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In this study, the suspension of MoO3 nanobelts was first prepared in a hydrothermal way from Mo
powders and H2O2 solution, which could be transformed into the suspension of HxMoO3 nanobelts under
an acidic condition using N2H4 ·H2O as the reducing agent. Three paper-form samples made from MoO3

and HxMoO3 nanobelts (low or high hydrogen content) were then fabricated via a vacuum filtration method,
followed by their structural comparative analysis such as FESEM, XRD, Raman spectra, and XPS, etc.
The measurement of electric resistances at room temperature shows that the conductance of HxMoO3

nanobelts is greatly improved because of hydrogen doping. The temperature-dependent resistances of
HxMoO3 nanobelts agree with the exponential correlation, supporting that the conducting carriers are the
quasi-free electrons released from Mo5+. In addition, the formation process of HxMoO3 nanobelts from
MoO3 nanobelts is also discussed.

Introduction

One-dimensional nanomaterials are expected to play an
important role in the emerging nanoelectronics, either as
functional components or conductive connections.1,2 To this end,
abundant one-dimensional functional nanostructures, including
nanowires, nanotubes, and nanobelts, have been synthesized and
studied extensively as the potential candidates.3,4 Among them,
carbon nanotubes have been thought to be one of the most
promising alternative because of their tunable metallic or
semiconducting property by chirality.5 Doping is the fun-
damental and significant tool in microelectronics by which
the transport property of semiconductors can be tuned
continuously and various electronic devices are designed and
constructed. Similarly, with respect to one-dimensional
nanomaterials, the introduction of impurity atoms ought to
be a critical step toward their application in future
nanotechnology.

Orthorhombic molybdenum trioxide has a unique layered
structure along the b axis, where MoO6 octahedral double
slabs are edge-connected along <001> and corner-linked
along the <100> direction (see the Supporting Information,
Figure S1).6,7 The layered structure allows alkali metal

cations intercalated into the van der Waals gap, accompanied
by the partial reduction of Mo oxidation states.8–11 The alkali
metal molybdenum bronzes as-formed are low-dimensional
metals because of the partially filled Mo 4d electrons as well
as the anisotropic structure, different from the insulating
MoO3 host matrix.12–14 The hydrogen molybdenum bronze
is of particular interest in the electron/proton mixed con-
ductance, and has been investigated for possible applications
in hydrogen-transfer catalysts, electrochromic displays, fuel
cells, hydrogen storage, and gas sensors.15 The hydrogen
molybdenum bronze (HxMoO3, 0 < x e 2) phases are
obtained through the reduction intercalation of MoO3 using
Zn/HCl aqueous solution or spillover approach from Pt-
coated MoO3 in hydrogen gas.15–18 Four phases are present
approximately for HxMoO3: nonstoichiometric phase I
(H0.23–0.40MoO3, blue, orthorhombic), phase II (H0.85–1.04MoO3,
blue, monoclinic), phase III (H1.55–1.72MoO3, red, monoclinic),
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and stoichiometric phase IV (H2MoO3, green).12,19 The
properties of HxMoO3 vary greatly with the hydrogen content,
whereas their crystal structures are all very close to that of
parent MoO3. The electric conductivity measurements on
HxMoO3 powder or single crystal demonstrate the metal-
semiconductor transition that occurs at specific tempera-
ture.20,21,10 Most previous efforts were devoted to the
understanding of the metal to semiconductor transition
process induced by charge density wave or Fermi surface
nesting;12,13,20,21 fewer investigations have been performed
on the semiconducting state of hydrogen molybdenum
bronzes; for instance, where do conducting carriers come
from?

Recently, the nanobelts of MoO3 have been synthesized
by us and other groups via the physical or chemical
routes.22–25 However, the hydrogen doping MoO3 nanobelts
were neglected in the previous study, although they are
probably more important than MoO3 nanobelts regarding the
electric properties and applications in catalysis areas.20,21,26

In this study, we synthesize the HxMoO3 nanobelts from
MoO3 nanobelts using a new chemical intercalation method.
Structural characterization and electric transport measurement
are then carried out for the two kinds of nanobelts, focusing
on the relationship between structure and property.

Experimental Section

All reagents used in this work were chemical-grade reagents from
the Shanghai Chemical Factory, P. R. China, and were directly used
without further treatment.

