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Abstract
Molybdenum oxide (OL-MoO3z) nanoribbons were successfully synthesized by two

hydrothermal processes: for process @, (NH4eM0,054°4H,0 as a starting material and for

process 1, commercial MoOz as a starting material. Products of process e were studied for
XRD, SEM and TEM, and OL-MoO3z nanoribbons with the length of > @o WUm and the width
of < woo nm were detected. Upon studying the electrochemical properties for hydrogen

evolution (HER) including the optical properties of OL-MoOs by using linear sweep voltammetry
(LSV) and Tafel plot. The nanoribbons showed good response to HER. By studying XRD and

SEM of the second products, the pH of the precursors can play the role in the phase,
impurities and morphologies of the products. At the pH of o, nanoribbons of OL-MoO3 have
about @o Wm long. By the TEM analysis, the orthorhombic structured MoOz with the [co ]

growth direction was detected. In this research, OL—MoOs nanoribbons showed specific charge

with high value and showed good response to ammonia.
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o. WoN o nINAUAR (NH)gMO,00 + 4H,0), MW. = emmd.aw, Andltical
reagent grade, WAAlAELBEN Fisher Scientific USEMARMINERIUNGNT

o, FITATAIENTAUAEA (HNOs), MW. = wen.oe, AMNEINTN w0 &%, Andltical
reagent grade, WAMlAELB3EN Fisher Scientific USMARNINHRIUIGNT

o, ANTRZAUNTATANIZN (H,S0,), MW. = «w.ox, ANNENTU oo %, Analtical
reagent grade, WAMIAYUZEMN Fisher Scientific UStneAansnsasddns

<. A19RTANYNIALEIATARESN (HC), MW. = avo.c, ANMEENIN  aa%,
Andltical reagent grade, WARlAEUEN Fisher Scientific USEAne a15198104719N03

&. FTIATAUENINEN (CoHs0H), MW. = &o.oe/, AMHIENIN &%, Andltical
reagent grade, WAMIAYUZEM Fisher Scientific USuneAansnsanodIdns

. salwunaBeanluslud (KBr), MW. = ee.ools, Andltical reagent grade, Was
TmaiL3Em Fisher Scientific UssmMAaMIN1%8IHINS

o, W IHAURTNDN [B6 (MoOs), MW. = oem.o’e, commercial grade, WASLAE
USE9 Fisher Scientific UseiAans12g871eu1aNS

<. gnaazas (Fasanasean(@s (H,0,), MW.= ec.oe, ANHNENTL ac %,

WARLAEUSHYI Fisher Scientific U9emAanIa1onans
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oo o NABITANTIAIBIANATBRULLUABINTIA (Scanning Electron Microscope,
SEM) uae energy dispersive X-ray Spectroscopy model JEM-oemen¢ WARLALLEEN JEOL,

Japan
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oo NABNTANTIAIBLANATBUULUURDININ (Transmission  Electron  Microscope,

TEM), model JEM-woweo WARIAEUEEM JEOL, Japan
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. 398 SUnnsnlnfiwes (Raman spectrophotometer), model Tocooo
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oY gRLALTHS alnsfivas (Luminescence spectrometer), model LS &oB

NARLAYLIBEY Perkin Elmer
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Abstract Uniform «-MoOs nanobelts were successfully
synthesized by the hydrothermal process at 180°C for 20 h
of the acidic solutions with different pH values of 0-0.75,
adjusted using HCI (conc.). XRD and SEM results revealed
that the pH of the precursor solutions played an important
role in the phase, impurities, and morphology of the prod-
ucts. At the pH = 0, the perfect «-MoO3 nanobelts with a
few tens of microns long were synthesized. By the TEM
characterization, orthorhombic MoOs has a distinctive lay-
ered structure along the [010] direction, consisting of dis-
torted MoQOg octahedrons connected by common corners
along the [100] direction and common edges along the [001]
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direction. The electrochemical measurement showed that
the «-MoO3 nanobelts have high specific charge capacity.

1 Introduction

Lithium ion batteries are used in a wide range of portable
electronic devices, including mobile phones, laptop comput-
ers. and video cameras [1, 2]. It is well known that the elec-
trochemical properties of lithium-ion batteries strongly de-
pend on the synthetic conditions, such as starting materials,
test temperatures, lengths of times. and cooling rate [3]. To
improve the capability of batteries to get high power density,
utilization of nanostructured materials with small particle
size and large surface area is considered. in order to reduce
diffusion distance of ions [1, 2]. including to increase elec-
trochemical activity and charge/discharge efficiency [4]. It
was demonstrated that the rate capabilities of nanostructured
electrodes were improved, comparing to their bulk coun-
terparts. The improvement of rate capability is associated
with large surface area and short diffusion path length in the
nanostructured materials [1, 5]. Especially, one-dimensional
nanomaterials have attracted great interest because of their
unique physicochemical properties, arising from their high
surface area. novel size effects, and significantly enhanced
kinetics [6]. The high surface-to-volume ratio and excel-
lent surface activities of 1D nanostructured materials have
showed the great interest in their development for the im-
provement of electrochemical performance for the next gen-
eration of power sources [7].

Orthorhombic molybdenum trioxide (e-MoO3) is built
up of asymmetrical MoOg octahedrons. interconnected
through corner linking along the [100] direction and edge
sharing along the [001] direction to form double layers par-
allel to the (010) plane [8]. Intercalated species such as H™

@ Springer
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and Li™ invariably assumed to be in interstitial sites within
the gaps between zigzag chains and unique layers, bonded
by the van der Waals force of attraction, parallel to the (010)
plane structure of &-MoO5 to formed molybdenum bronzes
(A, Mo0Oz, A =H, Li, Mg, etc.) proceeded via chemical
reactions with solids, as well as electrochemically aqueous
and nonaqueous media [9, 10]. The intercalation of MoO3 is
generally accompanied by pronounced change in coloration
and the reversible extent. The oxide has attracted interest for
a number of applications, including secondary batteries and
electrochromic devices [9]. In this research, we reported the
synthesis of MoO3z nanobelts by hydrothermal method for
use as cathode materials in Li-ion batteries.

2 Experiment

All chemical reagents were analytical grade, purchased from
Fisher Scientific Inc. and used without further purification.
To synthesize a precursor solution, 9.00 g of commercial
MoOs; was dissolved in 50 ml 35% H;0, with continu-
ous stirring in ice bath for 1 h and kept in a refrigerator for
1 week. Then the precursor solution was heated in hot bath
at 80°C for 1 h to decompose H;O5. Finally, the orange pre-
cursor solution was mixed with deionized water to achieve
250 ml solution and put in a dark box.

To synthesize MoO3 nanobelts, pH of each 10 ml of
the mixtures was adjusted to be different values using HCI
(conc.) and stirred for 30 min. They were transferred into
50 ml lab-made Teflon-lined stainless steel autoclaves. The
autoclaves were tightly closed and separately heated at
180°C for 20 h in an electric oven. At the completion of the
reaction, light-blue precipitates were synthesized, separated
by filtration, washed with distilled water to remove possibly
remaining ions and ethanol, dried at 80°C in an electric oven
for 24 h, and collected for further analyses.

