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Abstract

Two modifications of molybdenum trioxide with orthorhombic («-Mo00Q3) and hexagonal (h-MoOs) crystal structure have been
synthesized by a microwave-assisted hydrothermal method, facilitated by formic acid. Characterization by means of X-ray
diffraction, scanning electron microscopy, specific surface analysis, and Fourier-transform infrared, Raman, and UV-Vis spec-
troscopy reveals phase-pure crystalline powder samples of hexagonal h-MoO; microrods and of x-MoQO3 nanobelt bundles,
respectively. The electrochemical properties of the MoO; compounds, studied by cyclic voltammetry and galvanostatic cycling
vs. Li/Li*, strongly depend on the structure and the applied potential range. In the range of 1.5-3.5 V, Li"-ions can be reversibly
intercalated into the ®-MoQOj; nanobelts. Utilizing the material in this way as intercalation cathode material yields an initial
discharge capacity of295 mA h g ' at 100 mA g~ and comparably moderate capacity fading of 25% between cycles 20 and 100.
Extending the potential range to 0.01-3.0 V induces the conversion reaction to Mo, which for both modifications yields high
initial capacities of around 1500 mA h g but is associated with much stronger capacity fading.

Introduction

Molybdenum trioxide has attracted interest due to its applica-
bility, e.g., in catalysis, gas-sensing, environmental monitor-
ing, and lithium-ion batteries (LIBs) [1-4]. There are five
known MoOj polymorphs: the thermodynamically stable
phase of orthorhombic &x-MoOj; (space group Pbnm) and the
metastable phases of monoclinic 3-MoOs (P21/c), monoclinic
[3'-MoOj5 (P21/n), high-pressure monoclinic MoOj3-II or e-
MoO; (P21/m), and hexagonal h-MoOj3; (P63/m or P63) [5].
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Among the five MoO; polymorphs, x-MoQOj3 exhibits an or-
thorhombic crystal structure in which distorted MoOg octahe-
dra, the universal building blocks of molybdenum trioxide,
form double layers of zig-zag chains preferably along the
[001] direction, sharing edges and corners, respectively (see
Fig. 1). The hexagonal h-MoOj3 phase is composed of MoOg
octahedra linked through the cis-position between adjacent
chains, resulting in large one-dimensional tunnels along the
[001] direction (Fig. 1). Mono- [6, 7] or bivalent cations [8]
can occupy the tunnel sites, hence stabilizing the hexagonal
structure of h-MoQj3. At a temperature of about 440 °C, meta-
stable h-MoO; features an irreversible phase transition to the
thermodynamically stable o-phase [9].

As low-dimensional structures in general facilitate Li*
diffusion, the two-dimensionally layered «-phase has the
largest potential as electrode material for LIBs among
the three MoO; polymorphs. In «-MoOj;, lithium
insertion/extraction is further supported by high chemi-
cal and mechanical stability of the host structure.
Depending on the applied potential range in an electro-
chemical cell, there are different lithium storage mech-
anisms, i.e., either intercalation or conversion processes,
such that a-MoO; can serve either as cathode or as
anode material in LIBs [10-12]. At voltages above
1.5 V vs. Li/Li*, Li*-ion intercalation occurs without
major structural changes of the layered host material,
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Fig. 1 XRD patterns of the h-MoO; and the x-MoO; sample (left) and schematics of the corresponding crystal structures (right)

rendering «-MoO; a reversible cathode material with a
capacity of 186 mA h g™' per intercalated Li*-ion [13].
Changing the voltage range by cycling down to approx-
imately 0 V vs. Li/Li* induces the less reversible con-
version reaction to metallic Mo, which is associated
with a theoretical capacity of 1117 mA h g ' [14]. In
contrast to «-MoOs, electrochemical properties of h-
MoO; have been studied in a few publications only
[11, 15-17].

In general, the electrochemical performance of MoO;
is determined by a variety of properties, such as the
crystal structure, the particle size, and the morphology
of the material. Several synthesis approaches have been
developed, including the conventional hydrothermal [18]
as well as the microwave-assisted hydrothermal method
[19], ultrasonic synthesis [20], precipitation [21], solu-
tion combustion [22], and spray pyrolysis [23], what
enables producing MoO; with, e.g., different
morphologies.