Synthesis of MoO3 Nanobelts. The synthetic strategy is the same
as that described previously by us.22 In a typical procedure,
molybdenum powders (2 mmol), deionized water (40 mL), and 30
wt% H2O2 aqueous solution (2∼4 mL) were successively added
into a Teflon vessel (60 mL). The vessel was then heated at 70 °C
under magnetic agitation until metal powders were dissolved
completely. Subsequently, the vessel was transferred into a stainless
steel autoclave and hydrothermally treated at 140 °C for 12 h. After
natural cooling, the white aqueous suspensions of MoO3 nanobelts
were obtained and used directly for preparation of HxMoO3

nanobelts in the next step. In addition, the paper, which was
composed of MoO3 nanobelts, was fabricated from the suspensions
through the vacuum filtration method, followed by the drying and
peeling processes, labeled sample A. No binding agent is used in
the fabrication process.

Synthesis of HxMoO3 Nanobelts. First, 4 mL of 2.3 M HCl
solution was added to the suspension of MoO3 nanobelts (∼40 mL),
to ensure a strong acidic environment and enough proton sources.
Second, under vigorous magnetic stirring, the hydrated hydrazine
solution (85 wt% N2H4 ·H2O) was introduced dropwise to the
suspension, leaving enough time for reaction after each drop’s

addition (ca. 50 µL for one drop). In this way, the suspension
gradually changed in color from initial white to intermediate blue
and to dark blue in the end, indicating the conversion from MoO3

nanobelts to HxMoO3 nanobelts because of hydrogen increasing
insertion. Similarly, the papers of HxMoO3 nanobelts, labeled sample
B (blue) and sample C (dark blue), were also fabricated through
the vacuum filtration method followed by the drying and peeling
processes, both of which were obtainable with one and six drops
of N2H4 ·H2O solution titrated, respectively. For the purpose of
comparison, the HxMoO3 nanobelts were also prepared using the
conventional Zn/HCl reduction/intercalation method.

Characterization. The nanobelts were characterized by X-ray
diffraction (XRD, Phillip X’pert system, λ ) 1.541874 Å), Raman
spectrum (RAMANLOG-6 laser Raman spectrometer), field-
emission scanning electron microscopy (FESEM, JEOL JSM-
6300F), transmission electron microscopy (TEM, Hitachi 800
operated at 200 kV) with selected area electron diffraction (SAED),
X-ray photoelectron spectrum (XPS, ESCALAB 250 with mono-
chromatized Mg KR X-ray as the source), high-resolution transmis-
sion electron microscopy (HRTEM, JEOL 2010 working at 200
kV), and photoluminescence spectrum (PL, FLUOROLOG-3-TAU
steady-state/lifetime spectrofluorometer).

Measurement of Electric Resistances. The paper-form samples
were cut into 3 cm × 1 cm strips for four-probe measurements.
The electrode contacts were made by using conductive silver pastes
prior to desiccation in a vaccum at 100 °C. The I-V curves of
samples A, B, and C at room temperature (RT) were recorded on
the conventional four-probe setup, within the voltage range from
-1 to +1 V. Their RT resistances were calculated according to
the slopes of curves, respectively. In addition, the resistances of
sample C as a function of temperature were measured in the course
of cooling from room temperature (290 K) to low temperature (150
K), during which a constant electric current of 0.1 mA was supplied.

Results and Discussion

Color and Morphology. Three samples are fabricated in
the present study, including sample A (MoO3 nanobelts,
white), sample B and C (HxMoO3 nanobelts with low and
high hydrogen content, blue and dark blue, respectively), as
shown in Figure 1a. The paper-form samples are fabricated
using a simple vacuum filtration method, as described in the
experimental section, which has also been adopted to
fabricate carbon nanotube films.27 The blue color of HxMoO3
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Figure 1. (a) Photos of samples A, B, and C, which are made from MoO3

nanobelts and HxMoO3 nanobelts with low and high hydrogen content,
respectively. (b) Typical magnified FESEM image of HxMoO3 nanobelts
(sample C).
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nanobelts originates from the inter valence charge-transfer
transition between Mo5+ and Mo6+ that coexist in HxMoO3