Phase and morphology of the as-synthesized «-MoO4
nanobelts were characterized by X-ray diffractometer (XRD)
of Philips X’ Pert MPD using a 1.5405 A Cu-K, radiation at
45 kV and 35 mA with a scanning rate of 0.04 deg/s, ranging
from 10 to 60 deg. FTIR spectrum was recorded on Perkin
Elmer RX Spectrophotometer with KBr as a diluting agent
and operated in the range of 400—4,000 cm™" with the reso-
lution of 4 cm™~'. Raman spectroscopy, T64000 HORIBA
Jobin Yvon, was operated using 50-mW Ar laser with
514.5-nm wavelength. The morphology of the «-MoO;
nanobelts was investigated by a field emission scanning
electron microscopy (FE-SEM), JEOL JSM-6445F using
LaBg as electron gun with sample coating by gold sputter-
ing. Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) were performed on a JEOL
JEM-2100F at 200 kV. A sample for TEM analysis was pre-
pared by sonicating of dry «-MoO3 nanobelts in ethanol for

&) Springer

15 min and followed by depositing of 3-5 drops of the sam-
ple suspension onto a carbon film coated on a copper grid.

The lithium intercalation/deintercalation test was car-
ried out using two-electrode Swagelok-type cell with pure
lithium as the counter and reference electrodes at room
temperature. The working electrode was a mixture of ac-
tive material (@-MoO3; nanobelts), Super P™ Li carbon
black, and polyvinylidene difluoride (PVDF) organic binder
with a weight ratio of 70:20:10. The electrolyte used for
the test was 1 M LiPFg in a 50:50 w/w mixture of ethy-
lene carbonate and diethyl carbonate. A cell was assem-
bled in an Ar-filled glove box with the moisture and oxy-
gen contents maintained below 1 ppm. Cyclic voltammo-
gram (CV) and electrochemical charge/discharge measure-
ment were performed using a CHI 660 C electrochemical
workstation and a NEWARE battery tester, respectively. The
cell was charged and discharged at 100 and 400 mA g_' cur-
rent densities, and the voltage window was fixed between
0.05and 3.5 V.

3 Results and discussion

Typical XRD patterns over the 26 of 10—60 deg range of the
as-synthesized MoO3 samples by hydrothermal reaction at
180°C for 20 h of solutions with three pH values are shown
in Fig. 1. At the pH = 1, the XRD peaks were not able to be
identified the product phase. But for higher acidity with the
pH of 0-0.75, all the diffraction peaks were indexed as pure
orthorhombic «-MoO3 of the JCPDS No. 05-0508 [11],
with no other impurity detection. It should be noted that the
XRD intensity of MoO3 at pH = 0 shows higher intensity
than those of others, indicating the best crystalline product.

s

060

Intensity (Arbitrary Unit)

10015 20 25 30 35 40 45
20 (degree)

50 55 60

Fig. 1 XRD patterns of ¢-MoOs; nanostructure synthesized by the
180°C and 20 h hydrothermal reaction of the selutions with the ad-
justed pH of (ayc) 1. 0.5, and 0 by HCI (conc.)



Hydrothermal synthesis and electrochemical properties of c-MoOs nanobelts used as cathode materials 251

The present analysis indicated that pH of the solution played
an important role in controlling the purity of the orthorhom-
bic ¢-MoO3 phase and its crystalline degree. The high and
sharp diffraction peaks revealed not only the presence of w«-
MoOs but also an indication of the well-crystallized phase
synthesized by the process. Comparing with the standard
XRD pattern, the stronger intensity of the diffraction peaks
of (0k0) with k = 2. 4, 6 indicates an anisotropic growth in
the b axis of the as-synthesized «-MoO3 phase [12, 13].

Group theory calculation predicted the following irre-
ducible representation at the center of Brillouin zone optical
vibration modes of molybdenum trioxide with Déﬁ(anm)
space group as follows:

I"'=8A, +8Biy + 4By, +4B3g +4A, + 3B
+7By, +7Bs, (1)

where Ag, Big, Bag. and B3p are Raman-active modes, Ay,
is an inactive mode, and By,. B2y, and Bz, are infrared-
active modes [11, 14-16]. Figure 2a shows a typical Ra-
man spectrum of the MoO3 nanobelts with the twelve peaks
at 99, 129, 160, 198, 220, 246, 292, 339, 377, 666, 8135,
and 991 cm~! in the wavenumber range of 50—1100 cm~!.
The vibration modes, belonging to a highly ordered struc-
ture, were very sharp. The peaks at 99 and 129 cm~! were
assigned as the By, with T,, and Bz, with T, vibration
modes, respectively [17]. That at 160 cm~! was the A o/ Big
[17] of the §(02Mo3), vibration mode [14]. The stronger
198 cm™! peak was assigned as the By, mode due to the
0O=Mo=0 twisting. Two other weaker peaks at 220 and
246 cm™! were as A, with R, vibration mode, and Bs, with
0=Mo=0 twisting mode, respectively [17, 18]. Other peak
at 292 cm™! could be assigned as the wagging mode for
the double bond O=Mo=0, due to the hydration process
[18]. The 339 and 377 em™! peaks were assigned to be the
Ay /B, mode with the § O-Mo-0O bending, and By, mode
with the § O-Mo—0O scissoring [17]. The 666 cm™! peak
was assigned as the Bzg/B3; mode with the vis O-Mo-O
asymmetric stretching of triply coordinated oxygen due to
the edge-sharing oxygen of the common three octahedrons
[17, 18]. The 815 em™! peak corresponded to the A, mode
with the vy, Mo=0 asymmetric stretching [17] for the dou-
bly coordinated oxygen due to the corner-sharing oxygen
of the common two octahedrons [18]. The 991 cm™! peak
was specified as the A, mode with the v Mo=0 asymmet-
ric stretching [17] for the terminal unshared oxygen [18].
The vibration peaks were in good accordance with those
reported in literatures for the orthorhombic «-MoO3 crys-
talline phase [17-19].

The FTIR spectrum of the as-synthesized ¢-MoO3 made
as a pellet by KBr mixing was recorded in the wavenum-
ber range of 4004000 em~! as shown in Fig. 3. The ab-
sorption band at 555 em™~! was attributed to the Mo—O-Mo
bending with O shared by three Mo [20] inside octahedrons.
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Flg. 2 (a) Raman spectrum of ce-MoO5 nanostructure synthesized by
the 180°C and 20 h hydrothermal reaction of the solution with the
pH =0. (b) and (c) are enlarged images of (a)

Those at 818 and 875 cm™! were attributed to the vibrations
of the Mo-O bridging bonds inside the octahedrons [21].
An intensive band at 997 cm~! was related to the terminal
Mo=0 bond for crystalline e-MoO3 [20, 21]. These bands
are typical characteristic of crystalline MoOs, consisting of
MoOyg octahedrons packed as layers [8, 20, 21]. In addition,
the bands at 3400 and 1630 cm™! were the indication of hy-
droxyl groups adsorbed on the octahedral layer surface [20].