Here, we develop a microwave-assisted hydrothermal
route to synthesize MoOj; of both the - and the h-phase.
One of the benefits of applying microwave radiation is
fast and homogeneous heating which leads to significant
shortening of the reaction time compared to the conven-
tional approach [24]. Consequently, compounds with per-
ceptibly different structural, morphological, and textural
properties can be synthesized [25-28], even metastable
phases [29]. The study at hand reports the new synthesis
route and focuses on the characterization of the resultant
powder materials regarding their structure, morphology,
and optical and electrochemical properties.

@ Springer

Experimental
Synthesis

Molybdenum powder Mo (99.95% metal, Alfa Aesar), ammo-
nium heptamolybdate tetrahydrate (NH4)sMo070,44H,0
(81.0-83.0% MoOj basis, Sigma-Aldrich), hydrogen perox-
ide H,O, (30%, Merck), and formic acid HCOOH (98—-100%,
Merck) were utilized for the synthesis. A typical synthetic
procedure of x-MoOj3 proceeded as follows: 0.5 g of Mo
powder was dissolved in 30 ml H,O, at 10-15 °C to form a
clear yellow solution of peroxomolybdic acid. Then, an ap-
propriate amount (~ml) of formic acid was added dropwise
under stirring to adjust the pH value to around 1.0. The ob-
tained solution was poured into a sealed glass vial which was
transferred into a microwave reactor (Monowave 300, Anton
Parr). There, the reaction solution was heated to 160 °C within
a ramping time of 10 min and held at this temperature for
20 min. The power of the microwave irradiation was adjusted
automatically by the Monowave 300 in order to fulfill the
aforementioned heating parameters, which led to an output
power in the range of 0—150 W with typical values in the order
of 50 W. The powdery product was separated by centrifuga-
tion and washed with deionized water several times. In order
to synthesize h-MoOs, 3.71 g of (NH4)sM0,0,44H,0 was
dissolved in 100 ml of deionized water with continuous stir-
ring at room temperature for 30 min. Subsequently, formic
acid was added to the solution for adjusting the pH value to
1.5. The reactant mixture was treated similarly to the a«-MoO;
route in the microwave reactor. The obtained product was
separated, washed, and dried in air under ambient conditions.
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Physical characterization

X-ray diffraction (XRD) patterns were obtained on a Bruker
AXS D8 Advance Eco using Cu K« radiation with an
integration step size of A26 =0.02°. The morphology of the
powder was determined by a Zeiss LEO 1530 scanning elec-
tron microscope (SEM) and a FEI Tecnai F30 transmission
electron microscope (TEM). The specific surface area and
pore volume of the samples were measured by a surface area
and porosity analyzer (Gemine VII, Micromeritics). The
chemical composition of h-MoO3 was evaluated by means
of thermogravimetric analysis (STA 449 F; Jupiter
thermoanalyzer, Netzsch) and the Kjeldahl method. FT-IR
spectra were recorded using a Bruker VERTEX 80 FT-IR
spectrometer with Csl as diluting agent. Raman spectra were
measured with a Renishaw U1000 spectroscope at a laser
wavelength of 532 nm. UV-Vis absorption spectra were re-
corded on a Shimadzu UV-3600 spectrophotometer (A =
310 nm) within the wavelength range of 190-830 nm, using
barium sulfate as standard.

Electrochemistry

For the electrochemical measurements, a mixture of MoO3 pow-
der, carbon black (CB, Timcal), and polyvinylidenefluoride
binder (PVDF, Solvay Plastics) in the weight ratio of 75:20:5
was stirred in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich)
for 1 day. After evaporating most of the NMP at 65 °C, the
resultant slurry was spread on aluminum or copper meshes,
dried at 80 °C in vacuum, mechanically pressed at 10 MPa,
and dried again. Two-electrode Swagelok-type cells [30] were
assembled in a glove box with argon atmosphere (O,/H,O <
2 ppm). As counter electrode, a lithium metal foil disk (Alfa
Aesar) pressed on a nickel current collector was used. The two
electrodes were separated by two layers of glass microfiber
(Whatman GF/D), which were soaked with 200 pl of a 1-M
solution of LiPF in ethylene carbonate and dimethyl carbonate
(volume ratio 1:1) as electrolyte (Merck, LP30).
Electrochemical measurements by means of cyclic voltammetry
and galvanostatic cycling were performed on a VMP3
potentiostat (BioLogic) in a climate chamber at 25 °C.