nanobelts.8 Figure 1b is a representative FESEM image of
HxMoO3 nanobelts (sample C), from which it can be seen
that the nanobelts, approximately ten micrometers in length,
have a preferential stacking orientation with their wide facets
spreading on the paper but a random longitudinal array.
Although the papers are not highly dense in view, the
nanobelts within are contacted well with one another.
Additionally, there is no difference in morphology and
topology between MoO3 nanobelts and HxMoO3 nanobelts,
by comparing their FESEM images. Figure 2a is the TEM
image of pristine MoO3 nanobelts, showing that the nanobelts
have a typical width of 100-500 nm, and a thickness of
about 20-30 nm, as estimated from the bended parts. Figure
2b is a single MoO3 nanobelt and its SAED pattern
(corresponding to [010] zone axis), illustrating that nanobelts
grow in the [001] direction and their wide facet corresponds
to (010) crystalline plane of MoO3.23,24

X-ray Diffraction Analysis. Figure 3 demonstrates the
XRD patterns of the three samples that are fully ground prior
to diffraction. The three patterns in Figure 3a are very
analogous as a whole, and in combination with the JCPDS
card (05–0508) of orthorhombic MoO3, we conclude that
the three-dimensional structural framework of MoO3 nano-
belts is retained to a great degree in HxMoO3 nanobelts, and
hydrogen doping does not destroy the pristine crystal
structure.19 Therefore, HxMoO3 inherits the beltlike morphol-
ogy of MoO3. Figure 3b-d are the magnified patterns
corresponding to the diffraction peaks of (040), (060), and
(002) in Figure 3a, respectively. Careful comparison among
these patterns discloses that the 2θ values (peak positions)
decrease slightly from A to B, but do sharply from B to C.
The smaller 2θ value means larger interplane distance (d
value), according to Bragg Formula 2 dsin θ ) λ. Hence,
with the increasing insertion of hydrogen into HxMoO3

nanobelts (sample A, x ) 0), the distances (d values) between
crystalline planes of (040), (060), and (002) increase
consistently. That is, the lattice unit expands after hydrogen
atoms are introduced into MoO3, as reflected on the

calculated lattice constants that are listed in Table 1. In Figure
3c, the peak indicated with an asterisk becomes more
pronounced in C as compared in B and A, probably hinting
that slight structural adjustment occurs when the hydrogen
content is high.

Raman Spectra. The Raman spectra of the three samples
are compared in Figure 4, with the same instrumental
conditions such as laser spot area and detection time. Curve
A is the Raman spectrum of MoO3 nanobelts, in which all
peaks in position are in good agreement with the polycrys-
talline MoO3 powders in the literatures.28 Specifically, the
peak at 995 cm-1 is assigned to the terminal oxygen (ModO)
stretching mode, the peak at 818 cm-1 to the doubly
coordinated bridging oxygen (Mo2-O) stretching mode, and
the peak at 664 cm-1 to the triply coordinated oxygen

(27) Zhang, D.; Ryu, K.; Liu, X.; Polikarpov, E.; Tompson, M. E.; Zhou,
C Nano Lett. 2006, 6, 1880.
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98, 11269.

Figure 2. (a) TEM image of MoO3 nanobelts. (b) TEM image of an
individual MoO3 nanobelt and its SAED pattern.

Figure 3. (a) Overall XRD patterns of samples A, B, and C, consisting of
MoO3 nanobelts and HxMoO3 nanobelts with low and high hydrogen
content, respectively. (b-d) magnified patterns corresponding to the
diffraction peaks of (040), (060), and (002) in (a), respectively.

Table 1. Lattice Constants a, b, and c Calculated by d(200), d(060),
and d(002)

interplane
distance (Å)

lattice
constants (Å)

