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One-dimensional (1D) AMo0O,4-nH>O (A = Ni, Co) nanorods have been synthesized by a facile
hydrothermal method. The effect of different synthetic conditions on the morphologies of the final
products was systematically investigated. The size of the nanorods can be easily controlled by adding
ethanol in the synthetic solution. For the first time, the self-assembled growth of oriented
NiMoOy-nH,0 nanorod arrays on Ti-foil substrates was achieved. The thermal dehydration and
phase transformation processes of AMoQO,-nH,O nanorods were thoroughly investigated by TG-
DTA and time-resolved synchrotron XRD. As-prepared hydrate nanorods can be further converted
to corresponding AMoQOy4 nanorods by annealing at 300—600 °C for 1 h without significant alteration
of 1D morphology. Electrochemical lithium storage capabilities of dehydrated AMoO4 nanorods
have been investigated. The results suggest their potential use as cathode materials for lithium ion

batteries.
1. Introduction

In the past decade, synthesis of one-dimensional (1D)
materials has attracted much research interest due to their
unique properties and applications.' > To date, 1D nano-
structures (nanorods, nanowires, nanoribbons, nano-
tubes, etc.) have been synthesized for many important
materials such as semiconductor, metal and metal oxide,
sulfide, and so forth by employing various synthetic
approaches. These mainly include template method,®”®
vapor—liquid—solid method,’ and wet chemical routes.”'°
Among them, wet chemical routes such as hydro-
thermal or solvothermal synthesis have emerged as an
efficient and cheap method for preparation of low dimen-
sional nanomaterials.'®”'? Nanostructured materials lie in
the center of fundamental advances to high-efficiency
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electrochemical energy storage/conversion devices, such
as lithium-ion batteries (LIBs)."* ! In particular, orie-
nted 1D nanomaterials are acknowledged as one of the
promising solutions to future generation of lithium ion
batteries with high energy density, high power density, and
excellent cycling stability, because of their large surface
area, short distance for mass and charge transport, and
freedom for volume change.'* ¢

Metal molybdates and tungstates stand as two important
families of inorganic materials which have been a subject of
intensive research due to their many applications such as
photoluminescence,”>* magnetic properties,> > electronic
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properties,”* and catalysis.”****73° For example, cobalt
and nickel molybdates are important components of indus-
trial catalysts for the partial oxidation of hydrocarbons and
precursors in the synthesis of sulfide, nitride, and carbide
materials.**? In general, these molybdates can be seen as
the product of adding CoO or NiO to MoQOs. There are three
basic types of AMoO, (A = Co, Ni) existing under atmo-
spheric pressure, namely, the low temperature o-AMoQy, the
high temperature 5-AMoQy, and the hydrate AMoQy-:n-
H,0,%>* while another one, AMoO,-11, is observed at higher
pressures.*’ The most compelling structural difference
between o and S phases is in the coordination of the Mo®"
ions, being octahedral and tetrahedral in the ot and 3 phase
respectively.”’=®  Although the structures of hydrated
AMo00O,-nH,O compounds are less known, they may be
used as advantageous precursors for fabrication of other
structures and various catalysts due to their relatively low
decomposition temperature (200—400 °C) .33

1D nanostuctures of molybdates and tungstates are
expected to have novel properties induced by their re-
duced dimensionality. Although 1D nanomaterials of
various tungstates such as Ag—W-—0,*! Bi,WOj,”!
ZnWO04* MnWO,. " FeWO0,,’! CdWO0,*** and
BaWO,** have been successfully synthesized, to
the best of our knowledge, there are only few rep-
orts for synthesis of nanorods or nanowires of molyb-
dates.?628:324647 This may be due to the fact that, unlike
tungstates, molybdates will easily form hydrates which
make it difficult to synthesize molybdates by the wet-
chemical route.** % And the above-mentioned synthetic
routes require somewhat complex precursors or high
temperature treatments or prudent pH selections, which
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definitely restrict the large-scale productions and poten-
tial applications of the nano-molybdates. In addition, the
lithium storage capabilities of molybdates have received
little attention by far;?*->' > most works have focused on
their possible applications as anode materials, and their
possible applications as cathode materials still remain
largely unexplored.’*>° The wide variety in composition
and structure of these molybdates might make tuning the
lithium storage capabilities of molybdates possible. We
have previously synthesized a-MoOj; nanorods and
W15049 nanowires employing hydrothermal methods
without using any organic surfactant.’®>® These 1D
crystal growths are largely induced by the intrinsic struc-
tural anisotropy. In this work, we report the facile synth-
esis of AMo0O,4-nH>O (A = Ni, Co) nanorods through a
hydrothermal route and their size control and direct self-
assembly of the oriented nanorods on Ti-foil substrates.
The dehydration processes have also been thoroughly
investigated. The initial morphology of these hydrate
precursors can be retained after calcination. This ap-
proach may serve as a plausible alternative for synthesis
of 1D nanomaterials.>® Furthermore, the lithium storage
capability of AMoO4 (A = Ni, Co) nanorods has been
investigated and the feasibility of AMoO4 (A = Ni, Co)
nanorods as cathode materials for LIBs has been clearly
demonstrated.