Results and discussion
Structure and morphology characterization

The microwave-assisted hydrothermal synthesis approach
yields crystalline powder samples of phase pure - and h-
MoOs, respectively, as evidenced by the XRD patterns in
Fig. 1. All observed Bragg peaks of both samples can be
indexed in the orthorhombic Pbnm and the hexagonal P6;/m
space group, respectively, according to the reference patterns

of the Inorganic Crystal Structure Database #35076 [31] and
#80290 [7]. Full profile analyses by means of the FullProf
software, starting from the parameters of the reference pat-
terns, yield lattice parameters of a=3.96(2) A, b=
13.84(2) A, and ¢=3.71(2) A for x-MoO; and a=
10.5753) A and ¢=3.725(2) A for h-MoOs. Both crystal
structures are schematically displayed in Fig. 1, highlighting
their characteristic features as described in the “Introduction”
section.

The morphology of the as-prepared molybdenum oxides
has been examined by electron microscopy. SEM and TEM
images of «-MoO; (Fig. 2a) reveal that the material consists
of uniform nanobelts, which in large quantities are aggregated
to bundles. The individual x-MoO5 nanobelts are about 50—
150 nm wide and several micrometers long. The presence of
nanosized crystallites in the sample is confirmed by the XRD
pattern of the a-MoO; material which shows significant peak
broadening (Fig. 1). The analysis of the (002) peak by means
of the Scherrer equation, neglecting other contributions to
XRD peak broadening, yields a crystallite size of about
20 nm. The h-MoO; sample shows rod-like morphology with
hexagonal cross section (Fig. 2b). The diameter of the rods
amounts to 1-2 pm and the length is about 10-20 um. The
chemical composition of the as-prepared h-MoO;3; was

microrods
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evaluated as follows: The ammonium content was determined
by means of the Kjeldahl method to amount to 2.2 wt%.
Furthermore, the total weight loss during thermogravimetric
analysis in air up to 600 °C was 5.0 wt% (see Fig. A1). Hence,
according to the molybdenum-defect model of Ref. [7], the
exact composition of the presented h-MoOj3 phase can be for-
mulated as NH4Mos 4017.4H; 4-0.1H,0. In the following, the
main chemical reaction equations for the formation of both o
and h-MoQOj are proposed. The basic reaction steps during the
synthesis of ®-MoQOj3 nanobelts can be formulated as follows:

MoO, (OH) (OOH) + HCOOH—Mo03; + CO,
+ 2H,0. (2)

During the dissolution of Mo powder in H,0,, a
peroxomolybdate solution is synthesized (Eq. (1)). The
microwave-assisted hydrothermal treatment of the
peroxomolybdate solution produces «-MoO; nanocrystals
(Eq. (2)). This process is facilitated by the presence of mono-
carboxylic acid. Formic acid, due to its C=0 bond, acts as soft
reducing agent, promoting polycondensation processes and
the nanoparticles’ growth [32].

The key reaction for the synthesis of the h-MoO; micro-
crystals can be formally expressed as follows:

(NH4)6MO70244H20 + 6HCOOH—>7MOO3
+ 6HCOONH, + 7H,0. (3)

A possible formation path of h-MoO3; could be
decomposed into the following reaction steps:

HCOOH + H,0—H;0" + COOH™ (4)
(NH,) M070244H,0—6NH, ™ + Mo0702,%” +4H,0  (5)
Mo07024%” + 6H"—HgMo7024 (6)
HeMo070,4—7Mo003 4+ 3H,0. (7)

When HCOOH is added to the deionized water, an electro-
Iytic dissociation proceeds (Eq. (4)). The Mo702467—anions
are obtained by the electrolytic dissociation of
isopolymolybdic acid (Eq. (5)). Arising H*-ions support the
formation of isopolymolybdic acid (H{Mo0-0,4) according to
Eq. (6). During heating under hydrothermal conditions, reac-
tion (7) takes place and yields h-MoOj;. According to Eq. (6),
a main factor for the successful synthesis of h-MoO; is a
specific H*-ion concentration. Usually, a mineral acid (e.g.,
HNO:,) is used to obtain h-MoO; materials [33]. In the syn-
thesis route presented here, the required acidity is convenient-
ly achieved by the addition of formic acid, which yields h-
MoOj rods with smaller cross sections and larger aspect ratios
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ofup to 20 in comparison with the samples prepared by chem-
ical precipitation [34]. One advantage of formic acid over
mineral acids could be its weak acidity.

