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dedoping producing defects in PAC, termed as PDAC. These defects together with the

Overpotential hexagonal microrods of MoO3 provided fast electron transfer towards hydrogen adsorp-
tion/desorption hence effectively producing H,.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
N different applications (EC and photocatalysis) for the com-
Introduction

Photocatalytic and electrocatalytic techniques are the two
methods widely used in order to study the hydrogen evolution
reaction (HER) from water splitting [1]. Among various tran-
sition metal compounds, oxides and sulphides receive a huge
working attention for several applications [2,3]. HER is one
such application [4—6]. The Mo family, especially MoO3 has
become the subject of increasing interest. MoOs, a n-type
layered semiconductor material attracts the researcher into
several growing technological fields like supercapacitors (EC),
batteries, electrochemical catalysis, chromic devices, gas/ion
sensors and lubricants [7—10]. With three polymorphs, tune-
able dimensions and phase, the crystalline MoO; makes it
even more attractive towards material research. The hexag-
onal phase of MoO; (h- MoOs), one of the phases (ortho-
rhombic, monoclinic and hexagonal), provide a wide scope for
all the above applications due to its enhanced properties than
the thermodynamically stable forms. However, their synthe-
sis is thought to be complex than the other phases [11]. Table 1
summerises the phase and morphology of MoO3 synthesized
via different techniques. Though all the three polymers have
the building block, MoOg, they differ in the type of linkage. In
h-MoOs3, the MoOg is linked to each other by sharing the edges
of the octahedral MoOg, that is the adjacent oxygen atom link,
in a zigzag fashion along the c axis.

In the context of energy-density and power-density for
supercapacitor applications, redox active MoO; are the most
suited candidates due to their reversible redox nature [12].
However, they suffer from poor electrical conductivity, short
cycle stability and often disperse into the electrolyte solution
during any electrochemical reaction. Hence, MoO3 are made
composites with carbon species. The high specific surface
area, porous structure, stability, higher charge carrier rates of
the carbon materials enhances the electrical conductivity,
cycle stability, material performance of MoOs. Also avoids
material dissolution or peeling from the electrode surface.
One such case is the MoO3; nanoplate arrays grown on the
carbon nanotubes (CNTs) reported by G. Saeed et al. [13].
Similar observations were recorded by B. Mendoza-Sdnchez
et. at., show the improved performance of MoO3; when made
composite with CNTs [14]. Further extending W. Shaheen
et al.,, prepared a ternary composite of carbon coated MoOs3,
entwined with graphene oxide stating a higher specific
capacitance (SC) and admirable cycle stability for the com-
posite than the single component electrode [15]. Graphene/
NiO/MoO; nanosheet arrays grown on the nickel foam
retained 87.9% material even after 7000 galvanostatic charge-
discharge cycles [16]. Varying the weight proportions of a-
MnO, and h-MoO3; composites, P. M. Shahi et al. studied two

posites. At a particular mass loading of h-MoOj3 (25%), they
observed high ionic conductivity, better charge transferability
and higher SC of 412 Fg'* and 358 Fg'* at 1 Ag™* current density
for three and two electrode systems respectively. Also ob-
tained energy density of 50 Wh kg~ with a power density of
1 kW kg ! for 25% MoO; [17]. The application of MoOs; com-
posite with carbon, is not only restricted toward super-
capacitors, but also extends to electrochemical reactions. S. S.
J. Aravind et al. used MoO, dispersed over graphene that
operates at a lower overpotential for hydrogen evolution [18].
HER on h-MoOs is not only restricted to acidic medium. It was
made possible in alkaline medium with more than 40 h sta-
bility, by F. Haque et al. The strategy employed in this work
was to convert the stable orthorhombic phase into hexagonal
phase by doping the NH{ (small) ions hydrothermally. The
doping helps the exfoliation of the belt shaped MoOs; into few
sheets of h-MoOs; having highly ordered porous structure that
facilitates the diffusion of water molecules and release of HER
products effectively [19]. However, the study of hydrogen
evolution on MoO3-carbon composites is limited. The present
effort is hence a contribution towards this field.