2. Experimental Section

2.1. Materials Preparation. All chemicals were purchased
from Aldrich and used as received without further purification.
AMo0O,-nH,0 nanorods were synthesized employing a simple
hydrothermal recrystallization method with or without adding
ethanol as a cosolvent. For a typical synthesis, an aqueous
solution of either Ni(NOj3), or Co(NO3), was added to an equal
volume of Na,MoO, solution (0.1 M for all solutions unless
otherwise stated) under constant magnetic stirring. To this
solution, a specific amount of pure ethanol was added in to
achieve a volumetric ratio (r) of ethanol/water in the range of 0—
2. There was no precipitate formed until a certain amount of
ethanol was added in. However, there will be instantaneous light
purple (H,O—CoMoO,) or yellow (H,O—NiMoO,) precipitate
when solutions of 0.4 M are used. To obtain vertically aligned
nanorods on Ti-foil substrates, a 0.1 mm x 10 mm x 60 mm Ti
foil was placed in the autoclaves before heating. The resulting
mixture was then autoclaved in an electric oven at 140—200 °C
for a period of 2—24 h. After heating, the autoclave was cooled
down to room temperature using tap water. The solid product
was harvested by centrifugation and washed with deionized
water three times and acetone once before room temperature
vacuum drying. As-prepared hydrate precursors were postannealed
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at various temperatures for 1 h to obtain the AMoO, (A = Ni,
Co) with the heating rate of 5 °C min~"'.

2.2. Materials Characterization. Crystallographic informa-
tion of all as-prepared samples was investigated with X-ray
powder diffraction (XRD; Shimadzu XRD-6000, Cu Ka, 4 =
1.5406 A)ata scanning rate of 1 °C min~'. Thermal behavior of
samples was analyzed by simultaneous thermogravimetry (TG)
and differential thermal analysis (DTA) (Shimadzu DTG-60).
The samples were heated from room temperature up to 600 °C
at a heating rate of 5 °C min™~' in a dynamic atmosphere of air
(35 mL min ') using a-alumina crucibles. The bonding proper-
ties of the hydrate precursors and products after calcination
were characterized with Fourier transform infrared spectrosco-
py (FTIR, Shimadzu FTIR-8700) using a standard potassium
bromide (KBr) pellet technique. Each FTIR spectrum was
collected after 32 scans at a resolution of 2 cm ™! from 400 to
4000 cm ™" The morphology of as-prepared samples was exam-
ined before and after annealing with field-emission scanning
electron microscopy (FESEM; JSM-6700F, with EDX) and
high-resolution analytical transmission electron microscopy
(TEM/HRTEM, JEM-2010, 200 kV, with ED; HRTEM, Phi-
lips FEG CM300, 300 kV; and FETEM, JEM-2010F, with ED
and FFT). Selected area electron diffraction (SAED) was used
to examine the samples’ crystallinities. Elemental compositions
of prepared samples were measured with energy dispersive
spectroscopy (EDX) microanalysis attached to FESEM.

2.3. Electrochemical Characterization. The electrochemical
measurements on lithium storage capability were carried out
using homemade two-electrode Swagelok-type cells with lithium
metal as the counter and reference electrodes at room tempera-
ture. The working electrode consisted of 80 wt % of the active
material (e.g., AMoO4 nanorods), 10 wt % of conductivity
agent (carbon black, Super-P-Li), and 10 wt % of binder
(polyvinylidene difluoride, PVDF, Aldrich). The electrolyte
was 1 M LiPFg in a 50:50 (w/w) mixture of ethylene carbonate
and diethyl carbonate. Cell assembly was carried out in an Ar-
filled glovebox with the concentrations of moisture and oxygen
below 1 ppm. Cyclic voltammetry (CV, 0.5 mV s ') and
galvanostatic charge/discharge cycling (50 mA g~ ') were carried
out with an electrochemical workstation (CHI 660C) and a
battery tester (NEWARE), respectively.