The specific surface area and the pore size distribution of
the MoO; materials were investigated using nitrogen adsorp-
tion—desorption isotherms (Fig. 3). According to the classifi-
cation of [IUPAC [35], the «-MoOj; sample features a type-1V
isotherm with a type-H1 hysteresis loop (Fig. 3a). The pore
size distribution of ®x-MoQOj (insert of Fig. 3a) was derived by
means of the BJH method from the desorption branch of the
isotherm. The obtained pore structure is complex, which can
be attributed to interconnected networks of pores of different
sizes. The very wide pore size distribution of the x-MoOj3
nanobelts exhibits an average pore diameter of about 33 nm.
The BET specific surface area and the pore volume of the o-
MoO; sample amount to 22.2 m* g ' and 0.13 cm® g ', re-
spectively. In contrast, the h-MoOj3; sample exhibits a type-1I
adsorption isotherm, which is characteristic for non-porous
materials (Fig. 3b). The adsorption isotherm indicates multi-
layer adsorption. The specific surface area and the pore vol-
ume of the h-MoOj3; microrods are very small and only amount
to 1.9 m? g~ and 0.004 cm® g ', respectively. It is worth
mentioning that the high surface area of the «-MoO;
nanobelts and their mesoporous structure may facilitate elec-
trolyte penetration and fast transfer of Li*-ions upon electro-
chemical cycling.

Optical properties

The chemical structure of x-MoO3 and h-MoO; was inves-
tigated in more detail using IR and Raman spectroscopy
(Fig. 4). In the h-MoO; phase, NH,* cations are detected,
which act as a stabilizer of the hexagonal structure. Figure
4a shows the FT-IR spectra of x-MoO; nanobelts (red line)
and h-MoO; microrods (blue line). In both cases, the gen-
eral features are similar to what has been published for
reference materials [11, 34]. The ax-MoO5; sample demon-
strates three typical vibration modes. More precisely, the
absorption peak at 1000 cm™ ' indicates the symmetric
stretching mode of Mo=0 terminal oxygen, while the peak
at 867 cm ' is assigned to the asymmetric bridge stretching
vibration of Mo-O-Mo bonds and the one at 533 cm™ ' to
the stretching vibration of O atoms linked to three different
Mo atoms. The weak bands at 3428 and 1627 cm ' are due
to the stretching and bending modes of O-H, respectively,
originating from trace amounts of adsorbed water in the
powder. The FT-IR spectrum of h-MoQO; shows four main
peaks at 977, 919, 712, and 525 cm . The pronounced
peaks at 977 and 919 cm ™' are associated with stretching
vibrations of Mo=0 terminal oxygen. The absorption
peaks at 712 and 525 cm™ ! are assigned to the Mo-O-Mo
asymmetric and symmetric stretching modes, respectively.
The peaks at 3191 and 1417 cm™ " are due to stretching and
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Fig. 3 Nitrogen sorption isotherms and corresponding pore size distribution curve (inset) of a x-MoQOj; nanobelts and b h-MoO3 microrods

bending vibrations of the N-H bond of NH*" ions. The  to stretching and bending vibrations of adsorbed water, as
broad peaks centered at 3489 and 1620 cm ' correspond  in the case of a-MoOs.
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Figure 4b shows the Raman spectra of x-MoOj; and h-
MoOs;. All peaks are in good agreement with those of molyb-
denum oxides reported in the literature [20, 36]. In either case,
the bands located below 200 cm ' can be assigned to skeletal
MoO, chain modes. The Mo-O-Mo bridge stretching vibra-
tions are registered at 665 cm ™' and at 691 cm " for a-MoOs
and h-MoOs, respectively. Intense peaks in the range of 819—
994 ¢cm ! are caused by stretching vibrations of the Mo=0
bonds in the case of both phases. These vibrations are most
sensitive to the presence of inserted ions in the interstitial
space of the crystal structures [37, 38].