SEM images of the products synthesized at 180°C for
20 h in the pH range of 0-1 are showed in Fig. 4. At
pH =1, the product was composed of both nano- and micro-
rods of the impure phases, mixed with one or more impuri-
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ties. When the pH of the precursor solution was further re-
duced by HCI adding to 0.75-0, the @-MoO3 nanobelts were
synthesized. It should be noted that the length of «-MoO3
nanobelts were controlled by the pH of precursor solutions.
Their lengths were from 5 pm to a few tens of microns by
increasing the acidity of the precursor solutions. Low mag-
nification SEM image (Fig. 4f) revealed that the product
was consisted of large quantity of uniform nanobelts, syn-
thesized at pH = 0. In the present research, it can be con-
cluded that pH of the precursor solutions played the key role
in the phase, impurities and morphology of the nanostruc-
tured products.

Further characterization of the w-MoO3 nanobelts was
performed by TEM as shown in Fig. 5a. Clearly, the mor-
phology of a-MoO; appeared as nanobelts. They were a
few tens of microns long and several tens of nanometers
wide with smooth facets enclosing their surfaces with sharp
edges and oval tips/ends. The SAED patterns (Fig. 5b—d),
recorded from three different @-MoOz nanobelts, were fur-
ther indexed [22. 23] as the (100). (101). and (001) planes
with [0-10] as zone axis. They were confirmed that these
nanobelts were orthorhombic MoQO3 [11] consisting of dis-

.

400 00 1200 1800 2000 2400 2800 3200 3600 4000
Wavenumhern:cm",'p

Intensity (Arbitrary Unit)

Flg. 3 FTIR spectrum of ¢-MoO; nanostructure synthesized by the
180°C and 20 h hydrothermal reaction of the solution with pH =0

Flg. 4 SEM images of a-MoO3
nanostructure synthesized by the
180°C and 20 h hydrothermal
reaction of the solutions with
the pH of (a) 1, (b) 0.75, (¢) 0.5,
(d) 0.25, and (e). () O
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torted MoOyg octahedrons connected by common corners
along the [100] direction (a-axis) and common edges along
the [001] direction (c-axis) with distinctive layered structure
parallel to the (010) plane [8, 12]. Bonding along the [100]
direction differs greatly from that along the [001] direction,
resulting in the difference of chemical reactivity. The inter-
action of layers along the [010] direction is the weak van
der Waals bonding. In contrast, the interconnection along
the [001] direction is by strong covalent bonding. Due to
the release of more energy to create strong covalent bond
of the nanobelts along the [001] direction, these promote
their growth along the [001] direction, with the termination
along the [100] and [010] directions. In view of energy, the
growth of @-MoO3 nanobelts was preferential along the ¢
axis [12, 24], enclosed by six faces of the (100) top and
bottom each, two (010) sides, and two (001) ends (inset of
Fig. 5a).

Possible formation mechanism of «-MoOsz nanobelts
was proposed and discussed. When commercial MoO3 pow-
der was dissolved in H203, the peroxomolybdate solution
was synthesized:

2M003 + 8H;0,
— 2Mo032(OH)(OOH) + 6H20 + 302 (2)

During hydrothermal reaction, MoO2(OH)(OOH) precur-
sors were decomposed by releasing of water and oxygen
molecules to form MoO; crystal:

MoO;(OH)(0OH) — MoO3z + Hy0 +0.50, (3)

At the same time, MoOyg octahedrons with corner sharing
along the [100] direction and edge sharing along the [001]
direction including zigzag chains and unique layers parallel
to the (010) plane were formed [10, 12].

The electrochemical properties of the as-synthesized «-
MoOs (Fig. 6) were studied and shown as the cyclic voltam-
mograms recorded at a scanning rate of 0.5 mV/s over the
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«

Flg. 5 TEM image and SEAD patterns of ¢-MoO: nanobelts synthe-
sized by the 180°C and 20 h hydrothermal reaction of the solution with
pH=0
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Flg. 6 Three cyclic voltammograms of «-MoO3; nanobelts synthe-
sized by the 180°C and 20 h hydrothermal reaction of the solution with
pH=0

voltage range of 0.05-3.5 V vs Li/Li™. The cathodic and an-
odic peaks of the 1st cycle respectively appeared at 2.85 and
1.86 V., which were attributed to the lithium-ion intercalation
into the @-MoO3 nanobelt electrode and the deintercalation
process, as shown by the following:

aLit +xe” + [Mo"1]03 < Li [MoV]0;
<« Lir[Mo)! Mo} ]03 (4)
Intercalation/deintercalation of electrons and charge
balancing lithium cations led to the formation of

Lix[Mo)! Mof]Oa, The orthorhombic MoO3 phase was

1—x
ready to be intercalated by LiT cations to form

oW

o —o— 100 mA/g
24041 —o— 400 mAVg
¥ 20018
=
< 160
£
> 1204
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= 80
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Flg. 7 Cyclic performance of o-MoOs; nanobelts for charge—dis-
charge current density of 100 and 400 mA g~ (vs Li/Li*)

Li_‘.[Mo‘]'"l_‘ Mof]O;. where x could be as large as 1.5, with
the reduction of oxidation states of Mo from Mo"! to MoV
[8, 10]. Due to the layered structure of @-MoO3 nanobelts,
Lit cations could be intercalated into/deintercalated out
of the structure with easily. Cyclically, the peak potential
shifted considerably, and the quantity of inserted Li™ ions
decreased. For the 2nd and 3rd cycles, the cathodic and an-
odic peaks were different from those of the first, because the
prior inserted Li" ions of single-crystalline MoO3 nanobelts
played an important role in hindering the new LiT ions
from being inserted into their interiors, which led to a slow
and shallow lithiation/intercalation. Furthermore, the pas-
sive film formation on the working electrode could result
in the irreversible capacity even after the first cycle. Pos-
sible formation of LizO at the solid-electrolyte interface
(SEI) and electrolytic decomposition/reduction, the inter-
calation/deintercalation process through the subsequent cy-
cles, and the destruction of ¢-MoO3 nanostructure as well
as the increase in electrical resistance of working electrode
influenced the change of the performance of the irreversible
capacity of the cyclic process [1, 6, 7].

Figure 7 shows the capacity-cycle number of «-MoO3
nanobelts as a cathode material for charge—discharge current
density of 100 and 400 mA g—!. The present material has
high specific capacities of 252 and 227 mAh g_' for the ini-
tiation of charge—discharge process, respectively. Its capaci-
ties were decreased to 158 and 124 mA h g~ after 30 cycles
due to the irreversible capacity associated with the decom-
position of the electrolytic solution and the solid-electrolyte
interface (SEI) formation [25-27]. They were constant at
160 and 119 mA h g_] afterwards. Upon further processing
to 100 cycles, the capacity losses were 11.4 and 4.8% of
the corresponding values at 30 cycles, demonstrating a good
cyclic stability.

4 Conclusions

In summary, ¢-MoO3 nanobelts with the width up to sev-
eral tens of nanometers and a few tens of microns long
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were synthesized by hydrothermal method without the use
of templates or catalysts. XRD, SEM, and TEM analyses
show orthorhombic single-crystalline structure with prefer-
ential growing along the [001] direction. At the initiation of
charge—discharge process. the electrochemical measurement
showed high specific capacities of 252 and 227 mAh g_' for
the current densities of 100 and 400 mA g~ I The nanobelts
showed a good stability although the process achieved at 100
cycles.