3. Results and Discussion

Figure 1A displays two typical XRD patterns of as-
prepared NiMoO,-nH,O products. As can be seen, the
XRD patterns of as-prepared NiMoOy,-nH,O hydrate
with or without ethanol are very similar except that a
slight difference is observed for the peaks between 10 and
15°. Both patterns agree well with the reported pattern for
nickel molybdate hydrate (JCPDS card no. 13-0128).%%-%3
Figure 1B shows the XRD patterns of CoMoO,4-nH,0
samples prepared with or without addition of ethanol. In
general, they are similar to reported patterns (JCPDS
card no. 26-0477) indicating the same form of basic
structure for these hydrate compounds.?”***-*® For synth-
esis of CoMo0QOy4-nH,0, the crystal phases of resulting
products are strongly dependent on the synthetic condi-
tions. It was reported that a similar hydrothermal synth-
esis at 200 °C with addition of other organic additives
produces the high pressure phase CoMoOy-11, and low-
ering the reaction temperature leads to CoMoOy4-nH,0
phase.*® In our synthesis, some slight variations are
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Figure 1. Representative XRD patterns of NiMoO,-nH>O (A) and
CoMoOy-nH,0 (B) products prepared with or without adding ethanol
as indicated by the r values.

observed from the XRD patterns (Figure 1B) due to
change of reaction temperature and addition of ethanol.
These minor differences could be attributed to different
extents of hydration as will be confirmed by TGA and
FTIR analysis below. To investigate whether organic
species are adsorbed onto the solid samples, FTIR spectra
of representative samples are collected as shown in
Figure 2. It is evident that the spectra (Figure 2A, a and
b; Figure 2B, a and b) of the samples prepared with or
without adding ethanol are essentially identical, and
they agree well with reported spectra in literature.*
This observation further confirms the formation of
AMo00O,-nH>O phases. The elemental compositions of
as-prepared nanorods are confirmed by EDX (not
shown). We examined many samples and found that the
Ni/Mo and Co/Mo ratios are generally in the range of
0.9—1.1, which should be considered consistent with the
stoichiometric value of 1 within the technique’s intrinsic
accuracy.

Figure 3 displays our NiMoO4-nH,O nanorods
synthesized with or without adding ethanol as a cosol-
vent. As shown in Figure 3A, long nanorods up to 10 um
with diameters in the range of 50—100 nm are synthesized
without adding ethanol. As obvious from the images, the
nanorods aggregate to form bundles which are also
observed for MoOs-H,O nanofibers.> Experiments are
conducted in the temperature range of 140—200 °C. It was
found that syntheses at 140 °C produce a large amount of
microparticles in the shape of flowers and spheres (not
shown here) in addition to nanorods, while only short
nanorods (up to a few micrometers) are produced at
180 °C. Therefore, 150 °C is generalized as an appropriate
temperature for synthesis of NiMoOy-nH>O nanorods. It
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Figure 2. (A) FTIR spectra of Ni—Mo samples: (a) prepared at 150 °C for 6 h with r=0; (b) similar to (a) but with »=2; (c) and (d) samples obtained by
calcining (a) and (b) at 450 °C for 1 h, respectively. (B) Co—Mo samples: (a) hydrate samples prepared at 180 °C for 12 h with r=0; (b) similar to (a) but with
r=0.5; (¢) and (d) samples obtained by calcining (a) and (b) at 350 °C for 1 h, respectively.

is well-known that adding organic additives during synth-
esis of inorganic materials will drastically change the
morphology and microstructure of the resulting inorganic
materials. In the present study, the size control is achieved
by adding ethanol to the synthesis solution. Figure 3B
displays the nearly monodispersed NiMoO,-nH,O nano-
rods synthesized by addition of 2 times of ethanol (r = 2)
into the synthesis solution. These nanorods are much
shorter (generally less than 1 um) with diameters in the
range of 20—30 nm. In fact, these smaller nanorods are
needle-like on both ends with a nonuniform diameter
along the whole length, which is evident from Figure 3B.
Again, the individual nanorods easily form bundles
(Figure 3B) largely through interactions of their highly
unsaturated sidewalls.”® When the synthesis temperature
isincreased to 180 °C, it is found that some microplatelets
(Figure 3D) made of primary particles coexist with nano-
rods. Such microplatelets constitute a significant part of
the as-prepared material at 200 °C.