sample
hydrogen

content (x) d(060) d(002) d(200) a b c

A zero 2.3009 1.8479 1.9768 3.954 13.805 3.696
B low 2.3067 1.8481 1.9763 3.953 13.840 3.696
C high 2.3261 1.8622 1.9825 3.965 13.957 3.724
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(Mo3-O) stretching mode.29 The sharpness of peaks in curve
A represents the high crystalline state and excellent structural
order in MoO3 nanobelts. Curve B gives the Raman spectrum
of sample B, all peaks easily corresponding to those in curve
A. However, some differences are present between the
Raman spectrum of samples A and B. First, the intensity is
obviously low in sample B. Second, all peaks in sample B
shift toward low wavenumber, slightly and unanimously.
Third, most peaks in sample B broaden with respect to the
full width at half-maximum (fwhm). On the basis of the
above XRD analysis, the crystalline lattice of sample B
expands slightly relative to sample A, and small structural
distortions likely happen on sample B as well, as a result of
hydrogen intercalation. Therefore, the structural order is
lowered in sample B, which can lead to the decreased Raman
vibrational intensity and peak broadening. The peak shifts
in the Raman spectrum are related to changes in the force
constants of the bonds, i.e., positive and negative shifts
correspond to larger and smaller force constants, respec-
tively.29 Because the lattice is enlarged in sample B, the force
constants of bonds become small and the peaks shift to lower
wavenumbers. Generally, the Raman spectra are more
sensitive than XRD detection to the structure change.30 Curve
C exhibits the Raman spectrum of sample C that has high

hydrogen content. The Raman peaks decrease greatly in
intensity, as compared to those of sample A and B. Because
of the large lattice expansion and structural distortion, some
peaks are not observed. In addition, the delocalized electrons
present in samples B and C (see below) may play a role in
the intensity reduction because of their screening effect on
phonons.19

X-rays Photoelectron Spectra. The XPS spectra recorded
on the three samples are demonstrated in Figure 5, with
molybdenum element being concerned. The doublets of
binding energy reflect the Mo oxidation states present in
MoO3 or HxMoO3 nanobelts. In Figure 5a, the doublets of
235.8 and 232.65 eV are attributed, respectively, to the
binding energies of the 3d3/2 and 3d5/2 electrons of Mo6+,
which are present exclusively in MoO3 nanobelts.31 The
integral areas between the two doublets are 2:3 in ratio and
the energy gap between them is 3.15 eV, in agreement with
the standard data.32 In Figure 5b, in the case of HxMoO3

nanobelts with low hydrogen content, the two peaks shift to
low energy slightly, as compared to those in Figure 5a. It is
known that the extra electron screening can lower the inner
electron binding energy of core metallic cations. Therefore,
we infer that in HxMoO3 nanobelts, although some molyb-
denum has been reduced to Mo(V) in the hydrogen intercala-
tion process, the additional electron of Mo5+ relative to Mo6+

is actually delocalized to a great degree at room temperature
and not binded tightly to an individual Mo6+ core cation.
These delocalized electrons extend mainly within the MoO6

octahedral double slabs of MoO3. In this regard, it is
reasonable that only one set of doublets is detected, with
slight decreases in the corresponding binding energies due
to the screening effect of delocalized electrons (Figure 5b).
However, when the doped hydrogen concentration is high
in sample C, the situation is different. As shown in Figure
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Figure 4. Room-temperature Raman spectra of samples A, B, and C
measured under the same conditions.

Figure 5. Room-temperature Mo3d-related XPS spectra of samples (a) A,
(b) B, and (c) C.
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5c, two sets of doublets are detected, one being ascribed to
Mo6+ (235.7 and 232.6 eV corresponding to 3d3/2 and 3d5/2

of Mo6+) and the other to Mo5+ (234.3 and 231.2 eV
corresponding to 3d3/2 and 3d5/2 of Mo5+).31,32 The more
protons intercalated, the more electrons injected in the
meantime. Thus, in addition to a fraction of electrons that
are still delocalized, the other electrons have to be restricted
around the Mo6+ core cations, and as a result, the Mo5+

cations are detected in the XPS spectrum of sample C.
In fact, the above discussion has assumed that the

hydrogen are always present in the protonic state. Previous
study on hydrogen molybdenum bronze believed that there
were two different types of sites available for proton
occupation, interlayer sites between the van der Waals gaps
and intralayer sites within the zigzag channels along the c
axis.15 The investigations of 1H NMR or neutron diffraction
experiments show that the hydrogen are bonded to the
terminal oxygen atoms O(3) with group OH2 or bridging
oxygen atoms O(2) with group OH.20,21 In other word, the
doped hydrogens are present in the MoO3 lattice at interstitial
sites and bond to oxygen atoms of MoO6 octahedron.