Acknowledgements  We wish to thank the National Nanotechnol-
ogy Center (NANOTEC), National Science and Technology Develop-
ment Agency for providing financial support through the project P-
10-11345, the Thailand's Office of the Higher Education Commission
through the National Research University (NRU) Project, and the Thai-
land Research Fund through the TRF Research Grant.

References

1. L.C. Yang. Q.5. Gao, Y. Tang, Y.P. Wu, R. Holze. J. Power Sources
179, 357-360 (2008)

2. H. Habazaki, M. Kiriu, H. Konno, Electrochem. Commun. 8,
1275-1279 (2006)

3. W.T. Jeong, JL.H. Joo, K.S. Lee, J. Alloys Compd. 358, 294-301
(2003)

4. A. Phurvangrat, T. Thongtem, 5. Thongtem, Mater. Lett. 61.
38053808 (2007)

5. M.G. Kim, J. Cho, Adv. Funct. Mater. 19, 14971514 (2009)

6. Y. Cai, 5. Liu, X. Yin, Q. Hao, M. Zhang, T. Wang, Physica E 43,
TO-75 (20100

7. M.S. Park, G.X. Wang, YM. Kang, D. Wexler, S.X. Dou.
H.K. Liu, Angew. Chem.. Int. Ed. 46, 750-753 (2007)

8. Ch.V.5. Reddy, E.H. Walker Ir., C. Wen, 5. Mho, J. Power Sources
183, 330-333 (2008)

9. L.W. Bullard II1, R.L. Smith, Solid State Ton. 160, 335-349 (2003)

@ Springer

e/

=

20.

21

22,

23,

24,

25.

26.

27.

. L. Zheng, Y. Xu, D. Jin, Y. Xie. Chem. Mater. 21, 5681-5690
(2009)

. Powder Diffract. File, JCPDS-ICDD. 12 Campus Boulevard,
Newtown Square, PA 19073-3273, USA (2001)

. S, Wang, Y. Zhang, X. Ma. W. Wang, X. Li, Z. Zhang. Y. Qian,
Solid State Commun. 136, 283-287 (2005)

. Q.P. Ding, H.B. Huang, 1.H. Duan, 1F. Gong, 5.G. Yang,
K.N. Zhao, YW. Du, J. Cryst. Growth 294, 304-308 (2006)

. Do Lin, WW. Lei, J. Hao, D.D. Liu, B.B. Liu, X. Wang,
X.H. Chen, Q.L. Cui, G.T. Zou, I. Liu, S. Jiang, J. Appl. Phys.
105, 023513 (2009)

. X.Chen, W. Lei, D. Liu, 1. Hao. Q. Cui. G. Zou, J. Phys. Chem. C
113, 2158221585 (2009)

. 5. Phadungdhitidhada, P. Mangkorntong, 5.
N. Mangkorntong, Ceram. Int. 34, 1121-1125 (2008)

. T. Siciliano, A. Tepore, E. Filippo, G. Micocci, M. Tepore, Mater.
Chem. Phys. 114, 687-691 ({2009)

. K. Kalantar-zadeh, J. Tang, M. Wang, K.L. Wang, A. Shai-
los, K. Galatsis, R. Kojima, V. Strong, A. Lech, W, Wlodarski,
R.B. Kaner, Nanoscale 2, 429433 (2010)

. LV, Silveira, J.A. Batista, G.D. Saraiva, .M. Filho, A.G.S. Filho,

S. Hue, X. Wang, Vib. Spectrosc. 54, 179-183 (2010)

T. Xia. Q. Li, X. Liu, J. Meng, X. Cao, J. Phys. Chem. B 110,

2006-2012 (2006)

LB. Troitskaia, T.A. Gavrilova, S.A. Gromilov, D.V. Sheglov,

V.V Atuchin, RS, Vemuri, C.V. Ramana, Mater. Sci. Eng. B 174,

159-163 (2010)

K.W. Andrews, D.J. Dyson, S.R. Keown, Interpretation of Elec-

tron Diffraction Patterns (Plenum, New York, 1971)

Y. Keereela, T. Thongtem, 5. Thongtem, J. Alloys Compd. 509,

66896695 (2011)

G. Wei, W. Qin, D. Zhang, G. Wang, R. Kim. K. Zheng, L. Wang,

1. Alloys Compd. 481, 417421 (2009)

M.S. Park, ¥ M. Kang. G.X. Wang, S.X. Dou, HEK. Liu, Adv.

Funct. Mater. 18. 455461 (2008)

L. Mai, B. Hu, Y. Qi, Y. Dai, W. Chen, Int. J. Electrochem. Sci. 3,

216-222 (2008)

T.M. McEvoy, K.I. Stevenson, 1.T. Hupp. X. Dang, Langmuir 19,

43164326 (2003)

Choopun,



Journal of Alloys and Compounds 516 (2012) 172-178

EI.SEVIER

Contents lists available at SciVerse ScienceDirect

Journal of Alloys and Compounds

I gl o

I\H.\'WS
AND COMPOUNDS

journal homepage: www.elsevier.com/locate/jallcom

Free-polymer controlling morphology of a-MoO3 nanobelts by a facile
hydrothermal synthesis, their electrochemistry for hydrogen evolution reactions

and optical properties

Hathai Sinaim?, Dong Jin HamP, Jae Sung Lee®, Anukorn Phuruangrat®*, Somchai Thongtemd-¢,

Titipun Thongtem?-¢-**

2 Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
b Eco-friendly Catalysis and Energy Laboratory (NRL), Department of Chemical Engineering, School of Environmental Science and Engineering, Pohang University of Science and

Technology, San 31, Hyoja-dong, Pohang 790- 784, Republic of Korea

© Department of Materials Science and Technology, Faculty of Science, Prince of Songkla University, Hat Yai, Songkhla 0112, Thailand
@ Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
= Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 1 January 2011

Received in revised form 4 December 2011
Accepted 11 December 2011

Available online 19 December 2011

Orthorhombic molybdenum oxide {«-MoOs ) nanobelts were successfully synthesized by the 100-180+C
and 2-20h hydrothermal reactions of (NH, JsMo; Oz4-4H;0 solutions containing 15ml 2 M acid (HNOs,
H:50, or HCl) with no surfactant and template adding. These products were characterized by X-ray
diffraction (XRD), Fourier transform infrared (FTIR) and Raman spectroscopy, and electron microscopy
(EM). In the present research, the product synthesized by the 180 “C and 20 h hydrothermal reaction of the
solution containing HNOs was a-MoOs nanobelts with = 10 wm long and <200 nm wide. Electrochemistry
for hydrogen evolution reactions (HER) and optical properties of the as-synthesized «-MoO; nanobelts
were characterized by linear sweep voltammetry (LSV) and Tafel plot, including UV-vis and photolumi-
nescence (PL) spectroscopy. These imply that a-MoOs nanobelts show satisfied performance for HER,
with the 3.75 eV direct allowed band gap (E;) due to the charged transition of Oy, — Moy, including the
emission of 437 nm wavelength at room temperature.
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1. Introduction

Over the past decades, scientists and engineers have focused
on the fabrication of one-dimensional (1-D) inorganic nanomate-
rials such as nanowires, nanobelts and nanotubes because these
materials exhibit novel chemical and physical properties compar-
ing to their corresponding bulks, owing to the reduced size and
large surface area to volume ratio [1].