We also studied for the first time the self-assembled
growth of NiMoQO,-nH,O nanorod array on Ti-foil sub-
strates. Figure 3E,F shows the SEM and optical images of
the self-assembled NiMoO,-nH,O nanorods on Ti-foil
substrates. The optical image (Figure 3E, inset) shows
that a uniform yellow film has grown on the Ti-foil. The
top-view SEM images depict that the uniform self-assem-
bled film consists of aligned nanowire arrays growing
directly on the Ti-foil. It is well acknowledged that such
self-supported nanowire arrays grown directly on a con-
ducting substrate represent an attractive architecture for
many applications such as batteries, supercapacitors,

(59) Li, Y. G.; Tan, B.; Wu, Y. Y. Nano Lett. 2008, 8, 265.
(60) Liu,J.P.;Li,Y.Y.;Ding, R.; Jiang, J.; Hu, Y. Y.; Ji, X. X.; Chi, Q.
B.; Zhu, Z. H.; Huang, X. T. J. Phys. Chem. C 2009, 113, 5336.

Figure 3. (A) FESEM image and TEM image (inset) of NiMoOy-nH,0
sample (150 °C, 6 h, r = 0); (B) FESEM image, TEM image, and SAED
(inset) of NiMoQOy - nH,0 sample (150 °C, 6 h, r = 2). The insetisa SAED
pattern taken based on many nanorods; (C) 1 is high magnification TEM
image of (a), and 2 is a SAED pattern taken based on one individual
nanorod; (D) FESEM image of sample (180 or 200 °C, 6 h, r = 2); (E) and
(F) FESEM image showing top view of nearly vertically oriented
NiMoOy-nH,0 nanorod arrays directly grown on Ti foil (150 °C, 6 h,
r = 0); inset is an optical image of the self-assembled NiMoO,-nH,O film
on Ti foil.

sensors, catalysts, solar cells, and so on. 1339761 Aligned
NiMoO,-nH»0 nanorod arrays have also been successfully
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Liao, L. J. Mater. Chem. 2009, 19, 1859.
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200nm

L2

Figure 4. FESEM image (A) and TEM image (B) of CoMo0O,-nH,0
sample prepared at 200 °C, 6 h, r=0; (C) and (D) are FESEM and TEM
images of CoMo0O,-nH,O sample prepared at 180 °C, 12 h, with r=1.

grown on Au substrates. In general, these supported films
are quite stable and can sustain vigorous stirring in
solution, which indicates good adhesion with the subst-
rate. The electrochemical, magnetic, and optical proper-
ties of these unique self-supported nanowire arrays will be
studied. This facile self-assembly route to prepare self-
supported nanowire arrays grown directly on a substrate
might be general and extendable to other metal molyb-
dates and tungstates.

It is apparent that ethanol plays an important role in
controlling the size of as-prepared nanorods in terms of
both length and diameter. The effect of other alcohols has
also been investigated. It appears that methanol does not
have an obvious effect on size, while the effect of iso-
propanol is similar to that of ethanol. Since ethanol is not
included in the final product as confirmed by FTIR
spectra (Figure 2), it is suggested that ethanol functions
through altering the polar properties of the synthesis
solution although the true mechanism remains un-
known.®* A set of experiments was conducted with dif-
ferent volumetric ethanol/water ratios (r = 0—2) to
investigate the effect of the r value on morphology. The
results show that an r value of 1 and below generally
produces a mixture of nanorods and irregular particles,
and with r=2, almost 100% yield of the nanorods can be
achieved. However, the effect on size of nanorods is no
longer pronounced for r = 1—2. A similar synth-
etic strategy can also be applied to the preparation of
CoMoO,-nH,0 nanorods. Figure 4 shows the as-pre-
pared CoMoQO,-nH>0O nanorods with or without addi-
tion of ethanol. The nanorods (Figure 4A,B) prepared
without ethanol also usually form bundles with diameters
of 100—200 nm and lengths up to 10 um. The appropriate
temperature for synthesis of CoMo0O,-nH,O nanorods
was generalized to 180—200 °C. With ethanol, as shown
in Figure 4C,D, the monodispersed CoMoOQO,-nH,O

(62) Chang, Y.; Zeng, H. C. Cryst. Growth Design 2004, 4, 273.
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Figure 5. Typical TG-DTA curves for NiMoO,-nH,O sample (A) and
CoMoQ,-nH,0 sample (B).