Among the several synthesis techniques, hydrothermal
method is the extensively used due to its ease of control over
the dimensions and phases of the material by controlling the
reaction parameters like solvent, temperature and time [20].
Thus, the method of pH controlled hydrothermal synthesis
of h-MoO; was adopted in the current study. Our aim is to
synthesise metastable h-MoO;, and also to enhance its
conductivity and stability by making composites with acti-
vated carbon. The composite material is then analysed as
electrodes for supercapacitor and HER. This kind of com-
posite preparation provides higher surface access for the
electrolyte during charge storage of supercapacitor and also
makes them operate at a lower overpotential for hydrogen
evolution. The current work addresses the behaviour of h-
MoO3; microrods distributed on the activated carbon as
supercapacitor and hydrogen evolution electrode material
for the first time.

Materials and methods
Synthesis of h-MoO3

h-MoO; was synthesized through hydrothermal technique.
The synthesis procedure is as follows: to 0.1 M ammonium
molybdate tetrahydrate solution, added 10 mL of 2.2 M nitric
acid so as to maintain the pH of 1.5. The solution was stirred
for 30 min. Loaded in an autoclave and the temperature was
maintained at 180 °C for 12 h. After natural cooling, the
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Table 1 — Comparative study of synthesis method of the current work with previously reported work.