Among layer inorganic materials, molybdenum oxide (MoQ3)
with very interesting catalytic, photochromic and electrochromic
properties has been widely used as catalytic material, sensors,
smart windows, lubricants and electrochemical storages [1-3].
Mo0O3z has two basic structures: the thermodynamically stable

# Corresponding author. Tel.: +66 074 288 374; fax: +66 074 288 395.

## Corresponding author at: Department of Chemistry, Faculty of Science, Chiang
Mai University, Chiang Mai 50200, Thailand. Tel. +66 053 943 344; fax +G66 053 892
277,

E-mail addresses: phuruangrat@hotmail.com [(A. Phuruangrat),
ttptho yahoo.com (T. Th )

0925-8388/S - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/jjallcom.2011.12.024

orthorhombic Mo(O; (a-type), and the metastable monoclinic
MoO; ( B-type) with ReOs -type structure. The most important char-
acteristic of w-MoO3 is its structural anisotropy, considered as
a layered structure. Each layer is composed of two sub-layers,
formed by corner sharing of octahedrons along the [100] direc-
tion, with edge sharing of octahedrons along the [00 1] direction.
Alternating stacks of these layered sheets, bound by the wvan
der Waals interaction along the [010] direction, lead to the
formation of c-MoO3. One might take the benefit of an intrin-
sic structural anisotropy of a-MoQ4 for tuning its properties by
interlayer structural modification and annealing [3,4]. Moreover,
o-MoO7 is a wide band gap (2.6eV) n-type semiconductor [5],
and has been used as a catalyst for hydrogen evolution reaction
(HER] [6].

There are a number of reports on the synthesis of 1D MoO3
nanomaterial which shows a better of both chemical and phys-
ical properties than other morphologies. Among them, a-MoO;
nanorods are promising cathodes in reversible lithium ion bat-
teries. MoO3 nanobelt films are excellent field emitters. MoO3
nanorods have been found to be a valuable candidate for use as gas
sensors owing to its sensitivity to nitrogen dioxide and anhydrous
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ammonia, including carbon monoxide and methanol at a working
temperature of 200°C and 40% relative humidity [7].

Nanostructured materials can be synthesized by both physi-
cal and chemical methods: solid-state reaction and wet chemical
method. Nevertheless, the products obtained from solid-state reac-
tions are irregular morphologies, large particle-sized distribution
and non-homogeneous phase. On the other hand, advanced wet
chemical method has been succeeded in synthesizing highly puri-
fied metal oxides and superconductors with multiple cationic
compositions [8]. They include sonochemistry [2], microwave-
assisted hydrothermal synthesis [6], spray pyrolysis [9], and
hydrothermal reaction [10]. These methods are able to synthesize
better crystal quality at lower growth temperature than the solid
state route.

Inthe present research, a-MoQ3 nanostructure was synthesized
using a facile hydrothermal process. The influences of differ-
ent reaction temperatures, holding reaction time and type of
acids on phase, morphology and formation mechanism of «-MoO;
nanostructures were studied. The electrochemistry for hydrogen
evolution reaction (HER) and optical properties of the products
were also investigated.

2. Experimental
2.1. Synthesis of «-MoO; nanobelts

All chemicals with analytical grade, purchased from Fisher Scientific Inc., were
used without further purification. First, 0.005mole ammonium heptamolybdate
tetrahydrate ((NH4)sMoy O24-4H20) was dissolved in 20ml deionized water with
30min continuous stirring at room temperature. Second, 15ml 2M acid (HNO,,
H;50y4 or HCl) was added to this colorless solution, and followed by 30 min stirring.
Third, these three mixtures were independently transferred into three lab-made
Teflon-lined stainless steel autoclaves to 50 ml capacity. The autoclaves were tightly
closed and heated at 100-180+=C for 2-20h in an electric oven. Finally, light-blue
precipitates were synthesized, separated by filtration, washed with distilled water
for removal of ionic remains in the final products and followed with ethanol to
facilitate water evaporation, and dried at 80=C in an electric oven for 24 h. Phase,
morphology and vibration modes, including electrochemical and optical properties
of the products were characterized by a variety of technigues.

2.2. Physical, electrochemical and optical properties of - Mo0O, nanobelts

The as-synthesized a-Mo{; nanobelts were characterized by X-ray diffractome-
ter (XRD) on Philips X'Pert MPD using a Cuk,, radiation at 45kV and 35mA with a
scanning rate of 0.04% s ranging from 10 to 60F. The XRD raw data were interpreted
using X'Pert HighScore software. The morphology of the a-MoOz nanobelts was
investigated by a low vacuum scanning electron microscopy (LV-SEM), JEOL, [SM-
5910LV with W as an electron gun. The samples used for LV-5EM were sonicated
in ethanol, each of which was subsequently dropped on stubs. Leave them dried in
an ambient atmosphere for 24 h, and coat them by gold sputtering. Transmission
electron microscopy (TEM) and selected area electron diffraction (SAED) were per-
formed by a JEOL, JEM-2100F at 200 kV. The samples used for TEM analysis were
prepared by sonicating of dried products in ethanol for 15min and depositing 3-5
drops of the suspensions onto carbon foils supported on copper grids. FTIR spectra
were recorded on Perkin Elmer Spectrum RX FTIR spectrophotometer with KBr as
a diluting agent and operated in the range of 400-4000cm-' with the resolution
of 4cm-'. Raman spectroscopy, T64000 HORIBA JOBIN YVON, was operated using
30mW He-Ne laser with 632.8 nm wavelength.

The hydrogen evolution reaction (HER) was tested by a Princeton Applied
Research (PAR) for linear sweep potential from —020 to 0.20V (vs RHE) with a
scanning rate of 50 mV s-!, using a glassy carbon, Pt wire and Ag/AgCl (3M NaCl) as
working, counter and reference electrodes, respectively, in 1M Hz50, solution as
electrolyte. Working electrode was prepared as explained in the previous reports
[611]

Absorption property of the as-synthesized -Mo0; nanobelts was studied in
colloid solutions on Perkin Elmer, Lambda-25 UV-visible (UV-vis) spectrometer in
250-B00 nm wavelength range. Photoluminescent (PL) property was investigated
by LS50B Perkin Elmer fluorescence spectrophotometer using 337 nm excitation
wavelength at room temperature. Each sample for photonic testing was prepared
by dissolving 0.02 g product in 100 ml ethanol and followed by 10 min sonication.
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Fig. 1. XRD pattern of -MoQ; nanostructure synthesized by hydrothermal reaction
at 180-C for 20 h.