nanorods are generally straight and smooth and have a
constant diameter (20—30 nm) along the growth direc-
tion. The ED patterns in Figures 3C and 4B clearly show
that the as-prepared nanorods are single-crystalline.
The dehydration process is investigated utilizing the
TG-DTA technique as shown in Figure 5. From
Figure 5A (a typical TGA curve for NiMoOy-nH,0),
the weight becomes stable below 400 °C, which is rather
different from reported dehydration process for this
hydrate compound prepared by other routes although
one also observes three main stages of weight loss.>>*
The desorption below 100 °C which corresponds to an
endothermic peak on the DTA curve is generally attrib-
uted to the evolution of reversibly bound water mole-
cules. The desorption above 100 °C up to 300 °C may
be associated with evolution of water molecules that form
an integral part of the crystal structure of NiMoQy-n-
H,0.%>33 The weight loss between 300 and 400 °C which
corresponds to a broad endothermic peak on the DTA
curve is attributed to the evolution of water molecules
reversibly bound to the hydrate crystal phase instead of
fB-isomorph since at this temperature phase transforma-
tion has not yet taken place as will be discussed shortly.
The TGA curve (Figure 5B) of CoM 00Oy nH-O is similar
to that of NiMoOy-nH,O but with an additional weight
loss step around 350—470 °C. This desorption feature
may be attributed to the evolution of water molecules
from the S-isomorph for the reason that in this tempera-
ture range, the hydrate crystal structure has transformed
to the S phase. For both NiMo0QO,-nH,0 and CoMo0OQOy, - n-
H,O, the overall percentage weight loss varies sample
by sample but generally is in the range of 7.5—9.1%,
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Figure 6. (A) Time-resolved XRD powder diffraction patterns for Ni-
MoO,-nH»0 (150 °C, 6 h, r=0) as a function of temperature. Cool-temp
represents the sample is cooled down to this temp after being heated to
600 °C. (B) Time-resolved XRD powder diffraction patterns for Co-
MoO,-nH,0 (180 °C, 8 h, r=0) as a function of temperature. Cool-temp
represents the sample is cooled down to this temp after being heated to
500 °C.

corresponding to an n value of 0.99—1.22. Analysis based
on nine samples (six Ni—Mo, three Co—Mo) gives an
average n value of 1.11.

The most notable characteristics of the DTA curves
are the strong exothermic peaks. This peak centers at 440
and 340 °C for NiMoO4-nH,O and CoMoQO,-nH,0,
respectively. These peaks correspond to crystal phase
transformation from the hydrate phase directly to the
B phase possibly because of their crystal structural
similarity.?~** However, it must be noted that the trans-
formation temperatures are significantly higher than
reported values. One previous study reported that the
transformation from the hydrate phase to the S phase
takes place rapidly at temperatures of 320 and 240 °C for
NiMoO,-nH,0 and CoMoOQ,-nH,0,%>? respectively.
One may attribute this difference to different prepara-
tion methods which lead to different size and shape of
materials.

To better visualize the complex phase transformation
processes, time-resolved synchrotron XRD is employed.
Figure 6A displays a series of XRD patterns for a
NiMoO,4-nH,O sample as a function of temperature.
As can be seen, the pattern taken at 350 °C is identical
with the room temperature pattern of NiMoO,-nH,O
(Figure 1A), which indicates that the phase transition has
not started. From differential thermal analysis (DTA)
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500nm
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—

Figure 7. Product obtained by annealing NiMoO,-nH,0O at 450 °C for
1 h with a ramp of 1 °C min~": (A) prepared at 150 °C, 6 h, and r =0;
(B) prepared at 150 °C, 6 h, and r = 2; (C) high-magnification FESEM
image corresponding to indicated area in (a). (D) TEM image of product
obtained by annealing NiMoO,-nH,O (150 °C, 6 h, and r = 0) at
600 °C for 1 h with a ramp of 5 °C min~', inset is a lattice-resolved
TEM image showing a lattice constant of 0.30 nm.