The absorption spectra and the optical band gap determi-
nation of a-MoO3 nanobelts and h-MoO53 microrods are
shown in Fig. 4c and d, respectively. The observed optical
absorption threshold around 400 nm is due to fundamental
absorption and thus defined by the band gap of the materials.
The optical band gap E,, caused by charge transfer from the
uppermost O2p valence band to the lowest Mo4d conduction
band (O2p — Mo4d) in the [MoOg]®~ octahedrons, is estimat-
ed from the absorption coefficient by means of the following
equation [39]:

(ahv)® = A (hv—E,) (8)

where A is a constant, /v is the photon energy, and Ej is the
optical band gap. The linear region of the (chv)* vs. E=hv
graph (Fig. 4d) indicates that both MoO3 materials under
study exhibit a direct band gap. This optical band gap is de-
termined to be 3.15(3) eV for the «-MoO5 nanobelts, which is
larger than that for the corresponding bulk material (2.9 eV)
[40]. We attribute this difference to quantum size effects [41].
The estimated direct band gap E|, for the h-MoO3 microrods
amounts to 3.12(3) eV, which does not significantly differ
from the x-MoO; nanobelts but is about 0.1 eV larger than
the value reported in Ref. [37]. This slight increase in optical
band gap energy for h-MoO; microrods is attributed to the
particle size, too.

Electrochemical characterization
MoO; as cathode material

The electrochemical properties of the two different MoO;
phases were examined by means of cyclic voltammetry and
galvanostatic cycling as either cathode or anode material for
LIBs. First, the measurements utilizing - and h-MoO; as
cathode materials in the potential range of 1.5-3.5 V vs. Li/
Li* are discussed.

Figure 5 shows the cyclic voltammograms (CVs) of o-
MoO; (a) and h-MoOj; (b) in the 1st, 2nd, 5th, and 10th cycles.
The data have been obtained at a scan rate of 0.1 mV s ' after
starting at open cell voltages of about 3.1 V. During the first
cycle, x-MoOj3 shows two main reductive features around
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2.65 and 2.18 V as well as two oxidation peaks, i.c., a pro-
nounced one around 2.49 V and a small one around 2.91 V
(see Fig. 5a). The first, mainly irreversible reduction peak
around 2.65 V indicates intercalation of Li*-ions into the -
MoOj host structure up to 0.25 Li*/f.u., leading to irreversible
structural changes and the formation of a Li,MoO3 phase
[42—46]. Upon further cycling, this peak shifts to higher po-
tentials and completely disappears only after the eighth cycle,
which implies that some of the unrecoverable lattice sites are
still available for Li" insertion after the first cycle [47, 48].
Subsequent to the reduction process at 2.65 V, intercalation
and deintercalation into/from Li,MoO5 up to x < 1.5 take place
[43, 45, 49, 50], which is signaled by the dominant red/ox
peak pair around 2.2/2.5 V in the CV (Fig. 5a). For all peaks,
except the small oxidation one at 2.9 V, decreasing current
intensities are found during cycling which indicates signifi-
cant irreversible losses during the first 10 cycles.

The CV of h-MoOj; (Fig. 5b) shows an irreversible reduc-
tion peak at 1.88 V in the initial cathodic scan and subsequent-
ly a partly reversible red/ox couple around 2.14/2.37 V. This
reversible process can be referred to the lithiation and
delithiation of MoO;. The irreversible process might be due
to irreversible changes from the hexagonally structured h-
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MoOj3 to an amorphous phase caused by the insertion of Li*-
ions into the crystal lattice [15]. This is indeed supported by
the comparison of the XRD patterns of a pristine and two
cycled electrodes which were lithiated galvanostatically to
1.2 and 0.01 V, respectively, at a current density of
20 mA g_] (Fig. A2(a) and (b)). The XRD patterns of the
lithiated samples do not show any Bragg peaks related to the
h-MoOj; phase anymore, suggesting the amorphous nature of
the material after just one half cycle.