3. Results and discussion
3.1. Characterization of @-MoQ3 nanobelts

The as-synthesized MoO3 product was characterized by XRD
in order to identify the phase and structure of the product. Fig. 1
shows XRD pattern of the MoO5 product synthesized by hydrother-
mal method under 180°C for 20h using (NH4)sMo7024-4H;0 as
molybdenum source and followed by 15ml 2 M HNOj addition. All
the diffraction peaks of the product were identified to correspond
with orthorhombic MoO; (-MoQOs ) of the JCPDS No. 05-0508 [12].
It should be noted that the intensities in the family (0k0) planes
with k=2, 4, and 6 were higher than those of the standard which
revealed a layered crystal structure or a highly anisotropic growth
of the oxide [10,13]. Considering MoO3, it is an orthorhombic struc-
ture, composed of highly distorted MoOg octahedrons which are
interconnected with the edges in the [001] direction and inter-
linked with the corners in the [10 0] direction, leading to a so called
double-layer planar structure. Each of these double layers is zigzag
bonded together by the van der Waals force to make the prod-
uct appear as stratified structure [14,15]. Therefore, the increasing
in the intensities of the (020), (040} and (060) planes implies
that the unit cells of layer-structured a-MoOj crystal are highly
anisotropic growth along the b axis.

Fig. 2 shows the low and high magnification SEM images
of a-MoO3. At low magnification (Fig. 2a), the product is com-
pletely uniform «-MoO3 nanobelts with no detection of any other
morphologies. Their lengths are >10wm, and their widths are
<200 nm. The «-MoO3 nanobelts hydrothermally synthesized by
other researchers are compared in Table 1. The present research is
at an advantage in synthesizing these c-MoO3 nanobelts without
using any polymers in controlling the structure. The high magni-
fication SEM image (Fig. 2b) shows that the surfaces of a-MoOy
nanobelts are smooth and even. A typical nanobelt is 100-120 nm
thick.

FTIR spectrum (Fig. 3a) shows the vibrational interaction
between molybdenum and oxygen atoms of c-MoOz nanobelts.
The sharp band at 996cm~! is assigned as the terminal oxygen
symmetric stretching vibration of Mo=0 belonging to the lay-
ered structured o-MoO3y phase [14,16,17]. The vibration band at
882 cm~! corresponds to the bridge oxygen asymmetric stretching
vibration of Mo—0O—Mo [13,14,16,17], and at 570cm ™! to the sym-
metric stretching vibration of O atoms linked to three Mo atoms
[13,14,16].
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Fig. 2. SEM images at (a) low and (b) high magnifications of a-MoOz nanobelts
synthesized by hydrothermal reaction at 180=C for 20 h.

The a-Mo0y is a layer structure with ABA stacking, which con-
tains edge- and corner-linked octahedrons. The Mof* ions occupy
in octahedral interstices within the lattice of 0%~ jons. Layered
a-MoO3 structure is composed of one Mo atom and three nonequiv-
alent types of O atoms, namely, 01, Oz, and 03. The Mo—0y is the
shortest bond with 1.67 A apart. In the ¢ axis, there are two equal
Mo—05 bonds with 1.95A long, and the third bond is in the b axis
with2.33 A long. Along the a axis, there are two Mo—0; bonds with
1.73and2.23 Along[18]. Group theory predicted the following irre-
ducible representation at the center (I") of Brillouin zone. Optical
vibrational modes of molybdenum oxide with Dy ' (Pbnm) space
group are given as follows.

I = BAg +8B1g + 4Byg + 4Bag + 4Ay + 3By + 7B2y + 7By (1)

where Ag, Big, Bzg, and Big are Raman-active modes. Ay is an
inactive mode, and Byy, Bzy and Bay are infrared-active modes
[18,19]. The Raman spectrum of c-MoO3 operated using 632.8 nm
wavelength of He-Ne laser at 50-1100cm-! is shown in Fig. 3b.
Roughly speaking, the Raman spectrum of a-MoOy was classi-
fied into stretching, deformation and lattice modes at 1000-600,
400-200, and below 200cm~!, respectively [18,20]. The peak at
159cm! is the Ag[Bjg mode, corresponding to the § (OzMog ),
polyhedrons along with the chain axis. Its intensity was strongly

116, and 127 cm~! were specified as the Ag, Byg, Byg and Byg, cor-
responding to the Ta, Ta, Tc and T; translation of rigid MoO4 chain
modes, respectively. Between 400 and 200 cm~! vibrations are the
245 (Bag, § 02—Mo—03 scissoring), 292 (Bag, § 0;=Mo=0; wag-
ging), 338 (Ag/Byg, § 03—Mo—0; bending), and 379cm~"! (Byg, §
0;=Mo—0; scissoring) peaks. The peak at 471 cm-! is the Az mode
which corresponds to the vz Mo—02—Mo stretching and bending
vibration. The 664 cm~! peak is the Bag/B3g mode, corresponding
to the vas Mo—0;—Mo stretching. Those at 816 and 992 cm~! are
the A; modes. They are specified as the vs Mo—03;—Mo stretching of
which bonding aligns along the a axis, and v3s Mo=0 stretching of
which bonding aligns along the b axis [18-24]. Different Raman
vibration modes of the present a-MoOz nanobelts and those of
other reports are compared in Table 2.

TEM image of a-MoQO3 (Fig. 4a) shows uniform nanobelts with
100-200 nm wide and several pm long. Their surfaces are very
smooth and even. The selected area electron diffraction (SAED)
patterns (Fig. 4b-d) were recorded perpendicular to the growth
direction of the three nanobelts of Fig. 4a. They appear as bright
spots of electron diffraction patterns which indicate the single crys-
talline nanobelts with high crystallinity. All SAED patterns were
indexed to correspond with the (001), (101) and (100) planes
with the electron beams in the [0 10], [0 1 0], and [0-10] directions
of the individual a-MoO3 nanobelts as compared to those of the
JCPDS standard No. 05-0508 [12]. They were suggested that the
product was oi-MoO3 nanobelts growing along the [00 1] direction
[10]. The ®-MoO5 nanobelt structure model (inset of Fig. 4a) grows
along the ¢ axis, with the +{100) top and bottom, +(010) side,
and +(00 1) end surfaces [10]. In general, «-MoO3 is composed of
distorted MoOg octahedrons with sharing corners along the [100]
direction (g-axis), and zigzag edges along the [001] direction (c-
axis) to form layers. Each ofthe layers is bound together by the weak
van der Waals attraction along the b-axis to form the pronounced
nanomaterial with large surface area to volume ratio [16,19].

In contrast, the interaction along the ¢ axis is strong covalent
bond, implying that more energy was released during their growth
along the [001] direction. The energy release was in favor with
the growth of a-MoO5 unit cells along the b axis. The XRD peaks
of the (0k0) planes were higher than those of the corresponding
standard, since the (0 10) plane retained in the final product, as the
consequence of fast growing rate [6,10].

The formation mechanism of «-MoO3; nanobelts from isopoly-
molybdate (Mo;034)5- anions under hydrothermal treatment was
reported by Lou and Zeng [4] as follows.

Mo7024% +6H* — 7Mo03 + 3H20 (2)

The Mo7024% anions were obtained by dissolving of
(NH4)sMo7024-4H30 as starting material in a solution containing
HMNO3z. The overall equilibrivm would shift the hydrothermal
reaction to the right, although several intermediate steps may
proceed. Thus other compounds/phases may exist. However, Xia
et al. [25] suggested the growth of 1-D a-Mo0O3 nanostructure by
electroneutral and dehydration reactions as follows.

