS ele-
mental mapping (Figure 4). The EDS mapping showed a uni-
form distribution of Mo and N on the carbon substrate. The
carbon distribution was from the CC substrate and the carbo-
thermal NC coating. The nitrogen from the MoNx and NC coat-
ing contribute to the EDS signal ; therefore, quantification from
EDS mapping would be erroneous.

The SEM images of MoNx/NCCC, MoNx/NCCC-400, and
MoNx/NCCC-600 samples at low magnification are shown in
Figure S6. Similar to that observed with MoNx/NCCC, a uniform
coating of N-doped carbon covered with a thin layer of ALD-
MoNx was evident for MoNx/NCCC-400. There was also an indi-
cation of a minor change in the porosity of the coating but
the low magnification SEM images were very similar to that of
the as-prepared sample. The SEM images at high magnification
(Figure 5 a) confirmed the retention of the porosity after post-
annealing at 400 8C. The images clearly revealed the highly
porous structure of the electrode; pores with different dimen-
sions were visible throughout the sample. However, the sur-
face roughness (Figure 5 b) of the MoNx coating appeared to
be slightly lower when compared with the as-deposited MoNx/
NCCC (Figure 3 f). The SEM-EDS elemental mapping confirmed
the presence of C, Mo, and N, which were still uniformly dis-
tributed throughout the sample after annealing at 400 8C (Fig-
ure S7). Annealing at 400 8C in a hydrogen atmosphere had a
limited influence on the porosity of the electrode, whereas a
slight decrease in the overall surface area arising from surface
roughness was expected.

Figure 3. SEM images of (a, b) MoNx/CC, (c, d) bare NCCC, and (e, f) MoNx/
NCCC electrodes at different magnifications. The inset in (b) is an SEM
image of bare CC.

Figure 4. (a) SEM image of the ALD-MoNx/NCCC electrode and the corre-
sponding SEM-EDS elemental mapping for (b) carbon, (c) molybdenum, and
(d) nitrogen.
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Severe aggregation (sintering of MoNx/NC coating) of the
coating was clearly evident in the SEM images (Figure S6c, and
Figure 5 c and 5 d) of MoNx/NCCC-600, resulting in the expo-
sure of a significant portion of the carbon cloth fiber, which
could be easily detected (Figure S6 c). Even though there was a
notable loss of surface coating of MoNx–NC, the remaining
coating was uniformly and homogeneously distributed on the
CC. The SEM images further confirmed a significant loss of the
porosity of the MoNx/NCCC-600. The morphology of the sur-
face changed from a highly porous structure to a scale-type
structure (Figure 5 c). Furthermore, the roughness of the sur-
face was also significantly decreased after annealing at 600 8C
(Figure 5 d). Those changes in the morphology might be
caused by the conversion of the as-grown material from the
amorphous MoNx phase (amorphous MoNx with a notable
amount of surface oxides) to a highly crystalline Mo and Mo2C
phase. This change in phase was clearly reflected in the XRD
analysis. The SEM-EDS images and elemental mappings of the
MoNx/NCCC-600 electrode are shown in Figure S8; the images
confirmed the uniform and homogeneous distribution of Mo,
C as well as N throughout the sample even after annealing at
600 8C. The source of N might be the NC powder rather than
MoNx as the XRD analysis indicated the presence of only Mo
and Mo2C phase in the sample.

Electrochemical hydrogen evolution reaction activity and
electrode stability.

Electrochemical HER performance of the bare CC, NCCC, and
ALD-MoNx-coated electrodes (MoNx/CC and MoNx/NCCC)
before and after annealing were evaluated by linear sweep vol-
tammetry (LSV) at a scan rate of 5 mV s�1 in a nitrogen-saturat-
ed 0.5 m H2SO4 electrolyte. The LSV curves without iR compen-
sation and with iR compensation using the feedback method
are shown in Figure 6 a and Figure S9, respectively. The resist-
ance for iR compensation was estimated from the EIS measure-
ments, and the voltammograms were corrected for 85 % iR
drop. The bare CC had a non-convincing ability to catalyze the
HER in the potential range used here, 0.0–0.6 V vs. RHE. How-
ever, the NCCC shows appreciable current owing to HER below