Synthesis Method Phase Morphology Ref.
a-MoOj3 Hydrothermal Orthorhombic Nanobelts [3]
Carbon Fiber (CF)/MoO3 Electrodeposition Orthorhombic Bamboo like pattern [4]
MoOs3 Hydrothermal Orthorhombic Nanowires [5]
MoO3/MWCNTSs DC reactive magnetron MoOs; clusters on MWCNT [6]
sputtering
o-MoOj3 Sol-Gel method Orthorhombic Nanoplates [7]
PANI//MoO5 Hydrothermal method Orthorhombic Nanobelts [8]
MoO3/MWCNTSs Sonochemical Synthesis (Amorphous nature) Nanodots [9]
MoO5 in C matrix Ball Milling Orthorhombic Nanoflakes [10]
Mo03/C sandwich In-situ carbonization Lamellar [11]
o-MoO3s/MWCNT Surfactant-assisted Orthorhombic schistose-like conglomerations [12]
solvothermal method
MoOs; Exfoliation of bulk Orthorhombic Nanosheets [13]
Graphene (Gr)/MoO3 Sol-gel method followed by Orthorhombic Nanosheets [14]
calcination
MoO; Thin film deposition Hexagonal Microrods [15]
o-MoO3 Hydrothermal method Orthorhombic Nanobelts [16]
2-MoO3 Hydrothermal method Orthorhombic Nanorods [17]
o-MoO3 Layer Exfoliation Orthorhombic Nanosheets [18]
2-MoO3 Hydrothermal method Orthorhombic Nanobelts [19]
followed by thin film
formation via spray
deposition
MoOj; in MoOs/Polypyrrole (PPy) Precipitation method for Orthorhombic Nanobelts later converted into [20]
MoO; follower by Oxidative branch-like during composite
polymerization for formation
composite synthesis
2-MoO3 Evaporation induced self- Orthorhombic Porous-cubic architecture [21]
assembly process
o-MoOj5 in PPy coated o-MoO3 Hydrothermal method Orthorhombic Nanobelts [22]
MoO; Electrodeposition of MoO3 Orthorhombic Porous films [23]
on Ni
MoOj3; in ZnO@MoO03 Electrodeposition of MoO3 Orthorhombic Core/shell nanocables [24]
on ZnO nanorods
MoO3 in TiO,—Mo0O3 Electrodeposition of MoO3 Orthorhombic MoOs3 shell on TiO, core nanowire [25]
on TiO, array
MoO; in rGO/MoOs/PANi Oxidative Polymerization Nanoparticles [26]
MoOj; in 3-D graphene -CNT/MoO3 Hydrothermal method for Orthorhombic Nanoplates [27]
loading MoOs on the 3-D
graphene-CNTs
1-D MoO3 Sonochemical Dispersion Nanorods [28]
method at low temperature
PANi-h-MoO; Precipitation method hexagonal Nanorods [29]
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“ precipitate was washed with plenty of water followed by
e § ethanol. Dried out overnight in an air oven at 60 °C.
2| —. @ The brief procedure for the synthesis of PAC and PDAC is as
a 8 g follows. PAC is the activated carbon from plastic synthesized
by carbonizing the waste plastic PET bottles and further acti-
vating with KOH activating agent. This is used in case of the
EC. This PAC is not fit for any electrochemical reactions due to
the inactive sites and thus were made active by insertion and
removal of the nitrogen atoms in its lattice. The doping was
performed hydrothermally using urea as the dopant, and the
dedoping was achieved through annealing at 800 °C/N, atm/
2 h. This is designated PDAC (defective activated carbon from
ES plastic).
o
’a Instrumentation
2|8
§ 2 3 The crystallographic phase of the h-MoO; was examined
et g g using Rigako X-Ray diffraction technique within the range of
S g 8 10—-80°% 5°%min scan rate, using Cu Ko, (1.5405) radiation.
e A Scherrer’s equation was made use for the intense peak cor-
responding to (210) plane, to estimate the crystallite size of h-
MoOs;. The morphology and the elemental analysis were
supported with ZEISS Sigma VP FE-SEM with Oxford EDS
Sputtering System for SEM and tecnai 200 keV FEI for TEM.
Nyquist plots were obtained from electrochemical impedance
spectroscopy (EIS) within 10°-10° Hz frequency range, po-
vl 2 tential of 10 mV with respect to the OCP.
:f“ E E Té Fabricati lectrod it
E’ go &D abrication of electrodes for supercapacitor
S g = The supercapacitor working electrode fabrication is as fol-
lows. PAC, h-MoO; different weight ratios (1:1, 1:2, 1:3, 2:1 and
3:1) were mixed well with acetylene black and poly (vinylidene
fluoride) (80:15:5 ratios). N-methylpyrrolidone was added to
the above mixture to get a slurry. The prepared slurry was
- then coated onto 1 cm? stainless steel (SS) electrode. ~5 mg/
= . 2 " cm? of the electrode material loading was maintained
£ E\ 2 = E’j throughout. Two PAC/h-MoOjs electrodes separated by poly-
g § §° 8 j:"} E\ propylene regarded as Symmetric EC (SEC). While in the case
w| $r w8 @ of hybrid EC (HEC), PAC and PAC/h-MoO; was taken as the
@ @ £ % E f é anode and cathode respectively. 1 M Na,SO, electrolyte was
g E § 8 -% § = % used for the entire supercapacitor study.
A SeEELES
SeSgs gx Fabrication of electrodes for hydrogen evolution reaction
Glassy carbon (GC) coated with the electrocatalyst used as a
working electrode for testing hydrogen evolution reaction.
The material was sonicated with a mixture of water and
nafion (1:5 ratio by volume) to assure proper dispersion. The
ink was then drop cast onto the GC and allowed to dry. The
HER was performed in three electrode set-ups with Pt and Ag/
AgCl as the counter and reference electrodes. N, purged
—'g 0.5 M H,SO, was used as the electrolyte.
=
3 Results and discussions
I
E I} o . We notice from the SEM and FESEM images (Fig. 1a and 1c)
= é.) 2 92 that there is the growth of h-MoO; along one direction giving
= s el rod morphology. At this synthesis condition (180 °C/12 h/
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aqueous solvent), monodispersed microrods are observed.
From these images (Fig. 1a and Fig. 1c) of h-MoOs, densely
dispersed microrods are observed. However, these shapes are
not constant throughout. There is some irregularity in their
dimensions. XRD studies helped in analysing the phase and
the crystallographic structure of MoOs; as shown in Fig. 1b.
This confirms the hexagonal phase of MoOs. Among the three
polymorphs (o, p and h) of MoOs, the hexagonal phase is
metastable in nature [21,22]. No secondary impurity which
correspond to any other polymorphs of MoOs; has been
detected. The strong diffraction peaks (100), (110), (200), (210),
(300), (310), (320), (410), (008), (218), (430), (610) and (520)
represent the hexagonal crystal phase of h-MoO; with refer-
ence to JCPDS-21-0569. Crystallographic size of h-MoOs;
calculated using Scherrer’s equation is 17.43 nm. The MoOg
octahedron is the basic building unit in MoOs. Few factors like
the low concentration of HNO3;, aqueous medium, short re-
action time and lower reaction temperature govern the
morphology and phase of MoO;. h-MoO3; phase formation
mainly occurs due to the self-assembled MoOg with the
assistance of the reactant precursors like NH,* and H,0. The
role of these two molecules is to act as a structural directing
agent promoting the growth of MoO; along one particular di-
rection. In the case of h-MoOs it is along the c-direction, which
hold higher free energy. These molecules retain the core
building of h-MoO3 during the rod formation [23]. With good
accordance to the SEM results, rod-shaped microstructures
are also been detected in TEM images (Fig. 1d).