N . . . G-

increased by the polarization along the ¢ axis. The peaks at 82,98, ~ Mo7024"~ +6H" +11H20 — 7Mo03-2H20 (3)

Table 1

The 10 at-Mo0; nanostructure synthesized by hydrothermal reactions.
Researchers Mo source Polymer Temperature (=C) Time (h) Morphology Length {pm) Width (nm}
Wang et al. [10] [NHa)sMo7024-4H20 CTAR 180 20 Nanobelts >5 100-200
Reddy etal. [13] (NHz )sMo7O24-4H20 PVP 180 360 Nanorods & 5-100
Reddy et al. [16] [NH, )Moy 04-4H, 0 PEG 180 06 Nanobelts 1-5 100-600
Mohanetal. [17] [NHg)s Moy Ohg-4H2 0 PEG 180 48 Nanobelts <032 T0-180
Ours [NHa )Moy 054-4H, 0 Free 180 20 Nanobelts >10 <200

CTAB, cetyltrimethyl ammonium bromide: PVP, polyvinylpyrrolidone; PEG, polyethylene glycol.
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Fig. 3. (a) FTIR and (b) Raman spectra of a-MoO; nanobelts synthesized by
hydrothermal reaction at 180=C for 20 h.

At high temperature, water was released by two steps as follows.
Mo032H,0 — a-Mo0;-H,0 + Hy,0 (4)
o-Mo05-H;0 — a-Mo0; +H;0 (5)

The crystal structure of MoO;-2H;0 is monoclinic symme-
try and does not display any one-dimensional chain structure.
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a-MoO3-H; 0 exhibits Mo—0—Mo chains running along the [001]
direction. There is the maximum intensity of one-dimensional
growth due to the presence of two different sorts of chains along
the a and ¢ axes of orthorhombic a-MoO3 [25].

3.2. The effect of reaction temperature, holding time and type of
acids on the formation of c-MoO3 nanobelts

The effect of reaction temperature, holding time and type of
acids was studied during the formation of a-Mo0O; nanobelts.
Figs. 51 and S2 of the Supporting Information show the XRD
patterns and SEM images of «-Mo0O3 nanobelts, which were syn-
thesized by hydrothermal reactions at 100-180°C for 20 h. XRD
analysis proved that the product at 100°C for 20 h was composed
of mixed phase of hexagonal MoO; (h-Mo0Q3) and orthorhombic
o-Mo03, corresponding to the JCPDS No. 21-0569 for h-MoO3,
and 05-0508 for orthorhombic «-MoO5 [12]. The h-Mo(Q; phase
became lessened when the reaction hydrothermal temperature
was increased. Pure a-MoQz was synthesized at 140°C and above,
with no detection of any other impurities. The a-MoO3 nanobelts
were agglomerated as nanobelt bundles at 100-160+C for 20h.
They were separated into individual uniform nanobelts at 180=C
for 20h. Figs. 53 and 54 of the Supporting Information show the
XRD patterns and SEM images of a-MoO3 nanobelts synthesized
by the hydrothermal reactions at a constant temperature of 180°C
for 2-20h. When the reaction time was decreased from 20h to
5h, the product remained as pure o-MoO; phase. Upon reducing
the length of time to 2 h, the mixture of h-MoO; and «-Mo0O3 as
minor and major phases was detected. At this stage (180°C, 2h),
the agglomerated bundle of nanobelts was synthesized. For longer
time (5-10h), individual of «-MoO3 nanobelts was synthesized,
but composed of a mixture of nano- and micro-belts. At 180=C for
20 h, uniform a-MoO3 nanobelts were synthesized and detected.

When either HCl or Hz504 instead of HNO3 was used, the XRD
patterns(Fig. S5 of the Supporting Information) remained the same,
excluding intensities of the diffraction peaks. The XRD patterns
also corresponded to the pure phase of w-MoOg, but all intensi-
ties of the diffraction peaks of «-MoO; for using of HCl and H;504
became lessened - lowering the degree of crystallinity. The prod-
ucts synthesized in the HCl and Hz504 acidic solutions, shown
by SEM images (Fig. 56 of the Supporting Information), are short
agglomerated a-MoO; nanobelts. These proved that the reaction
hydrothermal temperature, holding reaction time and type of acids
are the key factors used to control pure phase and uniform «-MoOy
nanobelts. In general, the nanomaterials with high crystallinity

Table 2
Raman vibration modes of a-Mo0; nanostructures.
Raman vibration modes Assignment Wavenumber (cm-!)
Qurs Ref. [18] Ref. [21] Ref. [22] Ref.[23] Ref. [24]

A T, Translation of rigid Moy chain (T} 82 - 89 82 82 83
B, T, Translation of rigid Moy chain (T,) a8 - 100 - a8 a8
Bz Te Translation of rigid MoOy chain (T:) 116 116 116 115 114 116
Bag T: Translation of rigid MoOs chain (T:) 127 130 129 129 128 128
AgfBy, §(0:Mog), 159 157 159 158 157 156
B 4 0;—Mo—0; scissoring 196 198 197 108 197 198
A & O;—Mo—0; scissoring 218 217 216 216 216 218
Bag 4 Oz—Mo—; scissoring 245 246 247 246 244 246
Bag 4 01=Mo=01 wagging 283 284 285 284 282 286
By, 4 0y=Mo=0, wagging 292 291 203 - - 291
AgfBy, § 0;—Mo—0; bending 338 138 134 136 336 338
Ay & 0p=Mo=0; scissoring 365 365 366 365 365 366
Big & Op=Mo=0; scissoring 379 378 376 379 377 380

V3 Mo—0;—Mo bending 4an 471 473 - 469 472
BB, Va; Mo—0;—Mo stretching 664 667 667 GiEE 666 G66

v, Mo—0;—Mo stretching 816 817 823 819 818 820
Az vz: Mo=0, stretching 992 996 996 906 994 996
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Fig. 4. (a) TEM image and structure model (inset) of a-MoO; nanobelts synthesized by hydrothermal reaction at 180=C for 20 h, and (b—d) SAED patterns on the 1, 2 and 3

nancbelts of (a).

and uniform morphology have the potential to improve the elec-
trochemical and photoluminescent properties. Therefore, the best
condition for the synthesis of uniform a-MoO3; nanobelts with high
crystallinity in this research is the 180°C and 20 h hydrothermal
processing of the solution containing 15ml 2 M HNO3.

3.3. Electrochemical property of a-Mo0Q; nanobelts

®-MoO3 is a material with tunnel structure for using in elec-
trochromic applications, constituted by [MoOg]®~ octahedrons
with sharing edges and corners, resulting in zigzag chains and
unique layers binding along the [010] direction. Consider three
phases of MoOz, monoclinic (B-MoQz ) is metastable. At 140°C and
above, h-Mo0O3 (hexagonal) would transformed into orthorhom-
bic a-MoQ - the most thermodynamically stable phase [10,14].
Smallerions such as H* and Li* can be intercalated inits layer struc-
ture [16,17,26-28]. The hydrogen evolution reaction (HER) in 1M
H3504 with a-Mo0O3 nanobelts as a catalyst can be explained as
follows [11].