�0.45 V. The reason for its slightly apparent activity might be
owing to the increase in the surface area as well as the intro-
duction of HER active sites by N-doping. It has been reported
that the doping with heteroatoms with a higher electronega-
tivity than carbon such as N, P, B, and S induces slight polariza-
tion of the adjacent carbon atom, thereby improving its H+

ion adsorption and the HER activity.[39] The overpotential re-
quired for NCCC to achieve a current density of 10 mA cm�2

was approximately 514 mV. The introduction of ALD-MoNx re-
duced the overpotential to approximately 402 and 236 mV for
CC and NCCC, respectively. The apparent difference
(ca. 166 mV) in overpotential of MoNx/NCCC and MoNx/CC was
attributed to the high surface area of NCCC compared with
that of CC. The above-mentioned conjecture is valid because
of adopted synthesis/deposition strategy, that is, uniform and
conformal coating of the entire surface of the electrode
through ALD (both for CC and NCCC). This implies that the sur-
face characteristics of both the electrodes are of the same
nature. Therefore, the low overpotential observed with MoNx/
NCCC was attributed to the increased surface area and the
consequent increase in the number of active sites.

Furthermore, annealing the as-prepared MoNx/NCCC at
400 8C in a hydrogen atmosphere again pushed the HER over-
potential to a lower value (ca. 222 mV at 10 mA cm�2). This
14 mV drop was mainly owing to the reduction of surface
oxides present on MoNx during post-annealing in a hydrogen
atmosphere at 400 8C, whereas most of the porous character
of the as-prepared electrode was retained even after the an-
nealing. Annealing at a relatively higher temperature of 600 8C
resulted in a further drop in overpotential (ca. 196 mV). The
electrode also exhibited very high performance resulting in an
overpotential of approximately 465 mV (without iR correction)
to reach a current density of 100 mA cm�2. However, based on
the SEM images, it was clear that there was also a subsequent
loss in porosity and surface area owing to the annealing at ele-
vated temperature. Therefore, the increased activity of the
sample annealed at 600 8C was solely owing to the change in
phase and composition of the catalysts. The formation of the
Mo2C phase, which has been reported to be highly active, was
evident in the XRD analysis.[12–16] A similar trend was also ob-
served with iR-corrected LSVs; the overpotentials at
10 mA cm�2 and 100 mA cm�2 for both iR-corrected and uncor-
rected voltammograms are tabulated in Table S3 and values
from the literature for different Mo-based electrodes are also
included in the table for comparison.[12, 14, 15, 40–47] The results in-
dicate that the HER activity of electrodes used in the current
investigation is comparable with the values reported in the lit-
erature. However, most of the studies was performed with a
rotating disc electrode set up,[15, 40–42, 44] whereas the catalytic
activity in our study was evaluated in a free-standing elec-
trode.

Tafel analysis can be used to identify the HER mechanism of
the electrocatalysts as well as the relative activity of the elec-
trode; according to the literature reports the HER occurs
through three different individual steps.[48, 49] Those are named
Volmer, Heyrovsky, and Tafel reaction. The theoretically predict-
ed Tafel slopes for the above-mentioned steps are

Figure 5. SEM images of (a, b) MoNx/NCCC-400 and (c, d) MoNx/NCCC-600
electrodes at different magnifications.
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120 mV dec�1 (Volmer), 40 mV dec�1 (Heyrovsky), and
30 mV dec�1 (Tafel).[48, 49] The Tafel plot derived from the iR-cor-
rected LSVs are shown in Figure 6 b; the apparent slope in the
case of CC and NCCC was much higher than 120 mV dec�1,
which can be attributed to several reasons such as the cover-
age dependence of the rate-determining step, parallel reac-
tions to the HER in the same potential window, and different
transfer coefficient values for the deviation in the slope.[49] All
the Mo-containing electrodes exhibited a Tafel slope of
120 mV dec�1 or in between 120 mV and 60 mV dec�1, which
indicated the Volmer–Heyrovsky reaction was the rate-deter-
mining step. Furthermore, the electrode tended to show an
increased contribution from the Heyrovsky step with heat
treatment. The lowest slope was observed for MoNx/NCCC-600
(59 mV dec�1) and is an indication of the high activity of the
electrode.