The HRTEM images are shown as Fig. 2c, d and 2e, the PAC/
h-MoO; composite formation is clearly visible in these images

Date :13 Jun 2018
Time :11:04:01

-
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Mag= 10.00KX

as marked. The rod shaped MoOs; and the sheet morphology of
PAC is clearly visible as stated in FESEM image (Fig. 2b). Form
Fig. 2a it is clearly evident that the impedance behaviour of h-
MoOs; is much higher (in the order of thousands) than the
activated carbon or the composite material. Such a behaviour
can be attributed to the interaction of NHZ ion with the H,0
molecule present in the lattice of the h-MoO;. When an AC
frequency is applied, the free movement of the ions within the
h-MoOs3 is restricted. This constraint is due to the nonperiodic
free energy barrier that occurs when NH{ ion interacts with
H,0 molecule. This barrier in turn reduces the free energy
potential barrier for the free movement of ions. This further
reduces the charge-transfer. Thus, a very high value is noticed
for h-MoOs [20]. Further, in order to select the best ratios for
the further fabrication of EC electrode, nyquist plots were
obtained for different ratios of PAC and h-MoO5 (1:1, 1:2, 1:3,
2:1and 3:1). It is clearly evident that the composite possessing
a straight line with a minor winding at high frequency, indi-
cating the conducting behaviour of the electrodes. The entire
Nyquist plot is divided into three sections in this case. The
intercept of the AC impedance plot with the real impedance
section at the higher frequency region, is the contribution of
the solution resistance (Rg). Further, the electrode resistance
offered for the movement of ions is the influence of charge-
transfer resistance (Rct). The diameter of the semicircle rep-
resents Rer. The third is the linear part inclined at an angle 45°
to the real axis at the region of lower frequency, the Warburg
element (Zw). However, in the case of the HEC and SEC PAC/h-
MoOs3, there is distortion in this 45° inclination and it is an
approximately 70° inclination in both the case. This shows

b) g h - MoO3
JCPDS: 21-0569
3
8
)
=
[72]
c
[]
=1
=

Fig. 1 — (a) SEM; (b) XRD; (c) FESEM and (d) TEM images of h-MoO3.
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Fig. 2 — (a) Nyquist plots obtained from the EIS of PAG, different composites (1:1, 1:2, 1:3, 2:1, 3:1) of PAG; (b) FESEM,; (c), (d) HR-

TEM and (e) SAED of 2:1 PAC: h-MoO3; composite.

that the PAC/h-MoOs; in both the case (SEC and HER) is not
really under the influence of the diffusion process and shows
some capacitive nature. This capacitive behaviour further
might be due to two particular reasons. (a) the large surface
area available and (b) pseudocapacitance effect. This good
behaviour is further observed in the CV even at high scan rates
of 100 mVs~?. Figs. 3 and 4 represents the entire set of SECs
and HEC studies for PAC/h-MoO5; composites. Rer was found
to be 26 Q and Zy 91 Q for HEC. For SEC combination, the
values for Rer and Zy; were found to be 31 and 117 Q respec-
tively as summerised in Table 3.