XH" +xe” +Mo0O3 — H,MoQ3 cathodic reaction (6)

HxMoO3 — 0.5xHz + Mo0z; anodic reaction (7)

where x is the stoichiometric parameter which varied between 0
and 1. When a voltage (cathodic reaction) was applied, H* ions
migrated in the layered [MoOg ]~ octahedrons along the (010)
plane of a-MoO3, with electron trapping on some Mo®*, forming
Mo®*. Coloration was attributed to the intervalence charged tran-
sition between Mo®* and the newly formed Mo®*. The intercalated

Fig. 5. SEM image of commercial MoO; microparticles.

HxMoOj; is known as the molybdenum bronze [28]. At the anodic
reaction, it led to the oxidation of Mo(V) with the evolution of
Hz gas [6,11]. The HER of a-Mo0O3 nanobelts was investigated by
linear sweep voltammetry (LSV) and Tafel plot comparing to the
commercial MoO3 microparticles with the particle size of 2-5 pm
(Fig. 5).

Fig. 6 shows the LSV curves of pure glassy carbon
electrode  (black/top), commercial Mo0O; microparticles
(blue/middle), and ®-MoO: nancbelts (green/bottom). The
pure glassy carbon electrode shows no actively electro-
chemical reaction. When the surfaces of glassy carbon
electrodes were coated by commercial MoO; microparticles

o\
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Fig. 6. LSV curves of HER testing for pure glassy carbon, and carbon electrodes coated
with o-MoO3 nanobelts and commercial MoO3 microparticles.
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Fig. 7. Tafel plots of a-MoOs nanobelts and commercial MoO: microparticles.

and o-MoO; nanobelts, they showed the current density of
-2.68, -4.89 and -833mA/cm?, and -4.54, -825 and
—14.41mAjcm? at —005 -0.10 and -0.15V, respectively.
The electrocatalytic activity of @-MoO3 nanobelts is ~1.70 times
higher than that of the commercial MoO3 microparticles. (For
interpretation of the references to color in this text, the reader is
referred to the web version of this article.)

Tafel plots as shown in Fig. 7 were calculated from LSV data at
low over-potential region from —0.005 to —0.035V (vs RHE). Com-
paring Tafel plots between o«-MoO3 nanobelts (green/right) and
commercial MoO3z microparticles (blue/left), the exchange current
density (I5) of a-MoQ5 nanobelts (2.10 mA/cm?) was higher than
that of the commercial MoO3 microparticles (1.34 mA/cm?). The
high exchange current density (I) of a-MoO3 nanobelts implied
that lower intrinsic electric resistance originated from the vectorial
electron transfer along the crystal growth direction. This phe-
nomenon hasbeen apparently detected in 1-D nanostructure which
preserved the high aspect ratio to their unique textural properties.
Owing to the vectorial electron transfer, a-MoO3 nanobelts could
provide facile electron pathway, and the enhanced electrochemi-
cal activity was detected. Furthermore, the Tafel slope and onset
potential of c-Mo0O3 nanobelts were —131 mV/dec and +0.096V
vs RHE, respectively. They were higher than the —138 mV/dec and
+0.094 V vs RHE of the commercial MoO3 microparticles. More pos-
itive onset potential of c-MoO3; nanobelts could turn out to be a
more active electrocatalyst than the commercial MoO3 micropar-
ticles. Lower Tafel slope has been related with the large number of
electrons participating in HER. The number of electrons of a-MoO4

(@)
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250 300 350 400 450 500 S50 BOO BS0 700 750 80D
Wavelength (nm)
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Fig. 8. (a) UV-vis absorbance, and (b) the (ahv)? vs hv plot of a-MoO; nanobelts.

nanobelts and commercial MoO3 microparticles was 0.9 and 0.85,
respectively. Consequently, these electrochemical results have pro-
vided that 1-D structured a-MoO3 nanobelts as electrocatalyst
could be a better performance than general 0-D particles for HER.
The electrochemical data for HER was also summarized in Table 3.
(For interpretation of the references to color in this text, the reader
is referred to the web version of this article.)

3.4, Optical property of a-MoO3 nanobelts

The optical absorption spectrum of «-MoO3 nanobelts (Fig. 8a)
exhibited the strong absorption centered at ~262nm in the UV
region, due to the charged transfer in the [MoOg]®~ octahedrons
[29]. The direct band gap (Eg) was calculated from the relation
between the absorption coefficient and photon energy given by

ahv = (hv —E;)" (8)

where «, i, v, and E; are the absorbance, Planck constant, photon
frequency, and photonic band gap, respectively. The parameter n is
a constant associated with the different types of electronic transi-
tion: n=1/2, 2, 3/2 or 3 for direct allowed, indirect allowed, direct
forbidden and indirect forbidden transitions, respectively [29-31].
Fig. 8b shows the plot of (whv)? vs hv. By extrapolating the linear
portion of the curve to zero absorbance, the direct Eg of a-MoO;
nanobelts was determined to be 3.75eV, larger than that of its bulk
state (2.9eV) [32], due to the quantum size effect [33]. The gap is
increased with the decrease in the particle sizes and increase in
the surface area to volume ratios. Morphologies, crystalline degree
and structural order—disorder can play the role in the gap [34] as
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Table 3
Electrocatalytic HER properties of commercial MoO; microparticles and o-Mo05 nanobelts.
Electrocatalyst Specific activity at Specific activity at Specific activity at Onset potential Tafel slope? (mV/dec) I, (mAfcm?)
—0.05V (mA/cm?) —0.10V (mAfcm?) —0.15V (mA/cm?) (V vs RHE)
MoQ; microparticles —2.68 —4.89 -8.33 +0.094 —138 134
a-Mo; nanobelts —4.54 —825 1441 +0.096 131 210

? In the low overpotential region from —0.005V to —0.035 V (vs RHE).

Intensity (Arbitrary Unit)

300 325 350 375 400 425 450 475 500 525 550 575 GO0
Wavelength (nm)

Fig. 9. PL emission of a-Mo0O; nanobelts at room temperature,

well. The direct allowed Eg for the absorbance of ci-MoO5 nanobelts
was caused by the charged transition from the uppermost valence
band of Oyp to the lowest conduction band of Mogy (Ozp — Moyy)
of a-MoOj3 [35].

Fig. 9 is a photoluminescence spectrum of a-MoO3 nanobelts
excited by 337 nm wavelength at room temperature. It shows a
broad peak at 375-550 nm with the maximum emission peak at
437 nm, corresponding to the report of Song et al. [36], due to the
charged transition from the lowest conduction band to the upper-
most valence band of a-MoO; nanobelts.

4. Conclusions

In summary, ®-MoO3 nanobelts with>10 pm long and <200 nm
wide were successfully synthesized under hydrothermal reaction
at 180°C for 20h in controlling agent solution. In the present
research, «-MoQ3 nanobelts grew along the ¢ axis, with the +(100)
top and bottom and +(010) side surfaces. Comparing HER of a-
MoO3z nanobelts and that of the commercial MoO3 microparticles,
the first showed the better performance electrochemical HER activ-
ity, including the 3.75eV energy gap caused by the Oz; — Moy
charged transition, and the 437nm emission peak excited by
337 nm wavelength at room temperature.
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