The Mo-mass-normalized HER activity of MoNx/CC, MoNx/
NCCC, MoNx/NCCC-400, and MoNx/NCCC-600 was also calculat-
ed by estimating the amount of molybdenum present through
inductively coupled plasma-optical emission spectrometry (ICP-
OES) analysis (Figure 6 c and Table S4) ; the MoNx/NCCC-600
had the maximum activity among all the electrodes. The load-
ing of Mo on the electrode was estimated to be approximately
0.26–0.33 mg cm�2

geo for the NCCC-based electrode, whereas a
much lower loading of approximately 0.019 mg cm�2

geo was
observed for MoNx/CC. The variation in the amount of molyb-
denum on CC and NCCC was due to the difference in their real
surface area. More MoNx was deposited on NCCC than on CC

with the same number of ALD cycles, owing to the surface
self-limiting nature of ALD. Furthermore, the metal loading on
the electrode by ALD was much lower when compared with
the typically reported values using other fabrication methods
(0.5 to 2 mg cm�2).[15, 44]

The durability of the electrode with good HER activity (LSVs)
was assessed by performing chronopotentiometry
(10 mA cm�2) for 20 h in 0.5 m H2SO4 electrolyte. The potential
versus time plot for the MoNx/NCCC, MoNx/NCCC-400, and
MoNx/NCCC-600 electrodes are shown in Figure 6 d. A sudden
increase in the potential from approximately 250 to 500 mV
after approximately 4 h of electrolysis was observed for the
MoNx/NCCC electrode, which indicated a loss of HER activity
owing to the instability of the electrode. The possible reason
for the instability could be the loss of active sites/catalysts,
that is, MoNx. The loss of catalysts might happen owing to the
poor adhesion of ALD-MoNx on NCCC or that of carbothermally
coated NC on bare CC. To identify the reason for the loss of ac-
tivity, chronopotentiometry analysis of the MoNx/CC electrode
was performed and compared with MoNx/NCCC (Figure S10). If
the cause of the activity loss was from the removal of the ALD-
MoNx film from the substrate, then both the as-deposited elec-
trodes (MoNx/CC and MoNx/NCCC) would have a similar stabili-
ty profile. However, the MoNx/CC had very good stability (no
loss in operating potential) for 20 h. Therefore, the low stability
of MoNx/NCCC was due to the poor adhesion of the porous
NC on the carbon cloth substrate. The SEM images of MoNx/
NCCC (Figure S11) after the chronopotentiometry further con-

Figure 6. (a) Linear sweep voltammograms (without iR compensation) of CC, NCCC, MoNx/CC, MoNx/NCCC, MoNx/NCCC-400, and MoNx/NCCC-600 in 0.5 m

H2SO4 at a potential sweep rate of 5 mV s�1; the inset is an enlarged portion of the voltammograms. (b) Tafel plots (derived from the iR-compensated voltam-
mograms), (c) mass normalized HER activity, and (d) chronopotentiometric (at 10 mA cm�2) curve of the MoNx/NCCC, MoNx/NCCC-400, and MoNx/NCCC-600
electrodes.
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firmed the above-mentioned conjecture; bare CC owing to the
removal of MoNx–NC coating was clearly evident (inset of Fig-
ure S11 d). Annealing the electrode at 400 8C or 600 8C in H2

helped to improve the adhesion of MoNx–NC on the CC sub-
strate.

Electrochemical impedance spectroscopy (EIS) and pore ge-
ometry: Comparison of porosity from EIS and SEM images.

The morphology and porosity of the electrode are crucial fac-
tors for the electrochemical hydrogen evolution reaction be-
cause a higher porosity can enhance the active surface area of
the electrode, which in turn increases the apparent HER activi-
ty. EIS has been widely used to characterize the nature of the
porosity and the diffusion of ions and active species through
pores of a variety of size and shapes.[50–58] The effect of the
pore geometry on the impedance was first modeled by Keiser
et al. ,[53] and different groups have summarized numerical
models or modifications to the Keiser et al. approach.[50–61]

However, a direct correlation between the experimentally ob-
served microstructure/porosity and the impedance response is
rarely found in the literature.[59–61] In this work, we make an at-
tempt to correlate the changes in the morphology/porosity
caused by the annealing of the electrode at elevated tempera-
ture on the characteristic of the EIS spectra.