Figure 8. (A) FESEM image of -CoMoO, nanorods by annealing
CoMoOQ,-nH,0 (prepared at 180 °C, 12 h, r=1) at 350 °C for 1 h with
a ramp of 1 °C min~'; (B) TEM image of CoMoO, nanorods after
annealing CoMoQ,-nH,0 (prepared at 180 °C, 12 h, r=1) at 600 °C for
1 h, inset is a lattice-resolved TEM image taken on selected area indicated
with an unfilled white circle showing a interlayer spacing of 0.65 nm.

above, the phase transformation temperature is around
440 °C for NiMoO4-nH,O (JCPDS card no. 13-0128).
This is indeed verified as the pattern taken at 450 °C no
longer remains the same but can be indexed to 3-NiMoO,
isomorph (JCPDS card no. 12-0348) as indicated by the
appearance of the characteristic (220) peak at 26.6°.
Further heating the sample up to 600 °C does not produce
any phase transition since the $-NiMoOQOy, is stable up
to 730 °C.*>* After reaching 600 °C, the sample
was cooled down. When the sample was cooled down to
200 °C, a new set of peaks in the XRD pattern start to
appear indicating onset of phase transition, which can
be clearly seen with the emerging of a new peak at around
14.3° (marked with an asterisk in Figure 6A). This peak
is in fact originated from the (110) diffraction of
a-NiMoO, phase, and the increase in intensity of this
peak means a growing amount of the a-NiMoO, phase in
the sample. Further cooling the sample to 50 °C produces
a pure o.-NiMoQ, isomorph since the XRD pattern can
be perfectly indexed to a-NiMoO, (JCPDS card no.



752  Chem. Mater., Vol. 22, No. 3, 2010

0.2+ A
—_ 0.1}
<
é 0.0+
—
5 1st cycle
£ 01} 2nd cycle
3 3rd cycle
-0.2 —— 4th cycle
—— 5th cycle
-0.3 | | | |
1.0 1.5 2.0 25 | 3.5
Voltage (V vs. Li/Li’)
—~ 3.2} B
g 1st discharge
i 2.8 1st charge
. 2nd discharge
Q24 2nd charge
> —— 5th discharge
~ 2.0 —— 5th charge
g — 50th discharge
8 1.6 —— 50th charge
©°
>
1.2
0 100 200 300 400 4 500
Specific Capacity (mAh g")
120
< < c > coulomb efficiency|
2 400
= I >
‘Et ) ,»»,’;»J’ D»»%»’»,»%:”»P’P»%m_ 100
=~ 300-%
2 <
[ < 480
3 200 i i,
o Rt Y 60
& 100} R R
§ < charge capacity
n 0 < discharge capacity ) 40
0 10 20 30 40 50

Cycle number

Coulomb efficiency (%)

Xiao et al.
0.2}
— 0.1}
<
g 0.0
k=
-0.1+
qta 1st cycle
= 02| 2nd cycle
(&) 3rd cycle
—— 4th cycle
0.3 —— 5th cycle
-0.4 . \ \ .
1.0 1.5 2.0 25 ., 3.0 3.5
Voltage (V vs. Li/Li’)
3.5
Fan) E 1st discharge
a 3.0 1st charge
3 2nd discharge
. 25 2nd charge
g . —— 5th discharge
S —— 5th charge
>~ 2.0 —— 50th discharge
() N
S 50th charge
£ 1
3 .5
>
10 1 L 1 L
0 100 200 300 400
Specific Capacity (mAh g™)
120
< 4 » Coulomb efficiency
> 400 F =
o
< QPMBW&QPWV&*»K%»Q»‘ L 1005
£ > )
~ 300} - <
z 2
(2] 4 80 —
S 200!« s
8 w 2
o ety £
£ 100} o 60 8
[*] >
P . < charge capacity o
(?)- < discharge capacity o
o Il L Il 1 40
0 10 20 30 40 50

Cycle number

Figure 9. Cyclic voltammograms with a scan rate of 0.5 mV s~ for the first five cycles, voltage-capacity profiles with a current density of 50 mA g~ ', and
cycling performances of NiMoOy (A, B, and C) and CoMoOQy (D, E, and F) nanorod electrodes between 1.2 and 3.2 V (vs Li*/Li). NiMoO, nanorod was
obtained by annealing the NiMoO,-nH,O sample (150 °C, 6 h, r=0) at 400 °C for I h. CoMoO, nanorod was obtained by annealing the CoMo0Oy-nH,O

sample (180 °C, 12 h, r=0) at 300 °C for 1 h.