Photoluminescence Spectra. In our previous study, the
PL spectra have been employed to distinguish the MoO3 and
HxMoO3 nanobelts.22 Here, the PL spectra of three samples
are outlined in Figure 6. The presence of emission peaks in
curve a shows the radiative recombination of interband
electrons and holes in MoO3 nanobelts. On the contrary, no
emission peaks are observed in curve b or c, which means
the difference in electronic structure between MoO3 and
HxMoO3 nanobelts. The existence of Mo5+ in HxMoO3

nanobelts may create trapping states in a forbidden band,
which can trap electrons, making the interband recombination
not happen again.33

High-Resolution Transmission Electron Microscopy
Images. Figure 7a demonstrates the HRTEM image of a
single MoO3 nanobelt and its SAED pattern (inserted
picture). MoO3 nanobelt is well-resolved regarding its lattice
fringes. The lattice spacing of (001) and (100) planes are
about 3.7 and 3.9 Å, respectively.22–25 The 1.8 Å spacing
of (002) planes is also visible. In contrast, the lattice fringes
of the heavy doped HxMoO3 nanobelt (sample C), as seen

in its HRTEM image (Figure 7b), are not as clear as those
of MoO3 nanobelt. For example, the crystalline lattices of
the HxMoO3 nanobelt are no longer continuous on the whole,
and many parts are distorted or dislocated seriously. In
addition, very often, the SAED pattern of HxMoO3 nanobelt
differs from that of MoO3 nanobelt, with many diffraction
spots being absent, as shown in the inset of Figure 7b. The
structural order in the HxMoO3 nanobelt is disturbed because
of the hydrogen doping, consistent with the conclusions
drawn from the XRD and Raman investigations.

Formation Process of Hydrogen Molybdenum
Bronze. In the acidic environment, the standard electrode
potential of hydrated hydrazine (N2H4 ·H2O) is -0.23 V, and
its oxidized product is nitrogen gas, which makes the post-
treatment process convenient. The standard hydrogen po-
tential is zero. Therefore, in our case, the protons are probably
reduced by N2H4 ·H2O to active hydrogen atoms at first, and
in the presence of MoO3 nanobelts, these atomic hydrogens
then directly intercalate into the MoO3 lattice and bond to
oxygen, and their electron is transferred to molybdenum
cations.18 The half-and overall reactions associated with the
reduction-intercalation process are expressed as follows:

N2 + 5H+ + 4e ) N2H5
+ Eo ) -0.23 V

N2H5 + 4H+ + 4/xMoO3 ) 4/xHxMoO3 + N2 v + 5H+

In the intercalation process, the strong acidic environment
is a necessity, not only in providing enough of a proton
source but also in keeping MoO3 stable; otherwise, MoO3

easily dissolves in basic N2H4 ·H2O solution. The intercala-
tion reaction is not fast, and the suspension of nanobelts
gradually changes in color from white to blue and to dark
blue with more atomic hydrogen being inserted. Therefore,
the hydrogen concentration is controllable in the HxMoO3

nanobelt by the amount of hydrated hydrazine added.
In comparison, we also adopt the conventional Zn/HCl

intercalation method to prepare hydrogen bronzes, and their
FESEM image is shown in Figure 8. We find that the
HxMoO3 nanobelts prepared in this way often coexist with
the unreacted zinc particles. The replacement of liquid
hydrated hydrazine by particulated zinc as reducing agent
can accelerate the intercalation process on the one hand
because of the stronger reducing ability of Zn (Eo ) -0.76
V) but, on the other hand, makes the separation of unreacted
metal difficult. Thus, hydrated hydrazine may be superior
to zinc as a reducing agent in the fabrication of HxMoO3

nanobelts.
Electric Transport of the Three Nanobelts. Figure 9

shows the I-V curves of the three samples measured at room
temperature. The I-V linearity shows the three samples
follow the ohmic behavior, by which the calculated electric
resistances of sample A, B, and C are 19.44 MΩ, 1.70 MΩ,
and 384.5 Ω, respectively. It is obvious that with the insertion
of protons, the conductance of HxMoO3 nanobelts is en-
hanced. The conductance of MoO3 is ascribed to the electrons
present in conductive band and holes in valence band.
Because the band gap of MoO3 is relatively large, the
intrinsic carrier concentration is low and the resistance is
huge. As to sample B with little doped hydrogen, the “free”

(33) Yao, J. N.; Yang, Y. A.; Loo, B. H. J. Phys. Chem. B 1998, 102,
1856.