The EIS response for the MoNx/NCCC, MoNx/NCCC-400, and
MoNx/NCCC-600 electrode recorded at different HER overpo-
tentials are shown in Figure 7. The EIS responses of bare CC,
MoNx/CC, and NCCC without any ALD-MoNx coating are shown
in Figure S12. The EIS data for the NCCC-based electrodes had
features that were distinguishable from that of the CC-based
electrodes; the spectra of MoNx/NCCC (Figure 7 a) were domi-
nated by an arc at the low-frequency region, which converged
to a depressed semicircle with increasing overpotential, and
was attributed to the kinetics of the HER. Furthermore, a curve
almost parallel to the real axis (Z’ axis) at the high-frequency
region was observed in the spectrum (inset to Figure 7 a). This
curve (parallel to the X-axis) observed at a high-frequency was
different from the 458 straight lines that are generally observed
with a carbon-based electrode, and the difference was attribut-
ed to the pore-geometry of the electrode. For bare CC (Fig-
ure S12 a) and MoNx/CC (Figure S12 c), this feature was not ap-
parent, and the spectrum was composed of an arc at a lower
overpotential and it converged into a depressed semicircle
with an increase in the HER overpotential.

The EIS response of CC-based and NCCC-based electrodes is
modeled with two different equivalent circuits (EC; Fig-
ure S13).[21, 57, 62] Both models use a constant-phase element in-
stead of a pure capacitor to account for the heterogeneity of
the surface.[63, 64] For the CC-based electrode (CC and MoNx/CC)
both EC models give similar fitting results (Figure S14). Howev-
er, in the case of the NCCC-based electrodes, the experimental
data can only be perfectly fitted with the two constant-phase
element circuit (Figure S15).

For MoNx/NCCC (Figure 7 a), the low-frequency arc was clear-
ly dependent on the applied potential (overpotential), where-
as, the high-frequency portion exhibited potential independent

characteristics, which further confirmed that the low-frequency
characteristic corresponded to the kinetics of HER and the
high-frequency curve was due to the porosity of the electrode.
This was also reflected in the Bode plot shown in Figure 7 b, in
which the spectra exhibit a constant low phase angle (5–108)
curve (almost parallel to the x-axis) in the frequency range of
approximately 2–100 Hz, which corresponds to the diffusion of
H+ ions through the pores. At low frequency (1 Hz to 0.05 Hz)
the Bode plots exhibited typical features (peak/curve with
changing phase of Z at different frequencies) owing to the re-
laxation of surface electrochemical processes. Similar features
were also observed with the NCCC electrode in its Nyquist and
Bode representation (Figure S12 e and S12 f). The EIS analysis
of MoNx/NCCC-400 (Figure 7 c) also showed features similar to
the as-deposited MoNx/NCCC electrode. However, the high-fre-
quency curve (inset to Figure 7 c) was slightly smaller in length
for the annealed sample. This feature was much more appar-
ent in the Bode plot (Figure 7 d), in which a smaller low phase
curve (10–100 Hz) was present in the high-frequency region.
The small change in the EIS feature of MoNx/NCCC-400 when
compared with the MoNx/NCCC was attributed to the minor
change in the porosity of the former electrode with annealing
at 400 8C. The fitted parameters for the EIS spectra shown in
Figure S12 and Figure 7 are tabulated in Table S5 and S6. The
EIS response and the SEM images of the NCCC-based electrode
suggested mostly pear-shaped or spherical pore geometry
with distributed dimensions. However, modeling the exact
shape and dimension from the EIS response is difficult owing
to the various dimension and complexity of the pores and is
beyond the scope of this article.[57] Heat-treatment at 600 8C re-
sulted in further changes in the EIS response (Figure 7 e): the
high-frequency curve was shorter in length and the semicircle
from HER was reduced in size. This was also reflected in the
Bode representation (Figure 7 f). In the Bode plot, the frequen-
cy at which HER relaxation occurred for MoNx/NCCC-600 (re-
corded at an overpotential of 300 mV) was shifted to higher
values compared with the MoNx/NCCC-400, which was also at
a higher frequency than for MoNx/NCCC. This implied an im-
provement in HER activity with annealing; the MoNx/NCCC-600
had better HER kinetics, owing to the formation of a more
active surface (Mo2C phase). The heat-treatment of the MoNx/
NCCC at 600 8C also resulted in the loss of the porous structure
and consequently the high-frequency impedance response
changed; this loss in the porous structure was also reflected in
the SEM images (Figure S5 c).