33-0948).%%33- This is expected noting that f-NiMoO,
cannot be quenched to room temperature. FTIR
(Figure 2A, c and d) spectra are also taken on calcined
samples, which further confirm the formation of o-Ni-
MoO, by comparing with reported spectra.>® Overall, the
process can be expressed as NiMoO4-nH,O — [(-Ni-
MoO4 — a-NiMoOy. For the Co—Mo system, the phase
transformation process appears more complicated beca-
use 5-CoMoQ, can be quenched to room temperature.
Therefore, the product after annealing could be a mixture
of a-CoMoO,4 and S-CoMoO, although the pure
p-CoMoO, phase can be obtained using a high cooling
rate. Figure 6B gives a set of XRD patterns as a function
of temperature. In agreement with the DTA analysis,
CoMo0Oy,-nH,0 does not transform to 5-CoMoQO, until
around 350 °C. The pattern taken at 350 °C can be
satisfactorily indexed to f-CoMoO4 (JCPDS card no.
21-0868).2"33:3 Further heating up to 500 °C and cooling
down to 100 °C do not produce any alteration in XRD
patterns. This means that the a-CoMoQO, isomorph was

not formed in our XRD experiment. The FTIR spectra
(Figure 2B, c and d) of calcined samples in general agree
well with reported spectra of 3-CoMoOQ, although grind-
ing -CoMoO, with KBr may result in partial transfor-
mation to a-CoMo00,.%¢

The morphology of calcined samples is also examined
with FESEM/HRTEM. Figure 7 displays as-obtained
a-NiMoOy nanorods after annealing at either 450 or
600 °C. Clearly, the nanorod morphology is largely
retained. It is interesting to note that some rods become
curved (Figure 7A), which may be explained by con-
sidering the thermally induced strain. Also because of
the strain, the original small filaments closely assembled
in a bundle start to peel away from each other resulting
in some broken short nanorods (Figure 7C). Note that at
450 °C which is just around the phase transition tem-
perature, decomposition and crystallization take place
largely in small domains. TEM observation (Figure 7D)
reveals a porous (nonsmooth) structure made up of fine
nanoparticles, which is reconfirmed by BET surface areca
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Figure 10. Voltage—capacity profiles (A) and cycle performances (B) of
NiMoO, nanorod electrodes between 1.5 and 3.5 V (vs Li"/Li) with a
current density is 50 mA g '. NiMoO, nanorod was obtained by
annealing the NiMoO,-nH,0 sample (150 °C, 6 h, r=0) at 400 °C for
1 h. CoMoQ,4 nanorod was obtained by annealing the CoMoQO,-nH,O
sample (180 °C, 12 h, r=0) at 300 °C for 1 h.

measurement shortly. When the sample is heated to
600 °C with a ramp of 5 °C min~', the product becomes
better crystallized (Figure 7D and inset). Annealing
smaller nanorods (prepared with addition of ethanol)
at 450 °C leads to necklace-like 1D nanostructures
(Figure 7B). However, if annealed at 600 °C, most
nanorod bundles fuse together to form either larger
nanorods or particles (not shown here). Similarly,
B-CoMoO,4 nanorods can be obtained by annealing
hydrate precursor at 350 °C as shown in Figure SA.
Clearly, the nanorod morphology is essentially unal-
tered after thermal treatment at a relatively low tem-
perature (350 °C) in comparison with Figure 4C. When
annealed at 600 °C, a large number of smaller nanorods
transform into elongated platelets (Figure 8B) with high
crystallinity (Figure 8B, inset). However, for large rods
synthesized without adding ethanol (Figure 4A), no
obvious morphology alteration is observed even anne-
aled at 600 °C.