Figure 6. Photoluminescence spectra of samples (a) A, (b) B, and (c) C,
under the excitation wavelength of 370 nm.
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electrons are present in MoO6 octahedral double slabs, as
inferred from XPS data, and are the dominant carriers for
enabling its conductance to increase more than 1 order of
magnitude, in comparison with sample A. In sample C,
however, the quasi-free electrons within the oxide’s structural
layers are much higher in concentration, accounting for its
lowest resistance. The resistance of sample C is only less
than 1/50 000 that of sample A.

Figure 10 demonstrates the relationships of resistance
versus temperature for HxMoO3 nanobelts (sample C). Figure
10b and its inset are parts of Figure 10a, and Figure 10c
derives from Figure 10a by plotting ln R ≈ 1/T. Obviously,
the resistance of HxMoO3 nanobelts increases almost in an
exponential way with temperature lowered, complying with
the R-T relation R ) R0 exp(ε/kBT), where R0 can be
believed a constant for a given sample with specific dimen-
sions, and ε is the thermally activated energy of electron
from Mo5+ to Mo6+, kB is the Boltzmann constant, and T is
Kelvin temperature. As the temperature decreases, the quasi-
free electrons present in HxMoO3 nanobelts are trapped by
Mo6+, and the number of conducting electrons is reduced

Figure 7. HRTEM images of one MoO3 (a, sample A) and HxMoO3 nanobelt (b, sample C) with the corresponding SAED patterns inserted.

Figure 8. FESEM image of HxMoO3 nanobelts fabricated by the conven-
tional Zn/HCl method instead of present N2H4 ·H2O/HCl method, showing
that the unreacted Zn particles are hard to be removed.

Figure 9. I-V curves of samples A, B, and C at room temperature.
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exponentially by n ) n0exp(-ε/kBT), where n0 is related to
the x value in HxMoO3 nanobelts. It seems that the oxide
structural layers (or MoO6 octahedral double slabs) behave
as an electron reservoir or well, as contrast to the graphite
sheets. In comparison with the previous results by Adams
et al.,20 where electric conductivity of HxMoO3 powder

sample (phase I) follows the Arrhenius equation from room
temperature to 390 K in addition to a metal-semiconductor
transition at 400 K, the activated energy ε seems to have a
distinct meaning in this context. The departure of ln R ≈
1/T from strict linear relation may come from the variation
of electron mobility at different temperature. Roughly,
according to the slope of ln R ≈ 1/T in Figure 10c, the
activated energy ε is determined to be 0.19 eV, which is
comparable to Adams’ value.20 Thus, the activated or
passivated process concerning quasi-free electrons can be
described as follows: Mo5+ + ε T Mo6+ + e. By taking
the sample’s dimension into account, the resistivity of sample
C at room temperature is about 0.45 Ω cm.

Conclusions

Uniform MoO3 nanobelts can be fabricated hydrothermally
from molybdenum and hydrogen peroxide. The controllable
hydrogen doping (HxMoO3, hydrogen molybdenum bronze)
of nanobelts can be realized by using hydrazine solution as
reducing agent in acidic media. With the increasing insertion
of hydrogen, the crystal lattice of oxide expands and
structural order deteriorates. The transitional metallic cations
are present with mixed valences in HxMoO3 nanobelts. The
Mo5+ may release the extra electron to the oxide’s structural
layer because of thermal fluctuation. These released electrons
are quasifree within the MoO6 octahedral double slabs but
restricted along the b axis of MoO3. The electric conductance
of HxMoO3 nanobelts is enhanced greatly thanks to hydrogen
doping. The electric resistance of HxMoO3 nanobelts rises
exponentially with the temperature being lowered. According
to our calculation, the activated energy of electron from
Mo5+ to Mo6+ is 0.19 eV. The fabrication of HxMoO3

nanobelts provides an opportunity for exploring the complex
physical properties of molybdenum bronzes. In addition,
HxMoO3 nanobelts may present another choice as building
blocks for the integration of nanoscale electronic devices in
future technology.
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Figure 10. Correlation of electric resistance versus temperature regarding
HxMoO3 nanobelts of sample C.
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