The difference in the high-frequency (10–100 Hz) characteris-
tic of the CC-based and NCCC-based electrode was attributed
to the porosity of the NCCC electrode, which was again clearly
reflected in the electrochemical surface area estimated from
the double-layer capacitance (from the equivalent circuit fitting
of the EIS spectra) at an h 300 mV for the various electrodes
(Table S7).[65, 66] The apparent double-layer capacitance is direct-
ly proportional to the real surface area of the electrode, and by
normalizing with the theoretical specific capacitance
(20 mF cm�2), the surface area (Table S7) of the electrode can be
estimated. The CC had a surface area of 0.0019 m2, which is
mainly owing to the fiber nature, and corresponds to the Type

ChemSusChem 2020, 13, 4159 – 4168 www.chemsuschem.org � 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4165

ChemSusChem
Full Papers
doi.org/10.1002/cssc.202000350

 1864564x, 2020, 16, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202000350 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [22/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.chemsuschem.org


C contribution, whereas, the NC coating significantly enhances
the area to 1.264 m2 owing to the Type B contribution of the
porous structure of the electrode. The estimated surface area
of MoNx/CC was only 0.012 m2. However, this was an order of
magnitude higher than that of bare CC and was attributed to
the much rougher surface of ALD-MoNx compared with the
carbon cloth surface. MoNx/NCCC had a much higher surface
area (1.891 m2) than MoNx/CC or bare NCCC, which was attrib-
uted to the significantly higher porosity of the modified NCCC
substrate (Type B contribution) and surface roughness (Type A

contribution) of MoNx. Furthermore, the loss in the porosity
with annealing was also clearly reflected in the estimated sur-
face area values. The MoNx/NCCC-400 electrode had a surface
area of 1.116 m2, whereas the significant loss of porosity of
MoNx/NCCC-600 resulted in a lower surface area (0.236 m2).

The MoNx/NCCC annealed at 600 8C had the highest HER ac-
tivity and durability; the enhanced activity was attributed to
the formation of the Mo2C phase. Significant improvement in
the stability of the electrode was accomplished by annealing
of the as-deposited electrode at 400/600 8C, possibly owing to

Figure 7. EIS spectra (Nyquist plots) of HER with (a) MoNx/NCCC, (c) MoNx/NCCC-400, and (e) MoNx/NCCC-600 at different overpotentials in 0.5 m H2SO4. The
insets in the figures are a magnified view of the spectra. The corresponding Bode representations are shown in (b), (d), and (f), with the equivalent circuit
used to fit the experimental data displayed in the insets. The symbols represent the experimental data and the line represents the model data from the
equivalent circuits.
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the reduction of oxides and other functional groups on the
NC, thereby improving the adhesion. Under the context of ex-
ploring highly efficient HER electrocatalysts for sustainable
chemistry, the sample annealed at 600 8C, that is, the electrode
that mainly consisted of the Mo2C phase, seems most efficient
relative to the other electrodes with higher electrode surface
areas. Much better performance could be realized if the surface
area of the electrode is also very high. The current work can
be considered as the first attempt of a wider study and the
follow-up objective will be the design of a Mo2C/porous
carbon cloth electrode using ALD.