In order to check the efficient behaviour of the composite,
CV (at 100 mVs™) for the PAC/h-MoOs, PAC and h-MoO; is
recorded. As we can see in Fig. S1, the broad peak for the
composite is obtained with typical rectangular behaviour. The
cyclic voltammograms for SEC and HEC (Figs. 3b and 4b) is
recorded at 2, 5, 10, 20, 30, 50, 80 and 100 mVs~! scan rates,
within 1.6 V potential range. A large potential 1.6 V is attained
even in the presence of the aqueous electrolyte [24—26]. This is
due to the high electrolyte concentration. A typical quasi-
rectangular shape of the CV is obtained for both SEC and
HEC with a wide potential range. This is distinctive to the
EDLC behaviour of PAC and pseudocapacitive behaviour of h-
MoOs. Due to the pseudocapacitive MoOs a slight change in
the quasi-rectangular behaviour is seen. As the scan rates
proceeds from 2 to 100 mVs~?, no much deformation in the
shape of the cyclic voltammograms is noticed. Inferring good
rate performance and faster charge transfer capability of PAC/
h-MoO3; composites. A maximum specific capacitance is ob-
tained for a lower scan rate of 2 mVs~!. At this scan rate, the

electrolyte ions have maximum time access of both internal
and external surface for charge-storage and hence the higher
values. Whereas at higher scan rates, incomplete diffusion of
electrolyte ions takes place and hence the decrease in the
specific capacitance. The SC of SEC and HEC was calculated to
be 117 and 211 Fg'* at 2 mVs™' respectively. The improved
specific capacitance is accredited to the enhanced ionic and
electronic conductivity of PAC/h-MoO5 through dual mecha-
nism, i.e., material with higher access of surface (due to PAC)
for ion movement as well as continuous redox reactions (due
to MoOs). In a good agreement with the CV, GCD for the SEC
and HEC (Figs. 3e and 4e) show a triangular symmetry and a
linear slope with two regions in the discharge plot. One is a
very minute IR drop followed by the discharge slope. Sym-
metry between charging and discharging is a visible proof of
good reversibility, the behaviour of the ideal capacitor and
also higher efficiency of the composite SEC and HEC.
0.5 mAcm 2 recorded highest SC in both SEC and HEC. The SC
values from discharge plot corresponding to HEC and SEC was
calculated to be 159 and 114 Fg™* respectively. Table 2 repre-
sent the comparison of the current work with the reported
values. The electrochemical Na' insertion process, during
charging and discharging is represented by the following
equation:

MoY'0; + Na™ + e- & MoVOsNa (1)
or by surface adsorption via,

(Mo0"'0s5) surface + Na* + e- < (Mo'0sNa*) surface )
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The variable oxidation states of MoO; as shown above, from
Mo"! to MoV provides an effortless ionic passage pathway to
intercalate and deintercalated the Na® and SO, ? electrolyte
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mechanisms are sufficiently fast to yield reasonable power
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Fig. 4 — Electrochemical evaluation of Hybrid Supercapacitor electrode (a) Nyquist plot; (b) Cyclic Voltammograms at

different scan rates ranging from 2 to 100 mV s~%; (c) Corresponding specific capacitance v/s scan rates; (d) time constant
plot; (e) Galvanostatic charge-discharge profiles at different current densities (mA cm~?) and; (f) Cycling performance at a
current density of 10 mAcm ™2 upto 5000 Cycles.
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Table 2 — Comparison of operating voltage, specific capacitance, energy density, power density and cycle stability of the current work with the reported MoOs.