The charge/discharge performances of x-MoOj; and h-
MoO; have been studied by galvanostatic cycling at a current
density of 100 mA g ' Corresponding voltage profiles, plot-
ted in Fig. 6a, b, respectively, exhibit plateau-like features
which fully agree with the CV observations. In particular, the
«-MoO; sample (Fig. 6a) shows two plateau regions in the
first discharge (lithiation) curve, i.e., a flat one around 2.7 V
followed by a slightly sloped one at 2.2-2.4 'V, indicating that
the first lithiation of «-MoO; indeed takes place in two dis-
tinguishable steps. However, in subsequent discharge curves,
there is only one plateau-like feature at about 2.3 V. Upon
charging, two plateaus at about 2.4 and 2.9 V are observed
in all 100 cycles. For h-MoOs, the first galvanostatic discharge
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Fig. 6 Galvanostatic charge/discharge curves of a a-MoO; and b h-
MoOs in the 1st, 2nd, 5th, 10th, and 100th cycles as a function of specific

capacity at a current density of 100 mA g~

curve shows one broad plateau between 2.0 and 2.2 V. In all
subsequent cycles, both the discharge and charge profiles ex-
hibit sloping regions around 2.0 and 2.3 V, respectively.

The corresponding specific capacities of «-MoQOj; and h-
MoO; for 100 cycles at various current densities are plotted in
Fig. 7. Upon employing 100 mA g, both phases show strong
capacity fading in the first cycles. Starting with an initial dis-
charge capacity of 295 and 311 mA h g !, which corresponds
to the intercalation of about 1.6 and 1.7 Li*/f.u. for «-MoOs
and h-MoQ3, respectively, after 20 cycles, capacities of only
147 and 78 mA h g ! are found. Upon further cycling, how-
ever, the capacities show only moderate fading with capacity
retentions of about 75% between cycles 20 and 100. After
100 cycles, x-MoOj still has a specific charge/discharge ca-
pacity of 113/108 mA h g, whereas the one of h-MoOs
dropped to 56/56 mA h g . The apparently worse reversible
lithium storage capability of h-MoOj3 as compared to «-MoO;
can be ascribed to the more severe structural changes
appearing upon initial lithiation. This conclusion is corrobo-
rated by much more pronounced capacity fading during the
first 10 cycles.

In general, increasing the specific charge/discharge current
to 300 and 1000 mA g ', respectively, leads to similar cycling
stabilities with slightly lower initial discharge capacities of
256 and 222 mA h g ' for a-MoO; as well as 293 and
251 mA h g ' for h-MoO; (Fig. 7). Between cycles 20 and
100, x-MoOj3 shows capacity retentions of about 79 and 60%,
and h-MoO; of 71 and 75% for 300 and 1000 mA gfl,
respectively.

MoO; as anode material

In order to complete the electrochemical characterization of
the two MoO3z compounds, further measurements in the
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potential range of 0.01-3.0 V vs. Li/Li* have been performed
and refer to MoOj as anode material.

Figure 8 shows CVs of a-MoOj; and h-MoOj; in the first,
second, and fifth cycles in the enlarged voltage range. In ad-
dition to the initial reduction peaks already discussed for oc-
MoO; in Fig. 5a, further redox peaks can be found in the CVs,
which can be attributed to the expected conversion reaction
processes. To be specific, the reduction peak at 0.18 V in the
case of a-MoOj; indicates the emergence of elemental Mo and
Li,O [11, 12, 49, 50], as well as the formation of a solid
electrolyte interface (SEI) layer [14, 50, 51]. Parts of this re-
ductive feature can also be attributed to Li* intercalation into
the added carbon black with the corresponding deintercalation
present at 0.4 V during the oxidative scan. Small shifts of the
peaks upon cycling can be referred to lithiation-driven struc-
tural modifications [13]. The two oxidation peaks at 1.25 and
1.80 V may indicate the formation of an intermediate
MoO, phase. In the reductive scans, one additional peak at
about 1.50 V appears after the first cycle, showing that differ-
ent Li* sites may be available in the amorphous MoO, phase.

For h-MoOj (Fig. 8b), in addition to the transformation to
an amorphous phase by lithiation at 0.9 V, the data imply a
conversion reaction to elemental Mo as it is indicated by the
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reduction peak at 0.1 V in the first cycle which shifts to 0.4 V
in subsequent ones [15]. The additional reductive feature
around 0.01 V originates from Li* intercalation into carbon
black.