Considering that the as-synthesized AMoO,4 nanorods
may find application in catalysis, electrode material, and
sensors, as an example, we measured the surface area of
NiMoO,4 nanorods (annealed at 450 °C, Figure 7A) using
the Brunauer—Emmett—Teller (BET) technique carried
out at the liquid nitrogen temperature. The surface area
calculated using the multipoint BET method is found to
be 65 m? g '. This is relatively large compared to a
reported value of 29 m? g~ !,?® which is consistent with
the TEM observation of a porous (nonsmooth) structure
(Figure 7D).
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The lithium storage capability of AMO,4 (A = Ni, Co)
nanorods is investigated by cyclic voltammetry (CV)
and charge/discharge cycling. NiMoO4 nanorods are
obtained by annealing the NiMoO,4-nH,O sample
(150 °C, 6 h, r =0) at 400 °C for 1 h. CoMo0O, nanorods
are obtained by annealing the CoMoO,-nH,O sample
(180 °C, 12 h, r=0) at 300 °C for 1 h. On the basis of the
above TGA, XRD, and SEM characterizations, the
employed annealing temperatures are high enough for
elimination of both physically and chemically absorbed
hydrates but without causing phase transformations and
destruction of the nanorod microstructures. Figure 9
shows the electrochemical performance of AMoO, (A =
Ni, Co) nanorods between 1.2 and 3.2 V (vs Lit/Li).
Apparently, both molybdates manifest similar charge/
discharge processes based on the CVs and the voltage—
capacity profiles. Unlike the reversible lithium intercala-
tion/deintercalation mechanism for MoO; with a layered
crystal structure,®® there exist clearly different electro-
chemical properties between the first cycle and the sub-
sequent cycles for AMoO, (A = Ni, Co) nanorods.
Though the detailed mechanism of the charge/discharge
processes in AMoO4 (A = Ni, Co) nanorods can be
extremely complicated and remains unknown, the
charge/discharge processes in AMoO,; (A = Ni, Co)
nanorods might be inferred on the basis of the results
shown in Figure 9 and reported results on other molyb-
dates.>' 7 Specifically, the first discharge is essentially a
crystal structure destruction process which yields a mix-
ture of an inert matrix, Li—A—O, and an electrochemical
active Li,MoO, phase.”' The formation of Li—A—O is
irreversible and contributes to the irreversible capacity
loss in the first cycle. Additionally, the formation of a
solid electrolyte interface (SEI) layer is also partly re-
sponsible for the initial irreversible capacity loss. In the
following charge/discharge cycles, the electrochemically
active Li,MoO, conveys reversible electrochemical reac-
tivity toward Li. The highly reversible formation/decom-
position of the Li,MoO, phase results in a nearly 100%
Coulomb efficiency in the following cycles. The specific
capacity of AMoQO, nanorods fades off quickly in the
course of the first five cycles and then becomes stable
subsequently. The initial rapid fading may be due to large
specific volume changes and loss of electric contacts.
Despite the initial fading, capacities of about 120 mA h g~
can be retained after 50 cycles (Figure 9 C,F). To the best
of our knowledge, most reports on the lithium reactivity
of molybdates are focused on their potential application
as anode materials for LIBs.>' 73 In fact, from the results
above, AMoQO, nanorods manifest reversible lithium
reactivity at potentials more positive than 1.5 V, which
may suggest their possible use as safer cathode materials
in future LIBs. This hypothesis is further supported by the
charge/discharge cycling performance of NiMoOy4 nano-
rods at potentials between 1.5 and 3.5 V as shown in
Figure 10. The NiMoO,4 nanorods manifest specific

(63) Li, W.Y.;Cheng, F.Y.; Tao, Z. L.; Chen, J. J. Phys. Chem. B 2006,
110, 119.
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discharge capacities of 275, 230, and 180 mA h g~ ! for the
first, second, and fifth cycle, respectively. Even after 70
cycles, a capacity of 100 mA h g~ ! can still be retained.
The above preliminary results imply that nanostructured
molybdates might be used as cathode materials for future
LIBs. Research in this area is currently undertaken in this
group.

4. Conclusions

In summary, nanorods of NiMoQO,-nH,O (with dia-
meter of 50—100 nm and length up to 10 um) and
CoMoO,-nH>O (with diameter of 100—200 nm and
length up to 10 um) can be synthesized by a facile
hydrothermal method. The appropriate temperatures
for synthesis of NiMoO4-nH>O and CoMoOQO4-nH,O
nanorods are found to be 150 and 180 °C, respectively.
The size of the nanorods can be simply controlled
by adding ethanol in the synthesis solution, leading to
smaller nanorods with diameters around 20—30 nm and
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up to 1 um in length. Importantly, the self-assembled
growth of aligned NiMoO,4+-nH,O nanorod arrays on Ti-
foil substrates is also achieved. AMoQO4-nH>O (A = Ni,
Co) nanorods synthesized in present study are found to be
more thermally stable by over 100 °C compared to that
reported in previous studies. The onset temperatures for
phase transformation are around 440 and 340 °C for
NiMoO,-nH,0 and CoMoOy-nH-O, respectively. After
thermal dehydration and phase transformation, the 1D
morphology can be largely retained. The dehydrated
AMoO, nanorods can be used for reversible lithium
storage. As an example, when cycled in the voltage
window of 1.5—3.5 V, NiMoO, nanorods manifest a
reversible capacity of 100 mA h g~ " after 70 cycles.
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