Electrode Material Electrolyte Operating Specific Capacitance Energy Density Power Density Cycle Stability Ref.
Voltage (V) (Fg™ (WhKg ™) (WKg™)
PANi@h-MoO; hollow 1M H,SO4 0.7 247 Fg'Y/1 Ag™ 80% after 5000 cycles [12]
nanorods
3-D graphene-CNT/MoO; 1 M KOH 1.6 211.71 Fg’l/l Ag’1 75.27 816.67 94.2% after 10000 cycles [13]
h-MoO; microrod 1 M Na,S04 0.7 194 7.33 1200 1000 Cycles [31]
2-MoO3 nanobelts 0.5 M Li,SO,4 1.3 302 Fg/0.1 Ag™ 90% at 500 Cycles [32]
CF/MnO,//CF/MnOs 1M KOH 2.0 4.86 mFcm ™ %/0.5 mAcm 2 2.70—1.78 yWhem 2 0.53—8.30 mW 89% at 500 Cycles [33]
cm 2
MoO;-MWCNTS 1 M NaySO, 2.0 210 71.6 600 90% at 2000 Cycles [34]
MoO5;-MWCNTS 1 M Na,SO4 2.0 70 Fg/10 mVs * 82% at 1000 Cycles [35]
a-MoO3 Nanoplates 0.5 M Li,SO,4 0.8 280 45 450 [36]
PANI//MoOs 1 M H,S0, 2.0 518 Fg'/0.5 Ag™ 71.9 254 78% at 1000 Cycles [37]
MoOs/MWCNTSs 1 M LiClO, in propylene 1.8 103 38.7 333 80% at 1000 Cycles [38]
carbonate (PC)
MoO; in C matrix 1M H,S04 1.0 179 Fg/50 mA g~ * 80% at 1000 Cycles [39]
Mo05/C sandwich 1M H,S0, 1.3 331 Fg'/1 Ag™ 412 12.0k 87.9% at 10000Cycles [40]
Gr/MnO,//Gr/MoO3 1 M NaySO,4 2.0 307 42.6 276 1000 Cycles [41]
2-MoOs nanobelts 0.5 M Li,SO,4 0.7 369 Fg'/0.1 Ag™ 95% at 500 Cycles [42]
2-MoOs nanorods 1M H,S0, 2.0 30 Fg'/5 mVs™* 17 425 100 Cycles [43]
MoOs3 nanosheets 1M LiClO,4 in PC 2.0 540 Fg''/0.1 mVs ™! [44]
2-MoOj3 nanobelts 1M H,SO04 1.0 64 uFem ™2 100% upto 720 Cycles [45]
MoOs/PPy 1M Na,SO, 1.0 123 Fg'%/0.27 Ag™ 90% upto 200 Cycles [46]
Porous Cubic MoO5 1 M LiClO, in PC 2.0 150 pFem 2 [47]
Polypyrrole@a-MoOs//AC 1 M Na,SO, 1.2 125 Fg%/100 mAg * 24 150 [48]
Porous MoOs films 1 M Na,SO, 1.0 50 Fg'/1.5 Ag™ [49]
ZnO@MoO5 1 M Na,SO,4 1.5 236 Fg''/5 mVs™ 1000 Cycles [50]
rGO/MoO3/PANi 1M H,SO0, 1.2 553 Fgt 76.8—28.6 273.3-10294.3 86.6% [51]
1 M Na,SO, 363 Fg/1m Vs~? 72.6—13.3 217.7—3993.8 73.4% after 200 cycles
MoO3-1GO 0.5 M Na,SO0, 0.8 22.83 Fg''/0.3 Ag™ [52]
nanocomposites
PANi/Mo0Os/Graphene 1 M H,S0, 1.1 593 Fg'/1 Ag™t & 734 Fg'Y/ 96.68—55.5 550.4-1679.99  92.4% after 1000 cycles [53]
nanoplates 1mvVs?
PPy@Mo03/rGO 0.5 M K,S04 1.2 175 Fg'/100 mAg™* 88% after 600 cycles [54]
PPy/Mo005 1M H,S0,4 1.0 687 Fg''/1 Ag™ 83% after 3000 cycles [55]
Intertwined MoO;- 1M NaOH 1.5 178 Fg* [56]
MWCNTSs
Hierarchical a-MoOs; -Mo  PVA/LICl gel electrolyte 1.5 7.68 mFem™%/2 mVs ™! ~1.04 m Whem 0.235 Wem 2 ~100% even after 4000 [57]
cycles
h-MoO; nanorods 1M Na,SO4 1.8 238 Fg* 27 225 87% after 5000 cycles [58]
h-MoO3; microrods 0.5 M Na,S0, 1.6 211 Fg? 22 287 82% after 5000 cycles This work
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densities [27]. Thus, there is a combination of (a) adsorption/
desorption of Na* and SO, 2ions on the PAC/h-MoOs surfacei.e.,
an EDLC charge storage mechanism and (b) intercalation and
deintercalation of the charged Na* and SO, 2 ions in the pores of
the PAC/h-MoO3; composite, resulting in continuous redox reac-
tion i.e., pseudocapacitance mechanism. 5000 charge-discharge
cycles were run so as to determine the long-term stability of
the SEC and HEC. 69 and 79% of the initial capacitance was
retained by SEC and HEC over 5000 cycles. Table 3 includes the
set of values calculated for SEC and HEC from the nyquist plot,
cyclic voltammograms and charge-discharge cycles.