Galvanostatic cycling data shown in Fig. 9 further elucidate
the differences of x-MoO3 and h-MoOs as anode materials.
The data agree to the CVs presented in Fig. 8. The discharge
(lithiation) voltage profile of x-MoOj3 shows a distinct plateau
in the first cycle at 0.4 V, which is related to the conversion
process. The initial discharge capacities of x-MoO3z/h-MoO3
of 1551/1472 mA h g ' exceed the theoretical value of a
complete conversion to Mo and Li,0 of 1117 mA h g, what
we attribute to the SEI formation. The following charge pro-
cess is associated with capacities 0f988/1011 mA h g, there-
by confirming strong irreversible contributions during the ini-
tial lithiation. After 20 cycles, the discharge capacities for oc-
MoO; and h-MoO; have decreased to 710 and 178 mA h gfl,
respectively. One of the reasons for this large decrease could
be the formation of electrochemically inactive patches of ma-
terial due to fractionation. After 100 cycles, x-MoQj still has a
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capacity of 117 mA h g ', whereas h-MoOs shows nearly no
electrochemical activity anymore.

The cycling stability in the voltage range of 0.01-3.0 V vs.
Li/Li* at a current density of 100 mA g ' is compared with the
data at 1.5-3.5 V in Fig. 10, also showing the corresponding
Coulombic efficiencies. In both voltage ranges, during the
first 10 cycles, the specific capacities of h-MoO5 decrease
much more than those of x-MoQs3, which is associated with
considerably worse Coulombic efficiencies. For instance, be-
tween cycles 1 and 10, x-MoOj; exhibits average efficiencies
of 98% and 92% for the voltage ranges 1.5-3.5 and 0.01-
3.0 V, respectively, compared to 91% and 88% in case of h-
MoOs;. These values also demonstrate that there are less irre-
versible losses when both MoO3; compounds are cycled as
cathode materials between 1.5 and 3.5 V. While the discharge
capacity of x-MoOs converges to a value of about 115 mA g
with a capacity retention of 92% as cathode material between
cycles 30 and 100, h-MoO3 shows a capacity of only
58 mA g ! after cycle 80.

The presented electrochemical studies on pristine a-MoOs
and h-MoOQj3, both being synthesized under similar conditions,
yield two main conclusions: (1) x-MoOs is better suited for
reversible electrochemical Li* storage than h-MoOs, which
can be linked to the inferior structural stability of h-MoQOs3,
in particular during electrochemical cycling [11]; (2) utilizing
MoO; as cathode (1.5-3.5 V) rather than as anode material
(0.01-3.0 V) for LIBs results in better cycling stabilities,
which confirms larger irreversibility during conversion to el-
emental Mo as compared to the intercalation process into
MoOs. In fact, ®-MoO; can be modified, e.g., by Na* pre-
intercalation [52] or by oxygen vacancies in the MoOj struc-
ture [53], to exhibit very promising Li* storage properties at
voltages above 1.5 V vs. Li/Li".

Conclusions

In summary, we report the microwave-assisted hydrothermal
synthesis of orthorhombic (x-MoOs) and hexagonal (h-
MoO;3;) molybdenum trioxide and discuss possible reaction
pathways. The physical characterization reveals phase-pure
crystalline powder samples of hexagonal h-MoO; microrods
and of x-MoQj; nanobelt bundles. Electrochemical studies in
different voltage ranges enable investigating the reversible
intercalation process at 1.5-3.5 V. We find an initial discharge
capacity of 295 mA h g ' at 100 mA g ' and comparably
moderate capacity fading of 25% between cycles 20 and 100
for x-MoO;. In the extended potential range down to 0.01 V,
the conversion reaction to Mo is studied for both modifica-
tions. It exhibits high initial capacities of around
1500 mA h g but is associated with much stronger capacity
fading as found in the cathodic regime. Our results show that
the layered structure of a-MoO5 promotes better Li* transfer
kinetics while the hexagonal structure of h-MoOj; rapidly con-
verts into an amorphous one upon electrochemical cycling.
Accordingly, while h-MoO; does not qualify for electrochem-
ical energy storage, ®-MoOj is a promising intercalation ma-
terial for LIBs.
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