Conclusions

The hydrogen evolution reaction was investigated over Mo-
based catalysts supported on carbon cloth (CC) and NC-modi-
fied porous carbon cloth substrate (NCCC). The influences of
the porosity and phase changes (induced by high-temperature
annealing under hydrogen) of the electrode on the HER activi-
ty and the operational durability of the electrode were system-
atically evaluated by SEM imaging and EIS analysis. A highly
porous NCCC substrate with a well-defined pore geometry was
prepared by a novel carbothermal method and atomic layer
deposition (ALD) was utilized to coat a uniform and conformal
MoNx thin film on the porous electrodes. Subsequently, the
electrode was subjected to heat treatment at 400 or 600 8C in
a H2 atmosphere to induce temperature-dependent changes in
the porous structure and phase. The as-deposited ALD-MoNx

thin film had a nanocrystalline character close to amorphous,
and an overall composition of approximately Mo0.5N0.25O0.25. An-
nealing at 400 8C did not significantly alter the porosity or
phase of the thin film, whereas annealing at 600 8C resulted in
a huge reduction in the porosity and a complete transforma-
tion of the amorphous MoNx phase to crystalline Mo2C and Mo
phase. The apparent HER activity of the as-deposited MoNx in-
creased with the porosity of the substrate; MoNx/NCCC had
the highest activity. Annealing at 400 8C resulted in a reduction
of surface oxides, which enhanced the HER activity. However,
the increase in the HER activity of the sample annealed at
600 8C mainly resulted from a change in the phase of the MoNx

film to Mo2C. The as-deposited electrode (MoNx/NCCC) had re-
duced durability, owing to the poor adhesion of porous MoNx–
NC on the CC substrate. Considerable improvement in the sta-
bility of the electrode was observed after annealing. Finally,
the apparent EIS profile of the porous electrode and its influ-
ence on the pore geometry, as well as the change in the EIS re-
sponse with the loss of porosity owing to annealing was estab-
lished. A deviation in the conventional Warburg impedance
was observed in the EIS for the NCCC-based electrode and was
ascribed to the change in H+ ion diffusion characteristics,
owing to the geometry of the pores. The current study pro-
vides valuable information about the influence of the phase
and porosity of Mo-based catalysts towards HER, which will
assist the development of more active electrodes for
commercial hydrogen production through electrochemical
water splitting.

Experimental Section

Preparation of NCCC substrate and MoNx coating by atomic
layer deposition

The preparation of the NCCC substrate was performed by a high-
temperature carbothermal method; a detailed procedure is provid-
ed in the Supporting Information. A uniform thin film of MoNx on
the high-surface-area NCCC substrate was deposited at 225 8C by
ALD (700 cycles) using the Lucida-M100 ALD reactor with molybde-
num hexacarbonyl and ammonia gas as precursor and reactant, re-
spectively. The deposition conditions were the same as those in an
earlier report for MoNx thin film by our group.[21–23] To prevent the
sample loss during the vacuum deposition, owing to the light
weight of the materials, the samples were attached to the sample
holder (generally a silicon wafer) by using a heat-resistant polymer
tape. For comparison, the commercial bare CC (before the NC
powder modification) and the SiO2/Si substrate were also coated
with MoNx film under similar conditions.

The as-prepared samples (abbreviated as MoNx/NCCC) were sub-
jected to annealing in a hydrogen atmosphere at two different
temperatures to induce a structural, morphological, and phase
change in the material. The annealing of the sample was per-
formed in a rapid thermal annealing furnace at 400 or 600 8C for
30 min under a H2 gas flow of 20 sccm and allowed to cool down
to room temperature at a natural cooling rate. The annealed sam-
ples are abbreviated as MoNx/NCCC-400 (heat-treated at 400 8C),
and MoNx/NCCC-600 (heat-treated at 600 8C).

Physical and electrochemical characterization

The samples were characterized by using different physical and
compositional characterization techniques including XRD, SEM,
EDS, XPS, and ICP-OES. The electrochemical characterizations were
conducted at room temperature in a three-electrode setup with
Ivium-n-Stat potentiostat/galvanostat using a graphite rod,
Ag/AgCl (3 m KCl), and MoNx-coated NCCC sample (1 cm2 geo

�1) as
the counter, reference, and working electrode, respectively. The de-
tailed procedures and instrumentation for these characterizations
are outlined in the Supporting Information.
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