Electrochemical HER activity of h-MoO;, PDAC and
PDAC/h-Mo0O; were tested in 0.5 M H,SO, solution. In
0.5 M H,SO4, used as an electrolyte, hydrogen was liberated
due to the electrochemical reduction of H' to H, at the
cathode (2H(aq)+ + 2e” — Hj(g). The mechanism involved
three steps.

Step 1. The proton adsorption with a charge transfer at the
electrode surface (Volmer Step)

H;0" +e + (PDAC/h — MoOj3) < (PDAC/h — MoOs) Hags

+H,0; b= %: 120mVdec™*

Step 2. Step 1 followed by electrochemical desorption step
(Heyrovsky reaction) and involves a combination of the sur-
face hydrogen atom with the solvated proton.

(PDAC/h — M0O3) Hags + H;0" + e~ —PDAC/h — MoOs

2.3RT B~ 40mVdec?t

H, +H,0; b=———=
TR T e

Step 3. Or through recombination step (Tafel reaction). i.e., a
combination of hydrogen atoms to give a molecule of
hydrogen.

2(PDAC/h — M0Oj3) Hags — 2PDAC/h — M0Os + Hy;
2.3RT

_ ~ -1
b= oF 30mVdec

b is the Tafel slope value calculated by Tafel plot fitment with
the Tafel equation i.e., n=a+ blog |j|(n represents the over-
potential value, j the current density); 120, 40, 30 mVdec™! are
the theoretical Tafel Slope values corresponding to the above
mentioned steps; R represents ideal gas constant; T the ab-
solute temperature; « the electron transfer coefficient (« = 0.5);
F the Faraday’s constant. The evolution of the HER on the
PDAC/MoO; electrode surface was determined through the

Table 4 — Summary of the onset potential, overpotential
and Tafel slope values of the electrode materials.

Tafel Slope

Electrode Onset Potential Overpotential

(mV) (mV) (mvdec™?)
PAC = —378 —232
PAC/h- —0.45 —282 —169
MoOs3
PDAC —0.41 —285 —176
h-MoO5 ~0.34 _212 ~108
PDAC/h- —0.23 —203 -93
MoOs3

values of Tafel slope. However, H, evolution was due to the
combination of either of the steps 2 or 3 with the Volmer step.
The entire HER proceeds either through Volmer-Tafel mech-
anism (chemical desorption of hydrogen) or through Volmer-
Heyrovsky mechanism (electrochemical desorption of
hydrogen) [28—30].

As compared to h-MoO3; and PDAC, the composite elec-
trode PDAC/h-MoO3; shows good hydrogen evolution at an
overpotential of the potential of 203 mV. The values are
tabulated in Table 4. On observation, it is noteworthy that
the integration of the electrocatalyst h-MoO; on the con-
ducting substrate is remarkably important for the improve-
ment of the whole performance. The PDAC act as a
conducting substrate which leads to the enhancement of
hydrogen evolution on the electrode substrate. Further, in
contrast with the PDAC and h-MoOs, as shown in Fig. 5b and
¢, PDAC/h-MoO; shows excellent electroactivity with
—0.23 mV onset potential. Tafel slope is yet another param-
eter to understand the reaction mechanism and the elec-
trochemical activity of the electrode. Among the three steps
(Volmer, Heyrovsky and Tafel), the Volmer step determines
the rate of the reaction. The value is derived from the linear
part of Tafel slope under a small overpotential. The value of
93 mV per decade is obtained for PDAC/h-MoO; composite,
which is better than h-MoO3; and PDAC alone. The synergetic
effect of the nitrogen dedoped sites of the conducting carbon
with the one-dimensional rod-shaped metastable h-MoO;
contributes to the reduced values of overpotential and onset
potential in case of the PDAC/h-MoO; composite. The h-
MoO;s facilitates the ease of electron transport along the c-
direction for faster activity. The comparative study of PAC
and PDAC given in Fig. 5b, ¢, showed that PAC doesn’t have
any electrochemical hydrogen evolution at its surface as
represented in LSV. It is almost a straight line parallel to x-
axis. While PAC/h-MoO; shows hydrogen evolution at its
surface. However, its performance is comparable to that of h-
MoOs;. From this we could infer that the HER performance on

Table 3 — Summary of the calculated values for symmetric and hybrid PAC/h-MoO; EC.

Type Specific Capacitance  Specific Capacitance ESR Rer Zy, Energy Density Power Density N Time
from CV (Fg™) from GCD (Fg™Y) @ (@ (WhKg™) (WKg") (%) constant
(ms.)
Symmetric 117 114 31 117 17 155 93 27
EG
Hybrid EC 211 159 26 91 22 287 82 26
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Fig. 5 — (a) Nyquist plot for of PDAC/h-MoOs; Composite; Electrochemical HER performance of PDAGC, h-MoO3, PDAC/h-Mo0O;

Composite (b) LSV and (c) Tafel plots.

PAC/h-MoOs; is due to the h-MoOs. PAC doesn’t contribute
towards hydrogen evolution performance within this po-
tential range. The stability of the material couldn’t be ana-
lysed beyond 100 CV cycles at a scan rate of 10 mVs~?, as the
material started peeling out from the electrode.

Conclusion

In conclusion, a low temperature, lower acidic condition and
controlled pH hydrothermal synthesis technique were
adopted for the synthesis of high pure-metastable hexagonal
phase MoOs;. The h- MoO; with higher impedance value
manifests no good for any practical applications. Our work
demonstrates the use of carbon to improvise the electrical
conductivity of the h-MoO;. The composite material com-
pensates the major problem of conductivity for applications
like supercapacitors and hydrogen evolution. Further, the
use of 1 M Na,SO, facilitated a wide potential range of 1.6 V,
for PAC/h-MoO; as supercapacitors, with 79% material
retention even after 5000 working cycles. The synergetic ef-
fect of the defective activated carbon and h-MoO; composite
show higher HER activity with lesser onset potential and
small Tafel slope of 93 mV per decade, much better than h-
MoOj; or PDAC alone. This improved HER could be credited to
the more active sites, improved conductivity due to the
hand-in-hand functioning of the PAC and h-MoO; as com-
posite material. Overall the idea of PAC/h-MoO3; composite
system for supercapacitor and hydrogen evolution provides
a deeper sense in terms of activity, stability and conductivity
when compared to the h-MoO; or PAC alone. Thus, the cur-
rent concept could be an important development to study
and work with the carbon-MoO; based composites for
developing a higher performance electrode material for
supercapacitors as well as to perform several real-time
electrochemical applications.
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